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SUMMARY

The present thesis is dedicated to the assessment, analysis and evaluation of genetic
consequences of three common restoration approaches, using data collected in three

particular restoration projects and one experiment.

In Chapter one, the general context of the PhD. Thesis is outlined. Here, issues con-
cerning global habitat and biodiversity loss and its roots are briefly discussed, as well as
efforts to counter these detrimental trends using legal frameworks, policies, and financial
support. Further, the term biodiversity is introduced, as well as methods to measure its
intraspecific (=genetic) component, using tools of conservation genetics. Molecular
methods commonly applied in the context of conservation and population genetics are

shortly outlined, with a particular focus on methods used in my PhD. thesis.

Last but not least, widely used restoration approaches were introduced and shortly de-

scribed, especially those studied in my work from the genetic point of view.

In Chapter two, the rare species (re)introduction and related matters was outlined, i.e.
not only the genetic makeup of newly founded populations and their source, but also the
issue of seed sourcing strategies. In particular it is focused on the selection of appropri-
ate seed sourcing procedures along a highly dynamic river system and possible transfer
of diaspores in a critically endangered Myricaria germanica not only from distant popu-
lations located within the same river catchment, but also on possibilities of diaspore ex-

change between the catchments.

Chapter three is dedicated to the impact of seeding, planting, as well as the combined
reintroduction approach of seeding plus planting, on genetic properties of restored pop-
ulations of a rare and endangered herb Armeria maritima ssp. elongata. This chapter is

a pilot study that summarizes results of a practical reintroduction project, started in 1998.

In Chapter four the outcomes of the spontaneous recolonization process in restored
calcareous grasslands, created after scrub and woodland removal was studied. Here,
the main risk to genetic makeup of restored populations was the possible founder effect
and associated erosion of genetic diversity in newly founded populations, as well as in-
flated genetic differentiation between them, possibly reinforced by random genetic drift.
After twenty-five years since the forest clearing, the results of recolonization using three

common grassland species with contrasting mating systems was investigated. These
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settings allow to gain further information regarding suitability of (re)colonization in the

context of restoration genetics.

Further, in Chapter five restoration possibilities related to the soil seed bank were as-
sessed. For this purpose, Origanum vulgare populations from the two soil layers with the
aboveground populations were compared. Specifically, it was analysed if there were any
significant differences concerning heterozygosity levels in the soil vs. vegetation, as re-
ported in previous research. Furthermore, levels of differentiation between the soil and
the current populations, as well as differentiation among the populations from the soil

and the aboveground populations at different study sites were studied, respectively.

Finally, in Chapter six the results of the previous four chapters were summarized and
reviewed in the context of natural processes which take place in the studied habitats.
Using the four studies in population genetics, conclusions that might be useful in a con-

text of future restoration efforts were formulated.
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CHAPTER ONE

GENERAL INTRODUCTION

Biodiversity under siege

Our planet’s biodiversity is under siege. An-
thropogenic pressure — be it in terms of in-
dustrialization, land-use intensification, inva-
sion of alien species or climate change
(Clavel et al., 2011; Cardinale et al., 2012;
Dirzo et al.,, 2014) — imposes the main
threats to both natural and semi-natural eco-
systems (Sih et al., 2000; Vellend, 2003;
Klausmeyer and Shaw, 2009; Sanchez-
Bayo and Wyckhuys, 2019; Chase et al.,,
2020). In this context, theory of the Anthro-
pocene geological epoch came up, suggest-
ing essential changes in the relationship be-
tween humans and the Earth (Crutzen P.J.
and Stoermer E.F., 2000; Lewis and Maslin,
2015; Exposito-Alonso et al., 2022). The rate
of species extinction is currently as much as
one hundred times that of the “normal rate”
throughout geological time and is frequently
termed the sixth mass extinction (Barnosky
et al., 2011; Pimm et al., 2014; Cowie et al.,
2022).

Ecological restoration — a political
priority

Recognizing two decades of failure to attain
goals and targets in ecosystem restoration
and to mitigate the species extinction trajec-
tory, parties to the Convention on Biological
Diversity, i.e. the key global conservation
policy mechanism, developed a strategy for
jointly safeguarding nature, the ‘Post-2020
Global Biodiversity Framework’ (CBD, 2018;
Mace et al., 2018), to bend the curve of bio-
diversity loss. However, the zero draft was
heavily criticized due to the poorly elabo-
rated genetic diversity targets and indica-
tors, referring to only domestic animal
breeds and crops (CBD, 2020). The new
strategic document should explicitly commit
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to preserving genetic diversity within all spe-
cies, both wild and domesticated, and to im-
plement strategies to preserve adaptive po-
tential of populations of species (Hoban et
al., 2020; Laikre et al., 2020). In addition,
necessary indicators should be defined to
assess the progress toward this goal (Hunter
et al.,, 2018). The last draft version of the
Post-2020 global biodiversity framework has
already implemented goals to maintain ge-
netic diversity of populations and their adap-
tive potential (Goal A, CBD, 2022). Hence
there is a glimpse of hope that improvements
in genetic diversity targets and indicators are
possible, as the 15th Conference of the Par-
ties to the convention takes place in Decem-
ber 2022.

The European Union, in its turn, made clear
commitments to halt biodiversity loss (EU,
2011), using legal frameworks, such as the
Birds and Habitats Directives (EC, 1992),
policies, such as the EU Biodiversity Strat-
egy for 2030 (EC, 2020), and financial mech-
anisms, such as the LIFE programme.
These legal frameworks, policies and finan-
cial support fostered efforts without prece-
dent globally, and yielded the Natura 2000
network (European Commission, Direc-
torate-General for Environment, Sundseth,
K., 2008), the world’s largest network of pro-
tected areas (Hermoso et al., 2022). How-
ever, these major achievements turned in-
sufficient to halt biodiversity loss at the con-
tinental scale (EEA, 2020). This is not the
only environmental EU’s battlefield, since
the impacts of global change on society, bi-
odiversity and ecosystem services continue
to accelerate (IPBES, 2019).

In Central Europe, the most serious threats
to biodiversity are land use changes. Fur-
thermore, continuing large-scale drainage
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and nutrient accumulation in the soil, as well
as overfertilization of water. Additionally, the
ongoing climatic change may pose a risk to
many plant species, for instance, long-term
shifts in composition of mountain plant com-
munities were detected, clearly attributed to
the climate change (Skalova et al., 2022).

Three levels of biodiversity

The term biodiversity, short for biological di-
versity, first appears in the mid-1980s (Tan-
gley, 1985; Wilson, 2011). Biologists fre-
quently define the term a totality of inherited
variation in all the organisms of a selected
area (Wilson, 2010). Biodiversity manifests
itself at different levels: it comprises the di-
versity of ecosystems, species, and genes
(Larsson, 2001). Especially the intraspecific
diversity is of a fundamental importance to
the long-term population survival prospects,
as it defines its fitness and evolutionary po-
tential in changing climates and environ-
ments (Des Roches et al., 2018). However,
ironically the intraspecific genetic level of bi-
odiversity was overlooked for a long time not
only because its importance was not suffi-
ciently recognized, but also due to the diffi-
culties to quantify it (compare Laikre et al.,
2020).

Therefore, pragmatic genetic indicators for
maintaining genetic diversity and adaptive
capacity of species are urgently required for
appropriate monitoring of changes in genetic
diversity (Hunter et al., 2018). Indicators
might be, first, the number of populations
with effective population size above versus
below 500 (Franklin, 1980; Beissinger and
McCullough, 2002; Jamieson and Allendorf,
2012), second, the rates of loss of distinct
populations within species, and, last but not
least, the number of species and populations
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in which genetic diversity has been moni-
tored using DNA-based methods (Hoban et
al., 2020; Laikre et al., 2020). Although mo-
lecular ecology and conservation genetics
are rapidly evolving fields, much wider
knowledge is still urgently needed to plan
and to implement rescue measures before it
is too late.

Genetic analyses allow to identify the genet-
ically most valuable populations across the
distribution range for future evolutionary de-
velopment (Shafer et al., 2015; Mijangos et
al., 2015b; van Rossum et al., 2020).

Conservation genetics

Former conservation efforts have dealt with
populations from a taxonomic, evolutionary,
or mathematical point of view. Modern ef-
forts include genetic studies, providing con-
servation scientists and practitioners with
much more information about the diversity
within and among populations. About fifty
years ago, Crow and Kimura (1970) and
Ohta and Kimura (1973) predicted the rela-
tionship between population size and ge-
netic marker diversity, and thus laid founda-
tions of conservation genetics. Their work
fostered massive research effort focusing on
the impact of population dynamics and espe-
cially small population size on population
performance, viability, and evolutionary po-
tential. So far, conservation genetics pro-
vided several best-supported paradigms to
assist rescue measures related to threat-
ened species (Teixeira and Huber, 2021;
Willi et al., 2022). Moreover, the advanced
status of the science field is evidenced by
high profile publications (Allendorf et al.,
2013; Frankham et al., 2015).

Conservation genetics, similar to the resto-
ration ecology, aims to close the gap
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between theory and practice (van Andel and
Aronson, 2012; Holderegger et al., 2019).
Without genetics, we may scatter valuable
resources on a population that is not endan-
gered — or a population in which recovery
prospect reduced to nil. Further, reintroduc-
tion efforts require information regarding
suitable seed source populations (Guerrant
Jr and Kaye, 2007; Godefroid et al., 2011;
Godefroid et al., 2016; Kaulful3 and Reisch,
2017). Moreover, valuable insights into how
various restorations approaches worked
from the genetic point of view can be gained,
thus informing and/or improving future resto-
ration efforts.

Specific genetic techniques are used to
study the genomes of a species regarding
specific conservation issues as well as gen-
eral population structure. This analysis can
be done in two ways, with current DNA of in-
dividuals or historic DNA (Wayne and Morin,
2004). Techniques to analyse the differ-
ences between individuals and populations
include, inter alia, RFLP, AFLP, RAPD,
SSCP, SSR, SNPs and DNA sequencing.
These techniques focus on different areas of
plant and animal genomes. The specific in-
formation that is required indicates which
techniques are used and which parts of the
genome are analysed (Wan et al., 2004).
Molecular markers allow us to answer a wide
range of population genetic issues related to
gene flow (Hudson et al., 1992; Edelaar and
Bolnick, 2012), parentage (Garcia et al.,
2002), and population structuring (Cocker-
ham and Weir, 1993; Meirmans and Hedrick,
2011).

In this thesis, the genetic markers AFLP and
SSR were applied. First, amplified fragment
length polymorphisms (AFLPs) are PCR-
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based markers for the quick screening of ge-
netic diversity. It is based on the selective
PCR amplification of restriction fragments
from a total digest of genomic DNA (Vos et
al., 1995). AFLP methods promptly generate
hundreds of replicable markers from DNA of
any organism; thus, they provide high-reso-
lution genotyping of fingerprinting quality.
The cost and time efficiency, replicability and
resolution of AFLPs are better or equal to
those of RAPD, RFLP, and SSR. The main
disadvantage lies in the fact that AFLPs es-
sentially generate dominant markers (Vos et
al., 1995; Mueller and Wolfenbarger, 1999;
Meudt and Clarke, 2007).

Secondly, microsatellites (SSR) are tracts of
tandemly repeated DNA motifs ranging in
length from one to six nucleotides, and are
typically repeated 5-50 times (Richard et al.,
2008; Tautz, 1989). As a co-dominant
marker, SSR is an efficient tool to detect het-
erozygosity. Currently, microsatellites to-
gether with SNPs are the most commonly
used markers in population genetic studies
(Narum et al., 2008; DeFaveri et al., 2013;
Puckett, 2017; Flanagan and Jones, 2019).
Despite the higher precision of SNPs, mi-
crosatellites, due to their fast mutation rate
and a high degree of polymorphism, effec-
tively detect population processes and pat-
terns and are superior for relatedness esti-
mation, micro-scale structuring detection
and in species with reduced genetic diversity
(Narum et al.2008; DeFaveri et al., 2013;
Hauser et al., 2021). The main drawback of
the method is that microsatellites suffer null
alleles and homoplasy (Rousset, 1996; Es-
toup et al., 2002; Selkoe and Toonen, 2006).

Restoration methods and their
genetic implications
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In terrestrial ecosystems, restoration mostly
means (re)establishment of plant communi-
ties, which mostly constitute the base of sub-
sequent trophic levels. Generally, there are
two options to restore populations or habi-
tats: first, to allow for natural regeneration via
spontaneous colonization or using soil seed
banks. The necessary, self-evident prerequi-
sites for this approach are preserved dia-
spore sources in surroundings or in the soil
(Bakker et al., 1996b; Poschlod et al., 1998a;
Isbell et al., 2019). The second possibility
suggests deliberate plant introductions. In
fragmented landscapes, natural succession
often leads to incomplete/poor recovery of
vegetation, due to the absence of natural
habitats that could serve as diaspore
sources (Bullock et al., 2007; Suding, 2011;
Isbell et al., 2019; Prach et al., 2015a; Isbell
et al., 2019). Especially in fragmented land-
scapes or intensively managed agriculture
areas, plant introduction became a major
restoration tool (Holzel et al., 2012).

There is a common agreement that restora-
tion should prioritize native species (McDon-
ald et al., 2016). However, there is a sub-
stantial debate on which sources or prove-
nance will ensure the best restoration out-
come (Guerrant Jr and Kaye, 2007,
Broadhurst et al., 2008; Breed et al., 2013;
Kettenring et al., 2014; Prober et al., 2015;
Bucharova et al., 2017).

Spontaneous habitat recovery, by its very
nature, entirely satisfies demands related to
the regionality and local adaptation of seeds.
This restoration approach makes good use
of natural, locally available seed sources —
either from the soil or from the seed rain (Wil-
lems and Bik, 1998). In comparison to other
restoration methods, natural colonization
due to the seed dispersal in space (seed
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rain) and time (seed bank) intrinsically in-
volves the advantage of matching the gene
pool of nearby populations (McKay et al.,
2005).

Natural colonization on fellow lying old fields
(review Rejmanek and van Katwyk, 2005),
abandoned quarry areas (llves et al., 2015)
or following scrub or woodland removal
(Kiefer and Poschlod, 1996; Kiefer, 1998b;
Blanckenhagen and Poschlod, 2005) im-
poses an important grassland restoration
tool. This method is a natural and low cost
way of grassland restoration (Prach and
Hobbs, 2008), as it relies on spontaneous
seed dispersal processes from locally avail-
able propagule sources (Redhead et al.,
2014; Bakker et al., 1996c¢; Kirmer et al.,
2008; Redhead et al., 2014). However, a
crucial role in colonization of restored grass-
lands by target species is the availability of
source populations in the close surrounding
landscape (Prach et al., 2015; Aavik and
Helm, 2018; Kiss et al., 2021). Moreover, the
process of natural regeneration requires suf-
ficient time to be successful (Kiefer and
Poschlod, 1996; Blanckenhagen and
Poschlod, 2005; Prach et al., 2015; Wagner
et al., 2019; Prach et al., 2015a). In light of
conservation genetics, a possible founder
effect in immigrant populations during the
colonization process (Slatkin, 1977a; Wade
1988; Whitlock
McCauley, 1990) might undermine the con-

and McCauley, and
fidence in this method (compare Vandepitte
et al., 2012). Owing to the limited size of
founder groups, possible local loss of ge-
netic diversity and random genetic drift may
occur (Franklin, 1980; Franklin and
Frankham, 1998; Vandepitte et al., 2012).

Soil seed bank (ssb) has been shown to be
a useful tool of restoration in types of
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habitats with high unpredictability of biotic
and abiotic conditions such as deserts
(Zaghloul et al., 2013; Bossuyt and Honnay,
2008), whereas for other habitat types such
as grasslands, its potential to recover target
plant communities is limited (Willems and
Bik, 1998; Davies and Waite, 1998; Bisteau
and Mahy, 2005; Bossuyt and Honnay,
2008; Wakshum et al., 2018). However, indi-
vidual species and their populations might
be restored using natural seed sources from
the soil seed banks. The impact of ssb on
genetic makeup of recovered or standing
populations is widely discussed (e.g., Cabin
et al., 1998; Mahy et al., 1999; Mandak et al.,
2006a; Honnay et al., 2008; Ottewell et al.,
2011; Schulz et al., 2018; Summers et al.,
2018; Yang et al., 2021), implicating mitiga-
tion of the consequences of habitat fragmen-
tation and protection of species from genetic
drift and population genetic differentiation
(Honnay et al., 2008).

Similarly to the two previously described
methods, restoration via topsoil removal
works based on natural recovery from soil
seed banks and/or from the seed rain. It
turned out to be a promising method in hab-
itats with high conservation value, but af-
fected by eutrophication of the upper soil
horizon and densely overgrown by dominant
species (e.g., Calamagrostis epigejos in
psammophilous vegetation, or, Phragmites
communis and expansive Sphagna in wet
meadows and fens, respectively). In these
particular cases, seed banks and diaspore
rain proved to be essential sources of recov-
ery (Bakker et al., 2012; Rehounkova et al.,
2021; Singh et al., 2021).

The second type of ecological restoration
applies germplasm material deliberately col-
lected in wild plant populations or produced
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for restoration purposes, and spread on tar-
get sites. This approach enables faster hab-
itat or population restoration than the spon-
taneous recovery. At the same time, apply-
ing this method, an artificial gene flow is in-
duced and, therefore, its implementation
should be carefully considered (Mijnsbrugge
et al., 2010; Bischoff et al., 2010; Bucharova
et al., 2019; Hofner et al., 2021; Carvalho et
al., 2021). The local provenance was tradi-
tionally regarded to be the best choice (Ham-
ilton, 2001), which is based on the assess-
ment that the most plant species comprise
genetically differentiated populations, at
least partly due to adaptations to local con-
ditions. As a consequence, locally adapted
plants mostly perform better than plants from
alien provenances, a phenomenon called lo-
cal adaptation (Leimu & Fischer, 2008;
Oduor et al., 2016; Durka,
et al., 2017). However, with ongoing climate

Bucharova,

change, local provenancing has been in-
creasingly criticized, since the plants are
adapted to the past and current local climate
conditions. As the climate changes, local ad-
aptation is expected to lag behind (Anderson
and Wadgymar, 2020). Some experts thus
suggest to complement the local prove-
nance by plants from populations that are
adapted to predicted climate and thus, to im-
prove the performance of a restored popula-
tion exposed to the climate change (Vitt et
al., 2010; Corlett and Westcott, 2013; Prober
et al., 2015). However, this premise does not
consider myriads of biotic interactions, which
reflect the plant provenance (Bucharova,
2017; Bucharova et al., 2022).

To restore habitats and populations, seeds,
juvenile plants or other vectors can be used.
A technique widely used for centuries, was
translocation of plant material, e.g. green
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hay, raked litter, threshed seeds or barn
chaff (Kaulful and Reisch, 2021; Wagner et
al., 2021). This approach has been applied
to introduce target species and thus to en-
hance species richness in degraded grass-
lands, or to initiate new grasslands (Kiehl et
al., 2010; Coiffait-Gombault et al., 2011; Al-
bert et al., 2019). Kaulfu® and Reisch (2021)
detected, that this restoration approach is
well suited to preserve the composition of
species-rich grasslands and the natural ge-
netic pattern of typical grassland plant spe-
cies.

Planting seedlings, mature plants or below-
ground parts, or sowing seeds collected in
wild populations, respectively, are tech-
niques often applied to additionally enhance
species richness and propagule availability
in sites restored using other methods (Guer-
rant Jr and Kaye, 2007). Especially the use
of juveniles and adult plants usually yields
faster maturity and population establishment
than seed sowing (Godefroid et al., 2011;
Dalrymple et al., 2012) but requires more
time and financial costs. Moreover, it also
implies multiple steps in a production pro-
cess and may unintentionally cause genetic
erosion (Basey et al., 2015). Seeds, in their
turn, can be applied especially if target spe-
cies produce large amounts of seeds (Guer-
rant Jr and Kaye, 2007). From the genetic
point of view, application of seeds versus
plants in ecological restoration schemes was
only scarcely investigated so far (St. Clair et
al., 2020).

Currently, large-scale restoration pro-

grammes require huge amounts of
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regionally adapted seed. Regional seed mix-
tures aim to answer this situation (Mitchley
et al., 2012; Durka et al., 2019; Hofner et al.,
2021; KaulfuB et al., 2022), either in high-di-
versity or low-diversity option (Kirmer et al.,
2012). They are especially vital in cases
when the local species pool does not enable
spontaneous grassland regeneration via
natural diaspore input (Willems and Bik,
1998; DiLeo et al., 2017). This method helps
to restore grassland communities in a com-
paratively short time horizon (Kévendi-Jako
et al., 2019). However, Lesica and Allendorf
(1999) framed one of the central restoration
dilemmas: either the use of a single source
material for local restorations of less dis-
turbed sites — or genetically variable mix-
tures originating from multiple populations
but threatening genetic makeup of surround-
ing natural populations, and thus acceptable
to only restore severely disturbed locations.
Bucharova et al. (2019) reframed the previ-
ous concept of Lesica and Allendorf, promot-
ing the regional admixture provenancing as
an approach compromising both demand of
high genetic diversity and adaptive potential
and local adaptations in plants originating
from the same region as the target site.

After collecting, seeds are usually propa-
gated in agricultural orchards to enhance the
supply (Ladouceur et al., 2018). This com-
mon approach imposed a new cluster of is-
sues, dealing e.g. with unintentional adapta-
tions during the propagation process (Basey
et al., 2015; Espeland et al., 2017; Nagel et
al., 2019b). However, these issues would go
far beyond the scope of the present thesis.



CHAPTER TWO REINTRODUCTION — MYRICARIA GERMANICA

26



CHAPTER TWO REINTRODUCTION — MYRICARIA GERMANICA

RESTORING POPULATIONS OF THE CRITICALLY ENDANGERED SHRUB
MYRICARIA GERMANICA ALONG THE ALPINE RIVER ISAR BY REINTRODUCTION —
IS THERE AN IMPACT ON GENETIC VARIATION?

Reintroduced plants of Myricaria germanica

at the querry ponds in the alluvial floodplains of the Isar River
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Abstract

The vegetation along alpine rivers belongs to the most endangered habitats in the Alps.
Many species occurring on gravel banks drastically declined due to hydrologic changes
related to anthropogenic regulation. In the recent decade strong restoration efforts have
been made to prevent the alpine river key stone plant species Myricaria germanica from
extinction. The impact of restoration on genetic variation has, however, not been inves-
tigated so far, although potential founder and bottleneck effects may have an impact on
restoration success. In our study we analysed, therefore, genetic diversity and differen-
tiation within and among natural and restored populations of M. germanica along the
alpine rivers Isar and Lech in SE Germany using molecular markers. Genetic diversity
and differentiation of natural M. germanica populations varied strongly and we observed
no isolation by distance, as to be expected for a species from a highly dynamic river
habitat. Genetic diversity of restored populations was slightly lower but comparable to
genetic diversity of natural populations along the Isar River. Moreover, genetic differen-
tiation between the source and the restored populations was not significant. Genetic var-
iation of the restored populations reflected, hence, the natural genetic pattern of M. ger-
manica. Further populations should, therefore, be restored to counteract the ongoing
decline of this iconic alpine river plant species.

Key words

Alpine river, conservation genetics, genetic diversity, gravel bank, reintroduction, resto-

ration
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Introduction

Ecological restoration is a powerful tool to
counteract the shrinkage of natural habitats
and biodiversity, including hidden and irre-
versible loss of genetic diversity. One of the
most important restoration instruments is
species reintroduction (IUCN/SSC, 2013)
with the aim to establish viable and self-sus-
tainable populations, which will produce
progeny in their own and persist into future
decades. However, reintroduction is a com-
plex venture, and its success depends on
many factors. One of these factors is the ge-
netic variation of both the seed source and
restored populations (Guerrant Jr, 1996;
Guerrant Jr and Kaye, 2007; Godefroid et
al., 2011; Drayton and Primack, 2012). Be-
fore restoration starts, an appropriate source
population for restoration has to be chosen.
This is an important step, because insuffi-
cient genetic diversity of the source popula-
tion may lead to low rates of establishment
and a limited performance in restored popu-
lations (Dostalek et al., 2010). Especially
small-sized, isolated populations may suffer
from low levels of genetic variation (Busch
and Reisch, 2016; Leimu and Fischer, 2008;
Keller and Waller, 2002).

Moreover, using seeds from only a few indi-
viduals for restoration may cause a bottle-
neck effect in the restored population (; Ro-
bichaux et al., 1997; Godefroid et al., 2011)
which may hamper the population’s ability to
undergo adaptive changes, as a response to
changing environments (Brown and Briggs,
1991; Frankham et al., 2010). Therefore,
Brown and Briggs (1991) suggest to sample
at least 50-100 individuals, randomly chosen
per population. On this way, at least one
copy would be recovered of the more com-
mon alleles, i.e. with frequency in excess of
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0.05-0.10 in the sample with an ensured
probability of 90-95%.

Sourcing across multiple populations aims to
counteract the genetic impoverishment and
captures an inter-population genetic diver-
sity (Brown and Briggs, 1991; Guerrant Jr
and Kaye, 2007; Gabel et al., 2017). Plants
or seeds from diverse source populations
yield significant amounts of variation in rein-
troduction success (Godefroid et al., 2011).
This approach is often used in large-scale
projects aiming to sustainably enhance ad-
aptation capability and survival prospects of
restored populations in changing climate
and environments (Havens et al., 2015; St.
Clair et al., 2020). In particular cases, how-
ever, this approach might be counterproduc-
tive. This applies especially if a distinct pop-
ulation structure is intended as a conserva-
tion target. In reintroduction or reinforcement
projects, which aim to preserve a unique ge-
netic structure of natural populations, it is ap-
propriate to collect seeds in a single popula-
tion to reach the restoration goal (Betz et al.,
2013; KaulfuR® and Reisch, 2017). Further, if
a species exhibits strong population differen-
tiation, the multi-source approach may
cause outbreeding depression and, subse-
quently, viability decreases in the progeny
(Montalvo and Ellstrand, 2001).

In our study, we examined the impact of res-
toration by reintroduction on the genetic var-
iation of the critically endangered plant spe-
cies Myricaria germanica Desv. This species
naturally occurs on sand and gravel banks
along Alpine streams. Due to anthropogenic
river regulation the natural river dynamics
changed drastically in the recent decades.
As a consequence, habitat loss and a rapid

decline of population density in M.
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germanica occurred (Kudrnovsky, 2013;

Harzer et al., 2018).

In M. germanica, several studies focused on
its phenology and habitat (Lener et al., 2013;
Egger et al., 2017), as well as population dy-
namics (Sitzia et al., 2016), the role of inun-
dation frequency (Gostner et al., 2017), and
the species” colonization potential (Fink et
al., 2017). Genetic variation and structure of
natural populations were studied by Wied-
mer and Scheidegger (2014), Werth and
Scheidegger (2014) and Werth et al. (2014).
Furthermore, several studies informed about
reintroduction efforts, which took place in
Austria and Italy (Kudrnovsky, 2013; Miche-
lion and Sitzia, 2015), as well as in Germany
(Harzer et al., 2018). Woellner et al. (2021)
studied results of natural colonization on ge-
netic makeup of a spontaneously estab-
lished population.

The impact of reintroduction on the genetic
variation of restored M. germanica popula-
tions, has, however, not been analysed so
far. This means that data on the genetic di-
versity and structure of restored populations
are not available at the moment — a gap we
aim to close in our study. We analysed nat-
ural and restored populations of M. german-
ica along the alpine river Isar and compared
their variation with populations along the
river Lech to evaluate the genetic variation
of the species in a broader range.

More specifically we addressed the following
questions: (i) How large is genetic diversity
within and genetic differentiation among nat-
ural populations of M. germanica along the
rivers Isar and Lech? (ii) Are there differ-
ences between natural and restored popula-
tions concerning genetic diversity? How
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strong is genetic differentiation between nat-
ural and restored populations? (iii) Which
conclusions can be drawn for the reintroduc-
tion of M. germanica along the lower course
of river Isar and the seed sourcing strategy
applied for restoration?

Materials & Methods

Species description

The German Tamarisk, Myricaria germanica
L. (Desv.) is a perennial deciduous shrub,
60-200 (250) cm high and has a mixed mat-
ing system with frequent selfing (Kubitzki
and Bayer, 2003; Werth and Scheidegger,
2014). Flowers develop in terminal or lateral
racemes, which appear usually on main
branches. The racemes may be vernal (pro-
duced early in the season from the woody
stems) or aestival, i.e. produced later on the
growth of the current year (Tutin, 1968). The
species flowers from June to August and is
pollinated by generalist insects (Tutin,
1968). The German Tamarisk is a light-de-
pendent germinator. The structure of seeds
enables a facilitated spread by wind. Moreo-
ver, seeds are floatable as well, thus, disper-
sal through water is possible (Bill, 2000). M.
germanica is a diploid, 2n=24 (Vachova, M.,
Majovsky, J., 1978). The species is adapted
to a frequent change of dry and moist peri-
ods as well as periodic flooding. It usually oc-
curs on sand and gravel bars and other open
biotopes, especially along alpine streams.
Here, the shrub is exposed to the influence
of extreme physical conditions. M. german-
ica also occurs in secondary habitats, such
as newly established gravel pits, former
quarries or railroad embankments (Marinov
et al., 2017). Its distribution ranges from
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Figure 1. Geographic location of the study populations of the German Tamarisk (Myricaria ger-

manica).
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Central Europe including Fennoscandia ex-
tending from the Pyrenees, Central Italy,
South Ukraine and Lower Wolga to the
mountains of Central Asia. The life span var-
ies approximately between 10 and 20 years
(Ellenberg et al., 2010). In the last decades,
several reintroduction projects aimed to pre-
vent the species from final extinction (Latzin
and Schratt-Ehrendorfer, 2005; Egger et al.,
2010; Kudrnovsky, 2013; Lener et al., 2013;
Riehl and Zehm, 2018).

Study design and sampled populations

We investigated sixteen populations in total,
of which twelve were natural, three restored
and one offspring population descending
from one of the restored populations (Fig.1).
The natural populations comprised i) six
populations growing along the river Isar, ii)
five populations along the river Lech and iii)
one remaining natural population situated at
the river Ammer. One of the natural Isar pop-
ulations (1S1) was used as a seed source for
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restoration. We investigated three restored
populations originating from IS1. One of
them (RE2.1) produced progeny, which
spontaneously emerged in its vicinity. We
enclosed this offspring population (RE2.2)
into the study. If available, sixteen plants per
population were sampled. Terminal
branches lacking buds or flowers were col-
lected, wrapped in teabags and immediately
dried over silica gel. Dried plant material was
stored in boxes containing an active silica

gel until the DNA extraction.

Restoration took place on the lower course
of the Isar River. Here, the last surviving nat-
ural population was used as a seed source.
It was composed of mostly senile shrubs,
which flowered and fruited unregularly. De-
spite the small and shrinking size of the pop-
ulation, it was used as a single source to pre-
serve the purity of the seed origin. By doing
this, a strict implementation of native geno-
types was kept on the local scale (Bischoff
et al., 2006; Mijnsbrugge et al., 2010). Ma-
ture diaspores were collected during several
consecutive years and seeded immediately
after collection. Plants were cultivated in a
nursery in the same region for two years. Af-
ter that, the young shrubs were planted
along the gravel pits situated within the
flood-plain area of the Isar River. The popu-
lations RE1 and the RE2.1 were located
near the natural seed source population 1S1,
whereas the RE3 was planted twenty km
away from it (Fig.1).

Molecular analyses

We analysed a total of 228 plants (14-16 in-
dividuals per population; in populations con-
sisting of a lower number of plants we con-
fined our analysis to the number of available
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individuals). Genomic DNA for AFLPs was
isolated from dried plant material following
the CTAB protocol (Rogers and Bendich,
1994), adapted as described in previous
studies (Reisch et al., 2005). Concentration
of DNA stock solutions were diluted with wa-
ter to 7.8 ng/ul and used for AFLP analyses.
The AFLP analyses were conducted accord-
ing to the protocol from Beckmann Coulter,
including slight modifications as described in
former studies (Reisch, 2007; Bylebyl et al.,
2008).

Pre-selective amplifications were run with
just one selective nucleotide (Msel-C and
EcoRI-A).

Selective amplification was carried out using
three primer combinations Msel-
CAA/EcoRI-AAC (D2), Msel-CTA/EcoRI-
AAG (D3), Msel-CAT/EcoRI-ACA (D4). The
amplification products were diluted as fol-
lows: 2-fold (D2) and 5-fold (D4) using TEO.1
buffer for DNA. The fluorescence-labelled
samples were separated by capillary gel
electrophoresis on an automated sequencer
(GenomLab GeXP, Beckman Coulter). Raw
data were examined applying the GeXP soft-
ware (Beckman Coulter) and analysed using
(Applied
Maths). Across all samples, each band was

the software Bionumerics 4.6

scored as either present or absent. Estima-
tion of genotyping error rate was used to de-
tect reproducibility of molecular analyses
(Bonin et al., 2004) with a result of 4.57%.

AFLP statistics

Based on the AFLP data, a binary matrix
was created using the software Bionumerics
4.6 (Applied Maths). Present bands of a par-
ticular length were classified as 1, in case of
absence as 0. Based upon the 0/1 matrix,
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the percentage of polymorphic bands across
the whole dataset was calculated as a ratio
ni/N, where niis the number of bands which
are polymorphic N represents the total num-
ber of fragments (bands). To reduce statisti-
cal bias, all monomorphic bands across all
individuals were then excluded from follow-
ing analyses (Keiper and McConchie, 2000;
Li et al., 2005).

Genetic diversity within populations was cal-
AFLPsurv
(Vekemans (2002). Allelic frequencies were

culated using program
computed using Bayesian method with non-

uniform prior distribution (Zhivotovsky,
1999). The approach of Lynch and Milligan
(1994) was employed which uses Nei's gene
diversity (H) as a measure of genetic diver-
sity, computed according to formula H=1-
S (pi)> where pi represents the allele fre-
quency (Nei, 1973). We tested the impact of
population size on genetic diversity applying

a Spearman’s rank correlation coefficient.

Differences in genetic diversity between the
natural populations along the Isar River and
restored populations were tested using the
T-test implemented in R (RStudio-1.1.414
2009). We carried out the Shapiro-Wilk nor-
mality test beforehand.

Analyses of molecular variance (AMOVA)
based on pairwise Euclidian distances be-
tween samples were conducted in a program
GenAlex 6.41 (Peakall and Smouse, 2006).
Significance levels were based on 999 per-
mutations. We tested differentiation between
the two river catchments, among popula-
tions within the catchments and within popu-
lations. Pairwise ®pt values for all popula-
tions were calculated. We conducted the
Mantel test to assess the isolation-by-dis-
tance (IBD). To do so, pairwise genetic
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distances (®PT) among populations were
correlated with geographical distances be-
tween the populations (Mantel, 1967).

Distances among populations were com-
puted as Nei’'s standard (Ds) with non-uni-
form prior distribution of allele frequencies
using AFLP-surv (Vekemans, 2002). Based
on Ds distances, a consensus Neighbor-Net
graph was constructed applying the program
SplitsTree4 (Huson and Bryant, 2006).

Patterns of genetic similarities between indi-
viduals were analyzed in the software
GenAlEx 6 (Peakall and Smouse 2006) us-
ing principal coordinate analyses (PCoA)
based on a squared Euclidean distance ma-
trix.

The genetic structure of populations was in-
ferred using Bayesian cluster analysis imple-
mented in STRUCTURE 2.3.4. (Pritchard et
al., 2000, Pritchard et al., 2009). The popu-
lation structure of the data set was assessed
and individuals were assigned to groups. As-
suming that the data set consists of an un-
known number of K groups, 100.000 Markov
Chain Monte Carlo simulations with a burn-
in period of 10.000 iterations were run to
identify the number of groups. Analyses for
the predefined value of K were computed 20
times for each value of K from 1 to 16 (Fa-
lush et al., 2007). We applied the program
Structure Harvester (Earl and vonHoldt,
2012b) to summarize results. Group assign-
ment was an ad hoc quantity procedure
computing AK (Evanno et al., 2005). The
best estimate of K for the given data set was
specified according to the model, which gave
the consistent results for multiple runs as
well as the highest probability of the data. To
assess gene flow among the studied popu-
lations as well as immigration events from
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outside, we employed the program AFLPOP
1.2 (Duchesne and Bernatches, 2002). An
assignment test implemented in this pro-
gram calculated, which population was the
most probable source for a particular individ-
ual. We used settings as follows: the alloca-
tion procedure of unknown origin; marker
frequencies of zero were replaced according
to formula [1/(sample size +1)]; allocation
procedure of individuals was conducted at
three levels, employing three various mini-
mal log-likelihood differences, MLDs (Raffl
et al., 2006; Pollux et al. 2009). AFLPOP al-
locates an individual to a source population
X if the likelihood of this individual within X is
at least 10M-0 times as high as that of the
next most likely source population
(Duchesne and Bernatches, 2002). The
MLD were set at 0.5 (i.e. an individual was
only allocated if its likelihood was 3 times as
large as that of the next largest for an alloca-
tion to take place). When testing allocations
under less rigorous conditions, MLDs were
set at 0.3 (i.e. 2 times more likely) and O (an
individual was allocated to the most probable
source population). CA, i.e. correctly as-
signed specimen, means that an individual
was allocated to its own population of origin.
MA, mismatched assigned specimen was an
individual most probably originating from
other study population. NA, i.e. not assigned,
means that an individual was most likely
originating from a population not included in
our study. The number of simulated geno-
types for calculating P values was set to 500.
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Results

Genetic diversity

AFLP genotyping of 229 plants resulted in
209 fragments (CAA-AAC: 67 fragments,
CTA-AAG: 71 fragments, CAT-ACA: 71 frag-
ments), of which 44.02 % were polymorphic.
Genetic diversity within the populations of
the Lech catchment, measured as the Nei’'s
Gene Diversity H ranged from 0.11 to 0.20
(Hvean = 0.1310.04). The highest value of
genetic diversity showed the population LE1
located at the estuary of the Halblech River
into the Lech River (Tab.1). Genetic diversity
H within the natural populations the Isar
catchment varied from 0.10 to 0.19 (Hwmean
0.13 £ 0.03). The highest value reached the
population IS1 situated on the lower course
of the river Isar. Genetic diversity of the nat-
ural population along the Ammer River was
0.07. Within the restored populations, ge-
netic diversity ranged from 0.09 to 0.14
(Hmean = 0.11+0.02). Genetic diversity within
the restored and the natural populations
along the Isar River was similar, the differ-
ence was not significant (t-test, p>0.05). We
found no significant positive correlation be-
tween the population size and genetic diver-
sity. The natural offspring population RE2.2
situated next to the restored population
RE2.1 harboured similar levels of genetic di-
versity as the natural seed source population
IS1 (Hre2.2=0.17, His1=0.19).
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Table 1. Genetic variation within populations of the German Tamarisk. Number, name, ab-

breviation, acronym of natural/restored populations (N/R) and region (SW, Swabia; TIR, Tirol; LB,

Lower Bavaria; UB, Upper Bavaria). Given are also geographic position (latitude and longitude)

of the study populations, an indication of the population size (PS), the number of analysed indi-

viduals (n) and the genetic variation within populations measured as unbiased Nei's Gene Diver-

sity (H).

Nr Name Abb. N/R Reg. Lat.(N) Long. (E) PS n H
Natural Lech

1 Helfenwang LE1 N SW 47.658836 10.782436 1000 15 0.20
2  Forchach LE2 N TIR  47.429682 10.586864 100 16 0.12
3  Martinau LES N TIR  47.352924 10.545933 30 14 0.11
4 Eschenberg HA2 N SW  47.647453 10.796745 300 15 0.09
5 Im Laich HA3 N SW 47.605983 10.840262 50 15 0.12
Mean Lech 0.13+0.04
Natural Isar

6 Rosenau 1S1 N LB 48.658284 12.572688 5 5 0.19
7  Puppling IS2 N UB  47.930992 11.438931 200 15 0.10
8  Geretsried IS3 N UB  47.873019 11.490216 300 16 0.16
9  Gaissach 1S4 N UB  47.737731 11.561908 50 16 0.11
10 Sylvenstein 1S5 N UB  47.596638 11.558305 100 14 0.11
11 Ochsensitz IS6 N UB  47.54244 11.368965 >2000 16 0.13
12 Kohlbach AM1 N UB  47.772878 11.002495 15 13 0.07
Mean Isar 0.13%#0.03
Mean natural 0.13+0.04
Restored Isar

13 Rosenau RE1 R LB 48.661202 12.576762 - 16 0.09
14 Rosenau RE2.1 R LB 48.661710 12.579271 - 16 0.09
15 Postau RE3 R LB 48.626697 12.316344 - 13 0.14
Mean restored 0.11+0.02
Natural offspring population of the RE2.1

16 Rosenau RE2.2 LB 48.661710 12.579271 - 15 0.17
T-test (Isar and p>0.05

restored)
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Table 2. Molecular variance among populations of Myricaria germanica, calculated using

analyses of molecular variance (AMOVA). Df indicates degree of freedom, SS the sum of squares,

MS the mean squares, % the proportion of genetic variation, ®pt the level of genetic differentia-

tion. Levels of significance are based on 999 iteration steps and are indicated by three (p <0.001),

or one (p<0.05) asterisk.

Source of variation df SS MS % (0135
All natural populations

Among populations 11 269.5 245 31 0.31***
Within populations 158 518.1 3.3 69

Isar (without Ammer)

Among populations 5 79.5 15.9 21 0.21***
Within populations 76 267.8 3.5 79

Lech

Among populations 4 94.9 23.7 29 0.29***
Within populations 70 232.3 3.3 71

Lech and Isar

Between the Lech and the Isar River 1 36.8 36.8 4

Among Populations within the groups 10 232.8 23.3 24 0.32%**
Within Populations 158 518.1 3.2 72

Restored and the natural population 1S1

Among Groups 1 6.3 6.3 8

Among Populations 2 9.8 4.9 4 0.12*
Within Populations 46 1371 29 88

Genetic differentiation, structure and

gene flow among populations

Genetic differentiation among all the natural
populations measured as ®pr was 0.31. Ge-
netic differentiation among the Isar popula-
tions (without its tributary, the Ammer River)
was Op1=0.21, the Lech and
Halblech populations ®p7=0.29. The three-

among

level AMOVA revealed a differentiation of
4% between the Isar and the Lech catch-
ment (Tab.2). The difference between the
natural seed-source population IS1 and the
restored populations was modest (8%) and
not significant, genetic differentiation among
the restored populations was 4% (p=0.03).
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We found no significant differentiation be-
tween the natural offspring population RE2.2
and the natural seed source population 1S1
(Tab. S1).

Among the natural populations, correlation
between pairwise genetic distances ®prand
geographic distances was not significant.
We computed both direct-line and along-
river distances. The Isar and the Lech catch-
ments were analysed together and sepa-
rately. Within the Lech catchment, a slight
but non-significant correlation between geo-
graphic and genetic distances was indicated
(Mantel test R?=0.0975, p=0.18).
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Figure 2. Neighbor-Network of all studied M. germanica populations based on the AFLP data.
The natural seed-source population 1S1 together with the restored populations RE1, RE2.1, RE3
and the natural offspring population RE2.2 are associated in one cluster, visible on the upper right
side of the network.

AM1

RE2.2

HA3

HA2 1S2 154

LE3

The Neighbor-Net analysis revealed that the a particular river catchment. Solely the Am-

natural seed source population IS1, the re-
stored populations RE1, RE2.1, RE3, and
the natural offspring population RE2.2
formed one consistent cluster, visible on the
right side of the graph (Fig.2). The rest of the
populations did not reflect geographic con-

figuration such as proximity or allegiance to

37

mer population AM1 formed a separate
branch distinct from all other populations.

Principal coordinates analysis was com-
puted across all individuals from the natural
populations of M. germanica (Fig.3).
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Figure 3. Principal coordinates analysis computed across all individuals from the natural popula-

tions of M. germanica, based on AFLPs data. The first axis explained 28.25 % of variance, the

second axis explained 21.88% of variance. The most natural populations are not clearly sepa-

rated from each other, thus reflecting dispersal events a gene flow among the populations within

and among the Isar and the Lech catchments
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The first axis explained 28.25 % of variance,
the second axis explained 21.88% of vari-
ance. The results of the PCoA analysis were
similar to the NeighborNet as well as Bayes-
ian analysis, i.e. we observed no population
grouping according to the river catchment.
The majority of the natural populations were
not clearly separated from each other, with
an exception of the population AM1.

The Bayesian cluster analysis Structure as-
sessed the best partitioning of K=2 (Evanno
et al., 2005). Within the two inferred clusters,
populations from the both river catchments
were mixed. The natural seed source as well
as the restored populations were assigned to
the same cluster (Fig.S1a, S1b).

(mean 8.8%) of individuals (from the popula-
tions 1S3, IS4, IS5, IS6 and LE2) were
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The assignment tests detected four groups
of individuals. The first group originated from
the same population, and was “correctly as-
signed” (Tab. S2). In some cases, a high
percentage of individuals (from 60 to 100%)
originated from their own population (1S2,
IS3, 1S4, AM, HL2, HL3 and LE3), but in
other cases (IS1, IS5, 1S6, LE1 and LE2) the
percentage of individuals originating from
the same site was low (from 7 to 20%). The
second group of individuals did not originate
from their own populations, i.e. these individ-
uals were “mismatched allocated”. From this
group, 13 to 40% (mean 23.5%) of individu-
als (151, 1S2, IS5, LE1) were allocated to up-
stream populations, whereas 6 to 19%

allocated to downstream situated popula-
tions. Further, the third group of individuals



CHAPTER TWO

REINTRODUCTION — MYRICARIA GERMANICA

(7-20%, mean 12%) were allocated to popu-
lations outside of their own catchment (from
the populations IS1, 1S4, 1S6, LE1, LE3 and
HL2). Finally, the fourth group could not be
allocated to any of the studied populations
(0-81%, mean 33%) (Tab.4). All calculations
were done using MLDs of 0.5 (Tab.2S).

Discussion

Genetic diversity and differentiation of
the natural populations

Detected mean genetic diversity within the
natural populations was in concordance with
values previously reported for plant species
with similar life history traits (Reisch and
Bernhardt-Rémermann, 2014). Genetic di-
versity in the Asian congener species Myri-
but
reached similar mean values (Liu et al.,

caria laxiflora varied more widely,
2006). Previous research suggests that pop-
ulation size might be a good indicator of high
genetic diversity within populations (Leimu
et al.,, 2006). The positive correlation be-
tween the population census size and ge-
netic diversity was postulated by theory and
1996).
However, in our study we did not find this re-

frequently observed (Frankham,

lationship. A lack of correlation between the
population size and genetic diversity was of-
ten observed in riparian species living in dy-
namic habitats, including M. germanica
(Tero et al., 2003; Prentis et al., 2005; Liu et
al., 2006; Werth and Scheidegger, 2014), as
well as for non-riparian species (Dostalek et
al., 2010; KaulfuR® and Reisch, 2017). Possi-
ble rea-sons may be a good dispersal poten-
tial of M. germanica as well as a considera-
bly high seed output (Fink et al., 2017). In an
extreme case, a large population may
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originate from a single individual. In line with
this, the smallest natural population in our
study IS1 contained the highest levels of ge-
netic diversity. This population served as a
seed donor of the restored populations.

Genetic differentiation among natural popu-
lations of M. germanica was comparable to
levels of differentiation detected for rare taxa
as well as for taxa with mixed mating system
(Nybom and Bartish, 2000; Reisch and Bern-
hardt-Rémermann, 2014). For the Asian
congener Myricaria laxiflora, even higher
levels of genetic differentiation were re-
vealed among populations (Liu et al., 2006).
Genetic differentiation between adjacent
populations along the river Isar, measured
as OPT, varied considerably (®PPT ranged
from 0.00 to 0.33). Along the river Isar, many
natural populations disappeared due to hab-
itat destruction. These gaps implicate miss-
ing “stepping stones” formerly enabling gene
flow along the river corridor, which are now
lacking. This pattern may also apply to
widely natural habitats, for instance, along
the river Tagliamento. Here, also high levels
of isolation among natural populations of M.
germanica were observed, caused by un-
suitable dry conditions prevailing on the long
stretches of the river course (Werth et al,,
2014). Between the Isar and the Lech catch-
ments, we observed low levels of differenti-
ation, identifying dispersal events that likely
occurred across the two inferred river sys-
tems (Fer and Hroudova, 2009).

Bayesian cluster analysis, as well as assign-
ment tests, NeighborNet and the PCoA cor-
roborated the results of the AMOVA analy-
sis. Bayesian cluster analysis of population
structure revealed two gene pools across all
studied populations. Notably, the two gene
pools were not confined to one of the studied
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river catchments, i.e. contained populations
from the both of them. Similarly, assignment
tests suggested that several dispersal
events between the Isar and the Lech catch-
ments occurred. Comparable results were
repeatedly reported in previous research on
riparian and aquatic species (Fer and
Hroudova, 2009; Ngeve et al., 2017) includ-
ing M. germanica. Thus, our results did not
give a hint for the “one catchment-one gene-
pool’ theory as proposed, tested and re-
jected by Werth and Scheidegger (2014).
Dispersal events were most probably facili-
tated by zoochory or human activities.

Assignment tests revealed a high proportion
of individuals in populations originating from
the same site, especially within the popula-
tions on the middle course of the river Isar,
along the river Halblech and Ammer, as well
as one population on the upper course of the
river Lech (LE3). Here, the biggest portion of
the seed output sunk within the same popu-
lation. This is in concordance with research
on wind dispersal of M. germanica, where
dispersal kernel reached 10-25 m distance
from the fruiting shrub (Fink et al., 2017). On
the other hand, five populations in our study
showed much higher proportion of individu-
als from outside the own population. These
populations occupied more dynamic or
downstream situated segments of the stud-
ied rivers. Here, an input of diaspores from
adjacent populations or accumulation of
genotypes from upstream river sections
seem to be the most probable reason.

Principal coordinate analysis showed that al-
most all of the natural populations with one
exception (AM1) were not clearly separated
from each other, thus reflecting dispersal
events and gene flow among them. The
NeighborNet analysis also supported these
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findings. Further, we found no significant
correlation between genetic and geographic
distances among the six populations along
the river Isar. The lack of this correlation was
frequently observed for riparian and aquatic
species (Prentis et al., 2005; Pollux et al.,
2009; Honnay et al.,, 2010), albeit it was
identified for M. germanica in Switzerland
(Werth and Scheidegger, 2014). In our
study, the lack of correlation might be a con-
sequence of both long-distance dispersal
events, and, in some populations, the result
of the absence of gene flow due to the miss-
ing “stepping stones”.

Genetic diversity and differentiation of re-
stored populations

Generally, within the restored populations,
we detected a slightly lower level of the ge-
netic diversity compared with the group of
the natural populations along the river Isar.
The difference was, however, not significant.
A decreased level of genetic diversity in re-
stored populations was reported in many
studies (Liu et al., 2008; Zucchi et al., 2018).
On the contrary, restored populations fre-
quently maintain similar or even higher lev-
els of genetic diversity in comparison with
their source populations (Betz et al., 2013;
Millar et al., 2019a; Millar et al., 2019b). Gen-
eral conclusions are, therefore, difficult to
draw, since the effects of restoration on ge-
netic diversity seem to depend on species
and project specific traits. The most probable
reason for the lower levels of genetic diver-
sity within the restored populations of M. ger-
manica seem to be fluctuations in seed pro-
duction of particular individuals within the
seed source population. When seeds were
collected for restoration, only a part of the
shrubs flowered and fruited regularly, due to
the senile stage of their life cycle. Thus, it
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was not always possible to cultivate seed-
lings from the entire source population every
year.

In the close vicinity of RE2.1, a spontaneous
offspring population RE2.2 emerged in the
years 2015-2016. Notably, the levels of ge-
netic diversity comprised in the offspring
population were nearly twice as high as de-
tected in R2.1. Most probably, the genet-
ically variable population 1S1 acted as a
gene contributor and enhanced genetic di-
versity of the offspring population R2.2 via
pollen transport.

The seed source population IS1 and the re-
stored populations were genetically not dif-
ferentiated significantly, which means that
seed collection and plant production for res-
toration did not cause genetic drift. Negligi-
ble levels of genetic differentiation between
natural and restored populations were re-
ported also in previous research (Pierson et
al., 2007; Ritchie and Krauss, 2012; Betz et
al., 2013; Millar et al., 2019a; Millar et al.,
2019a).

The NeigborNet tool confirmed genetic simi-
larity of the natural seed-source population
IS1 and the restored populations RE1,
REZ2.1, RE3 including the offspring popula-
tion RE2.2. However, we observed differ-
ences in genetic differentiation between the
seed source population 1IS1 and the respec-
tive restored populations. Genetic differenti-
ation was higher between 1S1 and RE1, as
well as between IS1 and RE2.1, respec-
tively, but zero between 1S1 and RE3. This
may be explained not only by unequal seed
production among the seed donor individu-
als, but possibly also by viability differences
of collected seeds (Liu et al., 2008; Basey et
al., 2015). A similar situation occurred during
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the restoration of the endangered plant spe-
cies Pulsatilla vernalis. Here, slight differ-
ences in genetic differentiation between nat-
ural and restored individuals were found in
three of nine populations, which is ascribed
to the fact that with-in the three populations
not all individuals were fertile and could be
sampled (Betz et al., 2013). The population
RE2.2, which emerged as an offspring of the
population RE2.1 exhibited surprisingly high
genetic similarity with the natural source
population IS1. This supports our assump-
tion that the pollen transport occurred be-
IS1 and
RE2.1. We therefore emphasize the im-

tween the nearby populations

portance of presence of a donor (source)
population near the restored stands, espe-
cially in long-lived species (Pierson et al.,
2007). The spatial proximity of such a genet-
ically di-verse source population can coun-
teract a possible founder or bottleneck event
in a progeny of restored populations.

Our study revealed no clear pattern of ge-
netic differentiation among natural popula-
tions of the species, not even among the two
studied river catchments, which underlines
the fact that alpine rivers are a highly dy-
namic system. It can be strongly assumed
that in widely natural river systems, gene
flow among M. germanica populations
could be high. We detected dispersal events
that took place across populations irrespec-
tive of distance or river catchment. This im-
plicates that multiple seed sourcing across
natural populations would not jeopardize the
natural genetic pattern of M. germanica in
the studied area and could be applied along
with seed sourcing in local, genetically vari-
able populations. Both approaches would
enhance genetic diversity of reintroduced
populations, und thus contribute to the long-
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term robustness of this iconic alpine river
species in changing environments.

Implications for practice

It is of advantage, where possible,
to plant new stands close to the
source population(s) to enhance
genetic diversity within restored
populations. Genetically diverse
source populations may act as
gene contributors, e.g. via pollen
transport.

Local, genetically variable popula-
tions can be appropriate seed
sources for future restoration ef-
forts. When possible, as many indi-
viduals as feasible should be
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sourced for seeds to capture ge-
netic diversity comprised in a natu-
ral population. This approach would
increase the long-term restoration
success.

Multiple seed sourcing from differ-
ent populations can also be consid-
ered to increase genetic diversity of
restored populations. In a highly dy-
namic river system, in which long-
distance dispersal events occur,
this would not harm the natural ge-
netic pattern of M. germanica.
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RESTORATION OF ARMERIA MARITIMA SSP. ELONGATA POPULATIONS

BY SOWING AND PLANTING IN A PRACTICAL 20-YEAR RESTORATION PROJECT:

IS THERE AN IMPACT ON GENETIC VARIATION?

The natural habitat of A. maritima ssp. elongata, the nature reserve “Sanddiinen bei Offenstetten”,

Bavaria, Southwest Germany

Flowering Armeria maritima ssp. elongate
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Abstract

Reintroduction is a frequently used method to restore populations of endangered spe-
cies. However, it has hardly been tested whether there is a pronounced genetic impact
resulting from a propagule type used for restoration. Here, we carried out a pilot study
based on results of a 20-years practical experiment. Restoration efforts aimed to start
new populations of an endangered herb Armeria maritima ssp. elongata. The project
took place in a nature reserve protecting comprising a declining nutrient-poor sand-dune
habitat in Bavaria, SE Germany. To address the knowledge gap, we report the results of
a restoration study in which several populations were restored about 20 years ago, using
seeds and/or plugs.

To evaluate if there was a strong effect of used propagules on genetic properties of re-
stored populations, we compared three groups of seeded, planted and seeded & planted
populations of A. maritima ssp. elongata.

Using molecular markers (AFLPs), we observed slightly higher levels of genetic variation
in restored compared to natural populations, but the difference was not significant. Ge-
netic variation was comparable in populations restored by different techniques and ge-
netic differentiation among natural and restored populations was negligible. Based upon
our results, we conclude that both sowing and planting are restoration techniques, which
can be used to create variable populations genetically comparable to the natural source
populations.

Our study provides a first piece of evidence that both seeds and plants can be applied
successfully in population restoration projects. Moreover, species with different life his-
tory traits such as mating system, frequency (rarity) or life span should be used to further
test the impact of propagules under different experimental settings.

Key words:

Conservation, genetic diversity, genetic differentiation, population enhancement, popu-

lation size, reintroduction, restoration
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Introduction

In the last decades, natural and semi-natural
habitats suffered from severe anthropogenic
pressure, subsequent fragmentation and de-
crease in area (Thompson et al., 2019). This
applies in particular to nutrient-poor sandy
biotopes harbouring numerous highly en-
dangered species, particularly in Central Eu-
rope. Especially due to afforestation, land-
use intensification and nitrogen deposition,
formerly abundant plant species became
rare (Lauterbach et al., 2017; Jones et al.,
2017; Felipe-Lucia et al., 2020).

As the destruction of wild populations accel-
erates, so does the need for scientifically in-
formed restoration work (Benayas et al.,
2009; Vitt et al., 2010; Havens et al., 2015).
One of the major objectives of restoration ef-
forts is to found populations capable to per-
sist and propagate on their own in the wild,
as well as to maintain genetic structure of
source populations. Conservation science
supports the use of genetically diverse
germplasm for restorations purposes. High
levels of genetic diversity are a vital compo-
nent of population fitness, resistance against
pests and diseases as well as ecosystem
services Cardinale et al., 2012; Reynolds et
al., 2012). Genetic diversity is also a prereg-
uisite to persist and reproduce under a vari-
ety of natural conditions in the wild (Reusch
et al., 2005).

In the recent years, new guidelines emerged
on how to successfully carry out restoration
work using tools of restoration genetics
(IUCN/SSC, 2013; Basey et al., 2015; Durka
et al., 2019; Havens et al., 2015; Espeland
et al., 2017; Nagel et al., 2019a; IUCN/SSC,
2013 Godefroid et al., 2016,
Mijangos et al., 2015a). However, practice

compare
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often lags behind theory regarding conser-
vation of genetic diversity in restored popu-
lations. Genetic erosion may happen at any
stage of the restoration process (Godefroid
et al., 2011; Basey et al., 2015). Many stud-
ies deal with genetic stochasticity processes
such as genetic drift and bottlenecks due to
insufficient number of sourced individuals, or
founder effect caused by small effective size
of restored populations and subsequent ge-
netic drift, inbreeding and loss of evolution-
ary potential (Leimu and Fischer, 2008;
Frankham et al., 2014).

Restoration success may be hampered by
demographic processes such as attrition of
propagules between initial planting/sowing
and reaching maturity. This may be intensi-
fied by low genetic diversity, demographic
stochasticity and a small population size (Al-
lee effect) (Bowles et al., 2015). These pit-
falls may be compensated in different way
depending on the restoration method (sow-
ing/planting). Thus, planting can balance the
negative effects due to higher survival rates
than seeds (Bowles et al., 2015; Dorogina et
al., 2014) and due to achieving reproduction
maturity earlier, especially in long-lived spe-
(Albrecht 2012;
Bowles et al., 2015;). Sowing, in turn, pro-

cies. and Maschinski,
duces naturally recruited plants with a long-
term viability prospect. Moreover, sowing is
easier and less costly procedure than pro-
duction of nursery-grown plants, which, in
turn, may select for less vital individuals
(Lesica and Allendorf, 1999).

However, the actual impact of restoration by
sowing or planting on the genetic diversity
and differentiation of founded populations
was investigated only scarcely so far (St.
2020;
2015).Presumably, in can be assumed that

Clair et al., Bowles et al,,
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populations initiated using seeds contain
higher levels of genetic diversity, due to the
higher number of applied propagules in com-
parison with pre-grown plants. Populations
started with pre-grown plants, in turn, may
contain lower levels of genetic diversity due
to constraints in the course of cultivation pro-
cess (Ensslin and Godefroid, 2019).

Regarding genetic differentiation, Kucera et
al. (2021) detected shifts in representation of
source populations in a multiple-source res-
toration experiment. In various restoration
sites, seeds originating from multiple
sources exhibited unequal establishment
rates. Hence, resulting source population
composition varied vastly, implying that local
conditions facilitated some populations over
others. It can therefore be assumed, that
populations started using seeds will proba-
bly show higher levels of differentiation due
to various conditions prevailing on a particu-
lar site. This presumption, however, was not

demonstrated yet.

For this reason, we analysed results of a
practical reintroduction project, which took
place in Bavaria, SE Germany, in a nature
reserve protecting rare nutrient-poor sand
dune habitats. In this region, one of the last
natural populations of Armeria maritima ssp.
elonagata are located. To safeguard its sur-
vival in future, a restoration project has been
launched in 1998. In its course, several new
populations were started using seed, young
plants as well as using both types of propa-
gules. The source and the restored popula-
tions occupied the same type of habitat.
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Population size has been regularly esti-
mated. Since then, only one of the eight
studied populations become extinct, most
probably due to the extreme summer
draught during the years 2018-2019.

Hence, in our study, we addressed these
gaps and asked the following questions: 1.
Do the natural and restored populations dif-
fer regarding levels of genetic diversity? 2.
How high is genetic diversity and differentia-
tion of the ex situ population in comparison
with its source population? 3. How high is the
differentiation among the natural and re-
stored populations? 3. Is there any apparent,
detectable impact of the reintroduction
method on the genetic makeup of restored

populations?

Materials and methods

Study species and design

Armeria maritima ssp. elongata (Hoffm.)
Bonnier is a perennial, tufted herb confined
to nutrient poor soils. The subspecies is pre-
dominantly distributed in dry sandy lowlands
of the Central Europe, including Germany,
Poland and the Czech Republic (Meusel et
al.,, 1978; Kovanda, 1990). In South East
Germany, it has a patchy distribution with a
shrinking range and was included in the Red
List of
(Scheuerer and Ahlmer, 2003; Bayerisches

endangered vascular plants
Staatsministerium fir Umwelt,Gesundheit
und Verbraucherschutz, 2005). The bree-

ding system of the genus Armeria involves
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Fig.1. Geographic location of the analysed Armeria maritima ssp. elongata populations in the

study region.
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insect-pollinated plants with outcrossing
mating system (Lefebvre, 1970; Lefebvre
and Chandler-Mortimer, 1984a; Woodell and
Dale, 1993). Seeds are usually dispersed by
wind but dispersal distances reach only a
few meters from maternal plants (Philipp et
al., 1992). A. maritima (Mill.) Willd. possess
a transient soil seed bank (Kleyer et al.,
2008). The species can reach an age of over
20 years (Lefebvre and Chandler-Mortimer,
1984b). A. maritima ssp. elongata is a diploid
with 2n=18 (Oberdorfer, 2001).

For our study we analysed natural and re-
stored populations of A. maritima ssp. elon-
gata near Siegenburg in South Eastern Ger-
many (Fig. 1). The restoration project started
in 1998. The study area involved sandy
semi-dry and dry grasslands situated in
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natural sand dunes originating from the last
glacial period, as well as on roadside em-
bankments (Fig.1).

We assume that the analysed genetic diver-
sity was still structured by the genotypes that
were introduced (rather by that of the off-
spring). The reason is that the study species
can flower a few years after seeding but
older individuals produce more seeds and
hence have a higher contribution to the pop-
ulation genetic properties.

Plant material for molecular analyses was
sampled in natural (N) and restored (R) pop-
ulations, as well as in one ex situ population.
The ex situ population (R2ex) originating
from the natural N2 was cultivated in the Bo-
tanical Garden of the Regensburg University
since 2004.
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The natural population N1 and its related re-
stored population R1.1 were situated on
roadside embankments (Fig.1). The natural
population N2 and its related restored popu-
lations R2.1-R2.8 were located in a sand
dune protected area. The shortest linear dis-
tance between the two natural populations
N1 and N2 was four km from each other. The
ex situ population R2ex originating from the
natural N2 was cultivated in the Botanical
Garden of the Regensburg University since
2004. Together with the N1 and N2 popula-
tions, the ex situ population R2ex was used
as a supplementary seed source for the res-
toration (Tab.1). Restored populations were
founded using three methods, (i) sowing, (ii)
planting, and (iii) a combined method of sow-
ing and planting.

Molecular analyses

For molecular analyses in each population,
fresh leave material from sixteen individuals
was collected in situ and dried in tea bags
over silica gel. In lab, we analysed a total of
175 plants, fifteen to sixteen individuals per
population.

To detect genetic variation, a genome-wide
genotyping using AFLPs was employed
(Vos et al., 1995). Genomic DNA for AFLPs
was isolated from silica gel dried plant mate-
rial following the CTAB protocol (Rogers and
Bendich, 1994), adapted as described in
previous studies (Reisch et al., 2005).

AFLP analyses were conducted according to
the protocol from Beckmann Coulter, includ-
ing slight modifications as formerly de-
scribed (Reisch, 2007). Concentration of
DNA stock solutions was measured using a
spectrophotometer and the solutions were

48

then diluted with water to a concentration of
7.8 ng/ul.

Double-strand adapters (Biomers) were pre-
pared by adding equal volumes (0.25pl per
reaction) of single-strand adapters (M-Ad1
and M-Ad2, each 40uM, and E-Ad1and E-
Ad2, each 4uM respectively), heating up to
95°C for 5 min and cooling down to 22°C in
a thermal cycler. A volume of 6.4pul DNA so-
lution (7.8ug/ml) was digested by adding a
3.6 pl mixture containing restriction enzymes
2.5U Msel and 2.5U EcoRl. In the same
step, adaptors were ligated using 0.5U T4
DNA ligase, 0.1x of ligase buffer (Thermo
Scientific), 0.05M NaCl, 0.5ug BSA, 1uM
Msel and 0.1uM EcoRI adaptor pairs. The
following incubation was performed in a ther-
mal cycler for 2h at 37°C, with the last step
of enzyme denaturation at 70°C for 15 min.
Products of this reaction were diluted 10fold
using 1x TE buffer for DNA (820mM Tris-
HCI, pH 8.0; 0.1mM EDTA, pH 8.0).

Subsequent polymerase chain reactions
were performed in a reaction volume of 5pl.
Pre-selective amplifications were run using
1ul of the diluted restriction-ligation product
added to a mixture of 0.25ul primers (Bio-
mers) with just one selective nucleotide
(0.25uM Msel-C and 0.25uM EcoRI-A),
1.25ul H20 and a MastermixS for AFLP
(PegLab) containing buffer, ANTP and Tag-
Polymerase. PCR parameters were set as
follows: heating up to 94°C for 2min followed
by 30 cycles of successive denaturing at
94°C for 20 s, annealing at 56°C for 30 s and
elongation at 72°C for 2 min. The extension
process was terminated for 2 min at 72°C
and 30 min by 60°C, with a final cool down
to 4°C. Products of the pre-selective DNA
amplification were diluted 20fold using

TEO.1 buffer for DNA. Selective
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amplifications were performed using three
primer combinations Msel-CAG/EcoRI-ACC
(D2), Msel-CAG/EcoRI-AGG (D3), Msel-
CAG/EcoRI-ACA (D4). PCR reactions were
run in a total reaction volume of 5ul contain-
ing 1.25ul water, 2.5ul MasterMix S (PegLab
comprising buffer, ANTPs and Taq polymer-
ase), 0.25yl of selective 0.25uM Msel and
0.05 uM EcoRl primers (Biomers) and 0.75l
diluted product of pre-selective amplification.
We used EcoRI primers, labeled with fluo-
rescent dye (D2, D3 and D4) to enable de-
tection of PCR fragments.

Selective amplifications were carried out ac-
cording to the following touchdown profile: 2
min at 94°C, 10 cycles of denaturation for 20
s at 94°C, annealing 30 s initiated at 66°C
and then reduced for 1°C in each following
cycle, 2 min elongation by 72°C. Subse-
quently, 25 cycles of denaturation for 20 s at
94°C, annealing for 30s at 56°C and 2 min
elongation by 72°C, completed by a final ex-
tension for 30 min at 60°C and a cool down
to 4°C.

Products of the selective PCRs were diluted
as follows: 2fold (D2) and 5fold (D4) using
TEO.1 buffer for DNA. Subsequently, the
PCR products of a given sample (volume of
5 ul, each D2, D3 and D4) were pooled and
added to a stop solution consisting of 2ul 3M
sodium acetate, 2ul 100 mM Na2EDTA and
1ul glycogen. After precipitation, DNA was
pelleted by adding of ethanol (96%, -20°C)
in a centrifuge (20 min at 14000 g by 4°C).
The supernatant was poured off and the pel-
lets were washed using Ethanol (70%, -
20°C). The second centrifugation was con-
ducted at the same conditions
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(20 min at 14000 g by 4°C). Finally, the pel-
lets were vacuum-dried in vacuum drier and
dissolved in a mixture of 24.8 yl Sample
Loading Solution (SLS) and 0.2 yl CEQ DNA
Size Standard 400 (Beckman Coulter). The
fluorescence-labelled samples were sepa-
rated by capillary gel electrophoresis on an
automated sequencer (GenomLab GeXP,
Beckman Coulter). Raw data were exam-
ined applying the GeXP software (Beckman
Coulter), exported as synthetic gel files (.crv
files) and analysed applying the software Bi-
onumerics 4.6 (Applied Maths). A genotyp-
ing error rate of 2.39% was calculated to
control the AFLP procedure quality.

Statistical analyses

Based on the AFLP data, a binary matrix
(0/1) was created using the software Bionu-
merics 4.6 (Applied Maths). If absent, frag-
ments of a particular length were classified
as zero and in case of presence as one. Us-
ing the 0/1 matrix, the percentage of poly-
morphic loci (PPL) was calculated across the
whole dataset as a ratio ni/N, where ni is
number of fragments which contain polymor-
phism, N represents the full number of frag-
ments (loci). Genetic diversity within popula-
tions was computed as Shannon’s Infor-
mation Index calculated following the for-
mula S| = —Z(pi*In(pi)), where pi is the fre-
quency of the ith fragment in the respective
population, based on all scored AFLP frag-
ments. Here, we employed the program
Popgene (Yeh et al., 2000). Further, we
computed Nei’s gene diversity according to
a formula H=1-X(pi)?, where pi represents
the allele frequency (Nei, 1973;
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Tab.1. Type of population (natural/restored, N/R), location, sample size (n), population size
(p.s.), source population, restoration method, geographic position, and average diversity over loci
measured as Nei's Gene Diversity and Shannon’s information index (SI). *The population R1.1
was not included into the mean calculation of ,,Planted*, because it originated from another source

population N1.

Pop. Location n p.s. Source M. Lat.(N) Long. H SI DwW
Natural populations

N1 Bachl 16 1000 --- - 488143 119412 029 0.29 0.72
N2 Offenstetten 16 100 --- -—- 48.8154 11.8875 0.22 0.25 0.69
Mean natural £+SD 0.26 0.27 0.7
SD 0.05 0.03 0.02
Sown populations

R2.4 Offenstetten 16 20 R2ex S 488152 11.8868 0.27 0.28 0.67
R2.7 Offenstetten 16 18 N2, S 488151 11.8839 0.27 0.29 0.69
R2.8 Dassfeld 16 420 R2ex S  48.7554 11.8323 0.32 0.35 0.66
Mean sown +SD 0.29 0.31 0.67
SD 0.03 0.04 0.02
Planted populations

R2.1  Offenstetten 16 20 N2 P  48.8160 11.8883 0.29 0.30 0.66
R2.2 Offenstetten 16 20 N2, P  48.8120 11.9322 0.26 0.26 0.67
R1.1  Scheuern 16 1000 N1 P  48.8110 11.9293 0.34 0.35 0.68
Mean planted +SD 0.28* 0.28* 0.67
SD 0.02 0.05 0.01
Sown and planted populations

R2.3 Offenstetten 16 74 N2 S/P 48.8150 11.8909 0.30 0.31 0.68
R2.5 Offenstetten 16 40 N2, S/P 48.8151 11.8867 0.30 0.32 0.71
R2.6 Offenstetten 15 48 N2, S/P 48.8149 11.8850 0.29 0.29 0.71
Mean sowné&planted +SD 0.30 0.30 0.70
SD 0.01 0.01 0.02
Mean restored 0.29 0.31 0.68
SD 0.03 0.03 0.02
Ex situ population

R2ex Regensburg 16 N2 48.9931 12.0924 0.31 0.34 0.67
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Fig.2. Average gene diversity over loci for natural (N1, N2), ex situ (R2ex), sown, sown/planted

and planted populations of Armeria maritima ssp. elongata, measured as Shannon’s information

index (Sl). The mean values for each method (sown, planted, sown/planted) are shown in the last

bar, as well as the standard deviation (* the R1.1 was not included into the mean calculation of

the group ,Planted®, because it originated from the other source population N1)

Source populations
0,40
0,30
T 0,20

0,10

0,29 0,25 0,34
0,00

N1 N2

Population

R2ex

Sown
0,40 -

0,28 0,29 0,35 0,31

0,00 -

R2.4 R2.7 R2.8

Population

Mean S

Lynch and Milligan, 1994). We used the pro-
gram AFLPsurv (Vekemans, 2002). Allelic
frequencies were computed using Bayesian
method with non-uniform prior distribution
(Zhivotovsky, 1999). Correlation between
population size and genetic diversity was
tested using Spearman’s rank correlation
coefficient (R Core Team, 2014). Addition-
ally, Frequency-down-weighted-marker-val-
ues (DW) were computed according to
Schonswetter and Tribsch (2005). Genetic
differentiation among populations and
groups of populations was detected using
analysis of molecular variance AMOVA (Ex-
coffier et al., 1992) implemented in the pro-

gram GenAlex 6.41 (Peakall and Smouse,
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Sown/planted

0,40
0,30 - - — I
x 0,20
0,10
0,31 0,32 0,29 0,30
0,00
R2.3 R2.5 R2.6 MeanS/P
Population
Planted
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0,35 - -
0,30 - -
0,25 - - I
T 0,20 -
0,15 -
0,10 -
0,05 1 0,30 0,26 0,35 0,28
0,00 -
R2.1 R2.2 R1.1*  Mean P
Population

2006). Computation based on pairwise Eu-
clidian distances between samples. Signifi-
cance values related to variance compo-
nents rest upon 999 permutations of individ-
uals supposing no genetic structure. We
tested partitioning of genetic variation within
populations, among populations and be-
tween regions, applying the two-level and
the three-level hierarchical AMOVAs.

Bayesian cluster analysis was conducted
using the program STRUCTURE 2.34.
(Pritchard et al., 2000, Pritchard et al., 2009).
The population structure of the whole data
set was inferred based on the clustering of
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Tab.2. The results of the analyses of molecular variance (AMOVA) for natural and restored po-
pulations of A. maritima ssp. elongata, within and among populations based on 158 AFLPs frag-
ments. Levels of significance were based on 999 iteration steps and indicated by asterisks

(p<0.001, i.e. ***; p<0.01, i.e. **; n.s., i.e. nonsignificant).

Source of molecular variation df SS MS % Dpr

N1 and N2

Between populations 1 41.6 416 14 0.14*
Within populations 30 3446 115 86

N1 and R1.1

Between populations 1 17.5 175 2 0.02 (n.s.)
Within populations 30 4151 13.8 98

N2 and sown populations (R2.4, R2.7, R2.8)

Between NO2 and sown populations 1 141 141 0 0.03**
Among populations 2 45.8 229 5

Within populations 60 7144 119 95

N2 and sown&planted populations (R2.3, R2.5, R2.6)

Between NO2 and sown/planted popula- 1 12.2 122 0 0.01 (n.s.)
Among populations 2 29.3 146 1

Within populations 59 709.2 120 99

N2 and planted populations (R2.1, R2.2)

Between NO2 and planted populations 1 12.9 129 0 0.01 (n.s.)
Among populations 1 12.8 128 1

Within populations 45 5149 114 99

N2 and R2ex (Botanical garden Regensburg)

Between populations 1 22.8 228 5 0.05**
Within populations 30 3696 123 95
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Fig.3. Results of the Bayesian cluster analysis for A. maritima ssp. elongata. Proportion of indivi-
duals from each sampled population allocated to one of the two groups (K) concluded from the
Structure analysis (Pritchard et al., 2000). Individuals from the populations N1 and R1.1 were
predominantly assigned to the cluster 1.

100% 1
90% -
80% -
70% -
60% -
50% -
40% -
30%
20%
10%
0%

N1 N2 R2.1 R22 R23 R24 R25 R26 R27 R28 R1.1 R2ex

m Cluster 1 Cluster 2

Fig. 4. Results of Bayesian clustering of A. maritima ssp. elongata. (a) AK displayed for each of
the tested values of K 1 to 13, based on the second order rate of change of probability with respect
to K. The highest peak at K=2 should correspond to the true value of K (b) The graph shows the
mean In Pr(X|K) and £SD over 20 runs for each value of K.

a) b)
Deltak = mean(|L"(K)|) / sd(L(K})
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individuals. An admixture model with corre- number of Markov Chain Monte Carlo simu-
lated allele frequencies was assumed. A lations was set to 100.000 and the burn-in
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period to 10.000 iterations. Number of clus-
ters K was set to 13, which corresponds to
the number of populations plus one. Anal-
yses were run independently 20 times for
each K to assess the amount of variation of
the likelihood for each value of K. The best
estimate of K for the given data set was
specified according to the model, which gave
consistent results for all 20 runs (Kopelman
et al.,, 2015). The program Harvester (Earl
and vonHoldt, 2012) was applied to summa-
rize results. An estimate of the posterior
probability of the data Pr (X|K) for a particu-
lar K was calculated (Pritchard et al., 2000).
To identify the real number of clusters K, ad
hoc statistic AK was used which was calcu-
lated as a second order rate of change of
probability of the Pr (X|K) with respect to K
(Evanno et al., 2005) (Fig. 4).

Distances among populations as Nei's
standard (Ds) with non-uniform prior distri-
bution of allele frequencies were computed
according to Lynch and Milligan (1994) em-
ploying the pro-gram AFLP-surv (Veke-
mans, 2002). Based on the Ds distances, a
consensus Neighbor-Net graph was con-
structed applying program SplitsTree4 (Hu-
son and Bryant, 2006). Patterns of genetic
similarities between individuals were ana-
lysed in the software GenAlEx 6 (Peakall
and Smouse 2006) using principal coordi-
nate analyses (PCoA) based on a squared
Euclidean distance matrix.

Results

Genetic diversity

AFLP analysis revealed 158 clear bands in
A. maritima ssp. elongata across all popula-
tions, of which 84.2% were polymorphic.
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Levels of genetic diversity measured as the
Nei’s gene diversity H and Shannon’s Infor-
mation Index Sl within the two natural popu-
lations were HN1=0.29, HN2=0.22 and
SIN1=0.29, SIN2=0.25, respectively. Within
the reintroduced populations, the levels of
genetic diversity ranged between Hr2.2=0.26
and Hr1.1=0.34 (Slr22=0.26 and Slr1.1=0.35)
(Tab.1). The ex situ population exhibited a
genetic diversity of Hrzex= 0.31 (Slr2x=0.34).

Overall, the lowest values of genetic diver-
sity were found within the natural population
N2 (Hn2=0.22, SiIn2=0.25), the highest within
the planted population R1.1 (Hr1.1=0.34,
Slr1.1=0.35).

Most diverse were the populations R2.8
(sown), R1.1 (planted) and R2ex (ex situ).
Here, genetic diversity H ranged from 0.31 to
0.34 (Sl from 0.34 to 0.35).

The average level of genetic diversity de-
tected within the natural populations was
Hn=0.26+0.05 (SIn=0.27+0.03) and within
the Hr=0.29
(SIr=0.31). The average level of genetic di-

restored populations
versity within the groups of sown, planted
and sown/planted populations were similar
(Tab.1, Fig.2). In the group of planted popu-
lations, the R1.1 was not included in the
mean calculation, because it originated from
the other source population N1 (Fig.2).

We have also calculated the Frequency-
down-weighted-marker-values (DW) which
indicates accumulation of rare fragments in
populations. DW within the two natural pop-
ulations was DWn1=0.72, DWn2=0.69. Within
the reintroduced populations, the levels of
DW ranged between DWr2.1, r26=0.66 and
DWr25,r26=0.71 (Tab. 1). The ex situ
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Fig.5. Consensus NeighborNet of all Armeria maritima ssp. elongata populations based on the
AFLPs data. The natural population N2 together with its offspring restored populations are situ-
ated on the left side of the graph, slightly separated from the natural N1 and its offspring restored
population R1.1.

R1.1

N1

Fig. 6. Results of the principal coordinates analysis (PCoA) based on AFLP data of A. maritima
ssp. elongata.
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population exhibited a genetic diversity of
DWoRr2ex= 0.67.

Genetic differentiation

The highest levels of differentiation among
populations were observed between the
both natural populations N1 and N2 (®pr =
0.14, p<0.001) (Tab.2). Genetic differentia-
tion between the natural population N1 and
its offspring restored population R1.1 was
low and not significant (2%, p=0.09). Genetic
differentiation between the natural source
population N2 and the ex situ population
R2ex was somewhat higher (5%, p<0.01).
The three-level hierarchical AMOVA was
carried out according to the reintroduction
method (Tab.2). The values of genetic differ-
entiation between the natural population N2
and the groups of restored populations
(sown, planted, as well as sown and planted)
were negligible. Within the group of sown
populations, we observed the highest differ-
entiation among populations (5%). In con-
trast, within the groups of planted as well as
sown and planted populations only minimal
levels of differentiation among the popula-
tions were detected (1%).

The Bayesian cluster analysis STRUCTURE
(Pritchard et al., 2000) indicated a peak of
Evanno ad hoc statistic AK at K=2 (Fig.4a)
(Evanno et al., 2005). This implicates that
the dataset most probably consists of two
genetic clusters. One cluster included pre-
dominantly individuals of the source popula-
tion N1 and its related restored population
R1.1 The second cluster comprised all re-
maining populations, i.e. N2 and the restored
populations originating from the N2, includ-
ing the ex situ R2ex population (Fig.3).
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The network constructed using the program
SplitsTree4 (Huson and Bryant, 2006) dis-
played the two natural populations and their
related restored populations in two groups
(Fig.5). The natural population N2 together
with its descendant restored populations
constitutes a cluster on the left side of the
graph. The natural N1 and its related re-
stored population R1.1 is visible on the right
side of the graph, slightly separated from the
rest of the populations.

The multivariate analysis PCoA revealed
only a slight clustering of populations, ac-
cording to the source populations N1 and N2
and its corresponding restored populations
(Fig. 6).

Discussion

Genetic diversity

The mean genetic diversity within the natural
populations of A. maritima ssp. elongata
was higher (0.26+0.05) than mean observed
values for species with outcrossing repro-
ductive strategies (0.19+0.08) as well as for
rare species (0.12+0.07) (Reisch and
2014).
higher levels of gene diversity than refered

Bernhardt-Rémermann, Similarly,
for other taxa were observed in previous
studies in Armeria maritima (Vekemans et
al., 1992; Weidema et al., 1996). Two traits
may have particularly contributed to the en-
hanced diversity levels of this species: the
outcrossing habit of breeding and a long
span of life. Cross fertilizing in plants promo-
tes gene flow due to the allele exchange
within and among populations. Additionally,
in long-lived species mixed generations per-
sist together. This means that the initial gen-
eration still acts as a gene contributor, thus
enhancing genetic diversity in offspring
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populations (Pierson et al., 2007; Powolny et
al., 2016).

In contrast, congener species A. maderensis
substantiated apparently low levels of the
within-population genetic diversity (Pifieiro
et al., 2009), most probably due to historic
events (isolated evolution on islands pre-
cluding gene flow, long-term small popula-
tions, possible founder effects following col-
onization of ancestors from mainland and
volcanic eruptions) but also overgrazing by
herbivores.

One of the major concerns related to the
long-term success of restoration efforts re-
mains the loss of genetic diversity (Aavik et
al., 2012; Burgarella et al., 2007; Liu et al.,
2008; Robichaux et al., 1997; Nagel et al.,
2019a; Basey et al., 2015; Espeland et al.,
2017; Havens et al., 2015), which implies
lower adaptation capability and reduced
evolutionary potential. Higher genetic varia-
tion means better long-term survival pro-
spects in changing environments. In our
study, restored populations comprised
slightly higher levels of genetic diversity than
natural populations. Similar results were re-
ported in many other studies (Betz et al.,
2013; Dittberner et al., 2019; Pierson et al.,
2007; Ritchie and Krauss, 2012; St. Clair et

al., 2020).

Several reasons may have contributed to the
observed patterns of slightly higher levels of
genetic diversity within restored populations.
First, the natural seed source population N2
and the populations restored using propa-
gules originating from the N2 were situated
in the same protected area, close to each
other (Fig.1). This means that gene flow may
have occurred frequently (Darvill et al.,
2004) and contributed to higher genetic
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variation comprised in offspring populations,
in comparison to source populations (Morris
et al., 2002; Pierson et al., 2007). Second,
the N2 population went possibly through a
bottleneck process during its existence. Bot-
tleneck events result in a loss of alleles and,
subsequently, decrease of genetic diversity.
This may be the reason, why genetic diver-
sity is lower in N2 compared to the restored
populations originating from N2. Third, lower
genetic variation found in N2 might be a con-
sequence of competition processes occur-
ring on the site, which was densely occupied
by this population for a long time (compare
Snaydon, 1978).

In the case of the restored R1.1, the seed
source was not only the natural N1 but also
the supplementary propagule source, the ex
situ population R2ex. Moreover, the large
population size might have contributed to the
high genetic diversity in R1.1. Fourth, high
levels of genetic diversity comprised in the
restored populations can be directly associ-
ated with the way of the seed collection
(Konnert and Ruetz, 2003; Basey et al.,
2015; Havens et al., 2015). This was carried
out representatively over the whole popula-
tion across several years (M. Scheuerer,
personal communication), which may have
increased genetic diversity in the restored
populations.

Regarding the restoration methods — sown,
planted as well as sown and planted — we did
not detect any apparent, strong differences
in levels of genetic diversity within all three
groups. However, the sown group showed
slightly higher levels of genetic diversity than
populations founded using plants (Fig.2).

Similar to slightly higher diversity levels were

in accordance with our assumption
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(compare St. Clair et al., 2020). Even though
a high percentage of seedlings normally fail
to survive due to unfavourable weather or
site conditions as well as due to self-thinning
processes in the wild, still much more seeds
are often required and used for direct sowing
than for plant cultivation in nursery settings.
This may facilitate higher diversity levels in
sown populations. The cultivation process,
in its turn, skips the most vulnerable part of
the plant life-cycle in the wild, the seedling
stage and thus, the survival percentage in
much higher (Drayton and Primack, 2000).
One caveat is that cultivation may foster mal-
adaptations and unintended evolution pro-
cesses, especially when practiced over sev-
eral generations (Basey et al., 2015; Ensslin
and Godefroid, 2019). For instance, dormant
seeds might be omitted in a plant nursery,
but in the wild they would later become a part
of a population.

The highest levels of GD were reached
across the restoration methods, i.e., within
the populations R2.8 (sown) and R1.1
(planted). The levels of GD were probably af-
fected by the highest number of founding in-
dividuals rather than by reintroduction meth-
ods. This result implicates that the popula-
tion size might be more relevant, in terms of
genetic diversity, than the reintroduction
method per se. However, the restricted num-
ber of replicates posed a constraint to statis-
tical analyses. Therefore, further research is
needed using higher numbers of populations
to reveal potential differences.

outcrossing species. Moreover, two pro-
cesses might have also played a role. First,
R2ex was founded using seeds produced by
N2. However, surrounding in situ restored
populations presumably acted as gene do-
nors via pollen transfer, und thus contributed
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Concerning the rare alleles, we did not ob-
serve any apparent loss of rarity in the re-
stored populations in comparison with their
sources. The highest levels of rarity were
found in both natural sources as well as in
the sown & planted restored populations.

In our study we also analysed the genetic di-
versity of the ex situ population R2ex, which
was cultivated since 2004, using seed mate-
rial originating from the N2 population. As
detected for the restored populations, the ex
situ population R2ex maintained higher lev-
els of genetic diversity than the N2 popula-
tion. This was a surprising result because
the population size of N2 is at least twice as
large as that of R2ex. Former studies sug-
gested a clear threat of genetic erosion in ex
situ cultivations (EnBlin et al., 2011; Ruc-
inska and Puchalski, 2011; Lauterbach et al.,
2012; Briitting et al., 2013). Genetic erosion
can be caused not only by unrepresentative
source population sampling, but also due to
genetic drift in small ex situ populations, as
well as increased selfing rates and inbreed-
ing processes (Ensslin and Godefroid,
2019). In a survey involving 32 studies on ex
situ cultivations, only one species (perennial,
self-incompatible) showed higher genetic di-
versity than in the wild (Britting et al., 2013).
Here, two traits played a key role: life form
and a breeding system. A short life span
combined with selfing imposed intrinsic risk
of reduced genetic diversity in ex situ culti-
vations. However, A. maritima ssp. elongata
is a perennial, long-lived,

to higher genetic diversity in seeds used to
initiate R2ex. (Darvill et al., 2004). Second,
N2 possibly went through a slight bottleneck
in 2008-2009 and 2012 (Martin Scheuerer,
unpublished data), which reduced its genetic
diversity. In such a case, generally, ex situ
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populations may help to maintain genetic di-
versity lost in the wild (compare Abeli et al.,
2020). However, during the ex situ cultiva-
tion of wild plants trait may be changed as a
consequence of relaxed selection pressures
in botanic gardens. Thus, changes in re-
sponse to drought stress were documented
in a multi-species experiment (Ensslin and
Godefroid, 2020). Presumably the most
striking example of changes in traits were
differences in seed dormancy between gar-
den-cultivated and wild populations (Schro-
der and Prasse, 2013; Ensslin et al., 2018).
Reduction of variability in dormancy and ger-
mination properties may occur very rapidly
(Schroder et al., 2013). This may potentially
pose a risk to restoration programmes using
seeds originating from ex situ. Therefore, re-
search is needed in this respect prior to the
use of ex situ-produced seeds in restoration
schemes (Ensslin et al., 2018).

Genetic differentiation

In our study Armeria maritima ssp. elongata
maintained its most genetic variation within
populations, a pattern typically observed in
long-lived species with outcrossing mating
system (Vekemans et al., 1992; Weidema et
al., 1996). The highest level of genetic differ-
entiation was detected between the two nat-
ural populations N1 and N2. The population
N1 colonized a roadside embankment influ-
enced by mowing and winter maintenance

Regarding the restoration method, genetic
differentiation between the natural popula-
tions and the respective groups of sown,
planted as well as sown and planted popula-
tions was very low or even absent. St. Clair
et al. (2020) detected that nursery-grown
plants of Castilleja laevisecta used for resto-
ration purposes tended to deliver a more
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by salts, whereas N2 occupied natural sand
dune habitats. Different conditions may influ-
ence phenology of populations, e.g. flower-
ing times (Reisch and Poschlod, 2009),
which can cause high levels of genetic differ-
entiation. We assume, however, that the
most probable reason of the observed differ-
entiation levels was the spatial distance be-
tween the two natural populations. In con-
trast, genetic differentiation among the natu-
ral and the respective restored populations
was almost zero (Tab.2). Negligible genetic
differentiation among natural and restored or
reinforced populations were also reported in
previous restoration studies (Betz et al.,
2013; Millar et al., 2019b; Pierson et al.,
2007; Ritchie and Krauss, 2012). In our
study, two main reasons most probably con-
tributed to the negligible levels of differentia-
tion. First, the germplasm used for restora-
tion was collected representatively, but also,
secondly, the spatial distance of the natural
and the respective restored populations was
low and could enable gene flow, most likely
via pollen. The seeds of A.maritima ssp elon-
gata are typically wind-dispersed, but disper-
sal distances reach usually only a few me-
ters and do not allow to reach an adjacent
population (Philipp et al., 1992). Dispersal
for longer distances would be possible via
epizoochory, e.g., by grazing sheep. This
practice was, however, not present in the
study area.
consistent representation of (multiple)
source populations, especially in the first
When
sources, growing juveniles under nursery

generation. using mixed seed
conditions enables better control of source
population representation. Seeds, in their
turn, produced higher variability in represen-
tation of the source populations. This is in

accordance with our findings, because we
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observed the largest genetic differentiation
among the sown populations.

According to the local conditions during the
restoration procedure, as well as dormancy
and germination properties of seed, a certain
fraction of seeds germinates, survives or de-
clines, thus supporting this differentiation
2021,
Seglias 2018). Possibly, the sown popula-

pattern (Kucera et al, compare
tion R2.8 in our study additionally contrib-
uted to the observed levels of differentiation
due to its separate location, because gene
flow between R2.8 and the rest of the popu-
lations could not take place (site Dassfeld,
Fig.1, see also Fig.5).

Genetic differentiation between the natural
and the ex situ population was low but sig-
nificant (5%, p<0.01) (Tab.2), higher than
expected. Britting et al., 2013 found even
higher levels of genetic differentiation be-
tween ex situ and natural population, albeit
in four of five species the original source
population was not known precisely. Gener-
ally, ex situ populations are at risk due to
several causes. First, their genetic makeup
(and that of seeds which they produce) may
change as a consequence of unintended hy-
bridization with congeners, or due to genetic
introgression from other accessions of the
same species cultivated in the grounds of
the same botanical garden. Second, an un-
intended selection may occur if ex situ envi-
ronments that do not resemble original con-
ditions in the wild (Ensslin 2011). The mod-
erate shift in allele frequencies in R2ex
which we observed might arise due to thir-
teen years of the separate cultivation. During
this period, the ex situ population lacked any
gene exchange with the natural source pop-
N2. We that an

ulation conclude
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improvement should be considered through
input of fresh genetic material from the wild.

In our study, all analysed individuals were
assigned to two groups using Bayesian clus-
ter analysis Structure (Pritchard et al., 2000).
Individuals originating from the natural N1
and its offspring population R1.1 were more
frequently assigned to cluster 1, whereas N2
and its descendant restored populations, re-
spectively, were predominantly allocated to
the cluster 2 (Fig. 3). This pattern was cor-
roborated by both the NeighborNet analysis
and the multivariate PCoA (Fig.5, fig. 6).
Both illustrates that the natural genetic pat-
tern in the study region has not been af-
fected negatively by restoration. Seeds have
been collected separately in the N1 and N2
populations and have been used conse-
quently to restore populations near the re-
spective natural (source) populations. Obvi-
ously, no accidental mixing of seeds from the
different natural sources took place.

From our study we conclude, that from the
genetic point of view, the restoration of vital,
genetically variable and locally differentiated
populations of Armeria maritima ssp.
elongata generally worked well. This pilot
study based on a practical restoration project
have shown that both sowing and planting
have proven to be suitable approaches to re-
store genetically representative populations
without losing genetic diversity. This is an
important prerequisite to retain their evolu-
tionary potential for a long-term survival, es-
pecially in a context of ongoing climate
change. However, in future studies, larger
restoration projects are needed, using multi-
species experiments. Thus, we can gain
more detailed insights in how different rein-
troduction methods may influence genetic
patterns in restored populations.
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A SOURCE OF HIDDEN DIVERSITY FOR RESTORATION: SOIL SEED BANK

AND ABOVEGROUND POPULATIONS OF ORIGANUM VULGARE

CONTAIN SIMILAR LEVELS OF GENETIC VARIATION

| © Danal Michalcova

The seedlings of Origanum vulgare, emerged from the soil seed bank in our experiment

and a mature plant
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Abstract

In many landscapes, restoration success depends on the presence of diaspores either
in the close surroundings, or directly beneath the sites to be restored. The soil seed bank
is, therefore, an important part of ecosystem resilience and constitutes a vital pillar for
the regeneration of genetic diversity in many plant populations. However, regeneration
from the soil seed bank and the results of restoration can only be considered as suc-
cessful, when the genetic diversity of restored populations is not eroded and genetic

differentiation not inflated.

In our study we compared genetic variation within and among soil seed bank and above-
ground populations of Origanum vulgare, to test whether genetically variable populations
can be restored from the soil seed bank. We explored levels of genetic diversity within
above ground populations and the corresponding soil seed banks. Furthermore, we as-
sessed the extent to which the soil seed bank differs genetically from the aboveground

population.

Levels of genetic diversity were to a great extent similar in aboveground populations and
the corresponding soil seed banks. Only levels of inbreeding were slightly higher in the
in the lower layer of the soil seed bank compared to the aboveground populations which
is most likely due to selection processes acting against homozygotes accumulating in
the seed bank. Furthermore, significant genetic differentiation between the aboveground
population and the corresponding seed banks was completely lacking. Across all sites,
genetic differentiation between the soil seedbank was similar to that between the above-
ground populations, most probably due to the absence of severe climate conditions,
strong bottlenecks or disturbance events.

From our study, we conclude that the soil seed bank represents a vital source for the

restoration of genetically variable populations of O. vulgare.

Key words: soil seed bank, restoration, genetic diversity, Origanum vulgare

62



CHAPTER FOUR

SOIL SEED BANK

Introduction

Soil seed banks are one of the most remark-
able characteristics of plants that do not
solely rely on seed dispersal in space, but
also in time by storing long-term dormant di-
aspores in the soil (Bakker et al., 1996b; La-
mont and Enright, 2000; Blanckenhagen and
Poschlod, 2005) With their soil seed banks,
plants work against consequences of envi-
ronmental and demographic stochasticity,
which occur across a broad range of climate
zones, habitats and life history types (Baskin
and Baskin, 2011). Especially for rare spe-
cies or taxa in environments with harsh and
highly unpredictable conditions, seed banks
play the role of bet-hedging, one of the piv-
otal possibilities to reduce long-term risks
(Zaghloul et al., 2013). Species occupying
dynamic habitats with strong disturbance re-
gimes, such as sites influenced by flood
events or forest gaps are known to possess
high-density seed banks exceeding 10.000
seeds / m? (Kiss et al., 2016; Poschlod and
Rosbakh, 2018). In calcareous grasslands,
where conditions are relatively stable and
potential disturbances are mainly related to
grazing or mowing, a subset of species build
persistent seed banks but usually of lower
densities not exceeding 5.000 seeds / m?
(Bossuyt and Honnay, 2008a). In particular
cases, seed banks of calcareous grasslands
can reach up to 8.000 seeds / m? (Karlik and
Poschlod, 2014; Poschlod and Jackel,
1993).

Currently, the role of seed banks gains in
weight in the context of the ongoing climate
change that deepens fragmentation pro-
cesses and fosters area loss of temperate
European calcareous grasslands. Previous
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research revealed that small and frag-
mented populations are prone to extinction
due to environmental and demographic sto-
chasticity and possible genetic erosion,
more than large ones (Andrén, 1994; Young
etal., 1996; Honnay et al., 2005). In addition,
due to genetic consequences of fragmenta-
tion, common species seem to suffer more
from genetic erosion than rare species (Hon-
nay and Jacquemyn, 2007). Especially out-
crossing species, depend on gene flow be-
tween populations to maintain genetic varia-
tion. Due to the ongoing fragmentation pro-
cess and increasing distances between re-
maining populations, chances to exchange
pollen are getting rarer. Simultaneously with
the fragmentation, decreasing population
size causes a further loss of genetic diversity
(Honnay and Jacquemyn, 2007).

However, long-lived seeds stored in soll
seed banks may help to slow down these
processes significantly. Consequently, spe-
cies with long-lived seeds show a lower frag-
mentation-caused extinction probability than
species with short-lived seeds (Piessens et
al., 2005). Stocklin and Fischer (1999) found
that in isolated grassland fragments, species
possessing seeds with high longevity (more
than 5 years) were less prone to extinction in
comparison with taxa with low seed longev-
ity. Tonsor et al. (1993) pointed out that soil
seed banks might serve as a “genetic
memory” conserving changes in the genetic
constitution of populations and may retain al-
leles through periods in which they were se-
lected against. This is due to unpredictable
environmental dynamics and extreme condi-
tions (Zaghloul et al., 2013), disturbances
(Bosbach et al., 1982) or
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changes in breeding system with temporary
or spatial variation in selfing rates (Schulz et
al., 2018). Thus, seed banks buffer results of
the directional selection triggered by fluctua-
tions of environmental conditions (Temple-
ton and Levin, 1979).

In a restoration context, not only genetic di-
versity contained in surrounding populations
(Iberl et al., 2022) but also the genetic diver-
sity stored in the soil seed bank may poten-
tially contribute to the restoration of genet-
ically variable aboveground populations. For
such an approach the level of genetic diver-
sity in the soil seed bank should, however,
be at least as high as that of the present
aboveground population (Honnay et al,
2008).

Several studies tested the ecological and
evolutionary effects, when long-living dia-
spores are stored in soil. Both in annuals
(Lundemo et al., 2009; Falahati-Anbaran et
al., 2011; Hanin et al., 2013) and in perenni-
als (Falahati-Anbaran et al., 2011), soil seed
banks may extend effective population size
and outweigh a random loss of genetic vari-
ation due to genetic drift (McCue and Holts-
ford, 1998). However, previous findings con-
cerning genetic diversity were not con-
sistent. Generally, three situations have
been reported: first, higher levels of genetic
diversity in the soil seed bank than in the
aboveground population (McCue and Holts-
ford, 1998; Morris et al., 2002), secondly, no
significant differences between the soil seed
bank and aboveground population (Mahy et
al.,, 1999; Hanin et al., 2013; Plue et al.,
2017) and, thirdly, a frequent detection of
lower genetic diversity in seed banks than in
the aboveground population (Tonsor et al.,
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1993; Cabin et al.,, 1998; Zaghloul et al.,
2013; Schulz et al., 2018). Deeper insights
were provided by a meta-analysis of Honnay
et al. (2008), who revealed no evidence, that
high levels of genetic diversity were stored in
the soil seed bank. This was also confirmed
by Mandak et al. (2012) who suggested that
the role of the seed bank is rather to maintain
than to accumulate genetic diversity. In the
study presented here, we analysed the level
of genetic variation within and between the
soil seed bank and the corresponding
aboveground populations of the typical dry
grassland species Origanum vulgare.

In contrast to many previous studies, we also
examined the vertical distribution of genetic
variation, since we tested a potential differ-
entiation between upper and lower soil lay-
ers. Previously, it has been shown that in the
absence of disturbance regimes, deeply bur-
ied seeds must be older than those near the
surface (Grandin and Rydin, 1998) and
deeper soil layers may accumulate seeds
with higher longevity (Bekker et al., 1998).
Especially the fraction of smaller seeds may
fall deeper into the fissures in the soil. Koch
et al. (2003) demonstrated that increasing
dynamics of the habitat decreased not only
similarity between the vegetation and the
soil, but also reduced genetic homogeneity
of the seed bank populations from different
soil layers. Consequently, we tested in our
investigation whether upper and lower layers
of the soil seed bank differ from each other
and the aboveground population in genetic
variation. We analysed this in the context of
restoration, since the genetic variation
stored in the soil seed bank may help to
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buffer the detrimental effects of fragmenta-
tion (Poschlod et al., 1998b). More specifi-
cally, we asked following questions:

1. How large is the genetic diversity
maintained in the seed bank in com-
parison with the aboveground popu-
lations?

2. How strong is genetic differentiation
between the aboveground popula-
tions and their corresponding seed
banks and among the soil seedbank
and aboveground populations from
different study sites?

3. Can genetically variable populations
of O. vulgare be restored from the
soil seed bank, particularly in case
of massive disturbance or local ex-
tinction?

Materials & Methods

Study species

For our study we selected Origanum vulgare
(Lamiaceae), a perennial, long-lived, rhizo-
matous aromatic herb, confined to dry
grasslands, scrub or woodland fringe vege-
tation and thermophilous oak forests, but oc-
curring also in highly disturbed alluvial
meadows (Oberdorfer, 2001; van Looy et al.,
2009). The species has a long-term persis-
tent soil seed bank and often produces seed
banks of high densities (Poschlod et al.,
1991; Kleyer et al.,, 2008; Kiss et al.,
2016).0. vulgare successfully colonizes re-
stored calcareous grasslands (Helsen et al.,
2013). This is a gynodioecious species
which is predominantly outcrossing but sel-
fing is also possible (Klotz et al., 2002). Polli-
nators are insects, mainly honeybee, bum-
blebees and hoverflies (Janovsky, 2020). O.
vulgare builds dry fruits — clusters of four
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one-seeded nutlets. Seeds are small, oblong
and egg-shaped, 0,9-1,3 mm long and smo-
oth (Slavik, 2000). The seeds are usually
dispersed by gravity wind and animals (Klotz
et al., 2002; Poschlod et al., 1998b). Germi-
nation takes place in vegetation gaps during

spring.

Study area and sampling design

For our study we selected five calcareous
grasslands on the Franconian Jura in South-
eastern Germany (Tab. S1). The distance
between study sites ranged from 0.2 to 17
km. The study sites are located in an altitude
of 360 to 445 metres above sea level and the
climate is temperate-subcontinental. The se-
lected grasslands are predominantly sur-
rounded by woodland, scrub, hay production
grasslands or arable fields. At each study
site we established five sampling plots of
8x10 m where O. vulgare occurred. Each
plot was divided in 80 subplots (10 rows and
8 columns) of one square meter. Using a
chessboard design (Fig. S1), we sampled
plant material and soil samples in four sub-
plots per row. Per subplot, two soil samples
and leaf material from one individual were
collected. Consequently, during summer
2018, leaf material of 40 individuals per lo-
cation (if available) was sampled, dried and
stored over silica gel until further processing
in lab. Soil samples were extracted in March
2019 following the recommendations of
Bakker et al., 1996a; Bakker et al., 1996b.
Sampling during late winter or early spring
makes sure that stratification took place in
winter, producing more precise information
about the soil seed bank. In each subplot, we
took two randomly chosen soil samples us-
ing a soil corer with an inner diameter of four
cm, yielding a sampling area of 2 x 12.56
cm? = 25.12 cm? and approx. ten cm deep
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(corresponds to approx. 0.25 litres) per plot,
according to the formula *r2. In total, we
sampled 0.25*40=10 litres in each location.
The sample volume of more than 6 litres per
site corresponds to the recommended sam-
pling volume (Hutchings, 1986). Subse-
quently, we divided each core into two sec-
tions according to the depth from zero to five
cm and from five to ten cm, if available, re-
spectively. For each subplot, we separately
pooled the core samples from the upper and
the lower layers in the cores.

Soil seed bank analysis

Before processing, the soil samples were
stored in plastic bags in a cooling chamber
at 4°C. The soil was then washed through a
sieve cascade consisting of five mm to
remove stones and roots and 0.2 mm to
eliminate fine-textured soil. This step was
essential to reduce the sample volume and
to improve conditions for seed germination
(Heerdt et al., 1996). We did not detect any
apparent differences in stoniness of the soil
samples from different study sites. The soil
samples were then spread in thin layers of
approximately three mm depth into trays
filled with sterilized horticultural substrate.
To allow natural temperature fluctuations
during day and night, as well as to avoid any
disturbance caused by birds or mice,
samples in the trays were cultivated in a
nonheated open cage greenhouse. Samples
were watered gently to ensure that seeds
would not be washed away. Cultivation took
place from April 2019 to June 2020, until no
new O. vulgare seedlings emerged. These
were collected in a juvenile stage, large
enough to deliver leaf tissue for molecular
analyses. In total, thirty individuals per
location were cultivated until flowering from
the soil seedbank in order to determine the
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percentage of female and hermaphrodite
individuals of the gynodioecious species (in
total 150 individuals). Cultivation lasted from
April 2019 to August 2020, until all plants
The
populations contained on average 14.2% of

have flowered. aboveground
female plants (range from 7.7 to 21.4%), with
median of 15.2% female plants. The seed
bank populations comprised on average
15.6%, respectively (varied from 3.7 to
23.9%) and had a median of 19% female
plants. The difference between the two
groups was not significant (Shapiro-Wilk
normality test p-value=0.47, paired t-test p-
value = 0.72).

Microsatellite analyses

For molecular analyses, we used leaf mate-
rial from the aboveground populations as
well as from the germinated individuals
emerging from both layers of the soil seed
bank. Genetic variation of the aboveground
population and in the upper and the lower
soil layers of the soil seed bank was deter-
mined using microsatellites. We extracted
nuclear DNA from the silica gel dried leaf
material according to the CTAB protocol af-
ter Rogers and Bendich (1994) in an adap-
tation by Reisch (2007). The extracted DNA
was diluted with water to a concentration of
7.8ng/ul and then used for microsatellite
analysis.

In total we studied 382 samples using nine
microsatellite loci, which have been devel-
oped for O. vulgare by Novak et al. (2008)
(OR 10, 12-14, 27, 40, 44,64, 77). PCR was
carried out in two multiplexes of four and five
microsatellites respectively, in 10ul reactions
containing 3.2ul template DNA (7.8 ng/ul),
0.8 pl H20, 0.5 pl forward primer (10uM) mul-
tiplex (Beckmann/vwr), 0.5 ul reverse primer
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(10uM) 5 i
2xMaster Mix S (Beckmann/vwr). Thermal

multiplex (Beckmann/vwr),

cycling profile of Novak et al. (2008) was em-
ployed, beginning with denaturation at 95°C
for 15 min., followed by 35 cycles of 95°C for
60 s, 59°C for 60 s, 72°C for 2 min, and a
final elongation step of 72°C for 9 min. After
amplifications of the DNA, 1 ul of PCR prod-
uct was added to 24.8 ul of the Sample load-
ing solution and 0.2 yl CEQ Size Standard
400 (both Beckmann Coulter). Amplified
DNA fragments were sized using capillary
gel electrophoresis on an automated capil-
lary electrophoresis machine (GeXP, Beck-
mann Coulter) and scored with Bionumerics
(Applied Maths NV), Version 7.6.

Statistical analyses

Microsatellite data were then checked for
scoring errors caused by stutter bands, null
alleles and large allele dropout using
MICROCHECKER (van OOSTERHOUT et
al., 2004). Allele frequencies were computed
at the nine loci for each sample site and
cohort, i.e. the above ground population and
the upper and lower soil layers. We found a
26% of the
populations for the locus OR12 and 13% for

homozygote excess in

the locus OR14, which possibly indicates the
presence of null alleles. Therefore, we
performed statistical analyses both with and
without these loci. As the results calculated
using nine, eight and seven loci were similar,
we decided to include all nine loci in the
analyses.

In a first step, we used all samples from the
vegetation and the seed bank to perform
analyses of genetic diversity. However,
since we distinguished two depth soil layers
in the seed bank, thus gaining three cohorts
(the aboveground vegetation, the upper and
the lower soil layers, respectively) (Tab.1,

67

Tab. S2), we additionally performed an anal-
ysis with an equal sample size of ten sam-
ples per each cohort. The limiting factor for
this analysis was the reduced number of
available plants from the lower soil layer.
Therefore, the samples from the vegetation
and the upper soil layer were randomly cho-
sen from all available samples. For AMOVA,
PCoA, NeighborNet and Structure Bayesian
cluster analysis, we used the total available
number of samples from the aboveground
and the seed bank populations including
both soil layers.

We employed Microsatellite Analyzer (MSA;
Dieringer and Schiétterer, 2003) to convert
microsatellite data into appropriate formats
for the analyses. Further, we used MSA to
compute a chord distance matrix after
Cavalli-Sforza and Edwards (1967) which
was applied to construct a NeighborNet dia-
gram with the SplitsTree4 software (Huson
and Bryant, 2006). The Genepop on the
Web software (Rousset, 2008), option 5 was
employed to calculate inbreeding index
(Fis). Three indices of genetic diversity were
calculated using GenAlEx 6.503 (Peakall
and Smouse, 2006): mean number of alleles
per locus (Na), expected heterozygosity (He)
and Shannon’s Information Index (SI, re-
sults given in Supplementary). We com-
pared genetic diversity, computed for the
seed bank and the vegetation, using paired
Student’s t-test. All tests and figures related
to the genetic diversity indices were done in
R4.0.5 package stats (R Core Team, 2014)
using packages car, psych, Lattice and
DescTools.

The overall genetic differentiation was ana-
lyzed based on Fst employing the analysis
of molecular variance AMOVA implemented
in GenAlEx 6.503 (Peakall and Smouse,
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2006). We conducted a three-level hierar-
chical analysis to infer differences between
the three groups, i.e. the aboveground, the
upper and the lower seed bank populations
of O. vulgare, pooled across all locations.
We further inferred differentiation between
the vegetation and its corresponding seed
bank populations for each location using the
two-way AMOVA. Additionally, we sepa-
rately assessed differentiation between the
aboveground and the seed bank popula-
tions, across all five study locations. We
tested for significance of the detected ge-
netic differentiation based on 999 permuta-
tions.

We further performed the Principal coordi-
nate analysis (PCoA) to infer patterns of ge-
netic similarities between individuals, based
on co-dominant genotypic distances
(GenAlEx 6, Peakall and Smouse, 2006).
We proceeded with two approaches: first, we
inferred genetic similarities between the
three cohorts within each separate study lo-
cation. Additionally, we analysed each of the
three cohorts separately, using samples
from all locations belonging to the identical
cohort. We thus created three separate dia-
grams for the vegetation, the upper soil and
the lower soil layer (the diagram of the sec-
ond approach see the Supplementary).

Using the Bayesian cluster analysis imple-
mented in STRUCTURE 2.3.4 (Pritchard et
al., 2000), we inferred a general genetic pat-
tern of the whole dataset. We applied an ad-
mixture ancestor model without prior popula-
tion information, assuming correlated allele
frequencies. Individuals were clustered with
the Bayesian Monte Carlo Markov Chain
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(MCMC) method using burn-in lengths of
100.000 and 100.000 MCMC sampling re-
peats. The program estimates a probability
of genotypes being distributed into K number
of clusters. The maximum number of clus-
ters (K) were specified according to the num-
ber of populations plus one. We assumed
two cohorts (vegetation and soil) in each of
the five study locations to be a population,
i.e. we tested a model using 10 + 1 = 11 K.
Thirty independent runs for each value of K
were carried out (Falush et al., 2003). For all
individuals, the membership coefficient for
every cluster was calculated. Group assign-
ment was an ad hoc quantity procedure cal-
culating AK ad-hoc statistics based on the
rate of change in the log probability of data
between successive K values (Evanno et al.,
2005). We determined the best estimate of
K according to the model, which gave the
highest value of AK and identical results for
the multiple runs. We summarized the re-
sults using the program Structure Harvester
0.6.34 (Earl and vonHoldt, 2012a) and Clus-
ter Markov Packager Across K (Kopelman et
al., 2015). The population membership in in
genetic clusters was Vvisualized using
ArcGIS 10.8 (Fig.3). We additionally run the
STRUCTURE analysis for each study loca-
tion separately including the three cohorts,
i.e. the aboveground and the soil populations
with partitioned soil layers. In this case, the
highest possible value of K was set at four.
We otherwise used the same analysis set-
tings as described above. For each location,
we included two possible solutions for K, re-
flecting, first, the K-value corresponding to
the highest probability of the data based on
the Evanno approach
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(Evanno et al., 2005) and, second, a solution
based on consistency of all thirty runs for
each value of K (Kopelman et al., 2015).

All diagrams of the additional analysis see
the Supplementary (Fig. S6). A consensus
NeighborNet graph was constructed apply-
ing the software SplitsTree4 (Huson and
Bryant, 2006), based on the Cavalli-Sforza
distances calculated using Microsatellite An-
alyzer (Supplementary). We further carried
out an autocorrelation analysis, see Supple-
mentary for description.

Results

Soil seed bank

We detected a patchy seed distribution of O.
vulgare in the soil. In 18.5% of the experi-
mental 1x1 m sub-plots, no individuals of O.
vulgare emerged from the soil samples. The
number of seeds from the random soil sam-
ple was on average 4.55 per sampling area
of 25.12 cm?in each experimental sub-plot.
After correction for one square meter, the
seed bank of O. vulgare contained on aver-
age 1,809 seeds/m? of O. vulgare and this
number varied between the locations (Fig.
S2b). The entire soil seed bank density (i.e.
including all emerged seedlings irrespective
of the species) was on average 10,354
seeds/m?, and was highly variable between
the locations as well (Fig. S2a). In the upper
soil layer, O. vulgare counted totally 736 in-
dividuals, on average 147.2 per study loca-
tion, the seed bank density was on average
1,465 seeds/m?. In the lower soil layer, we
counted in total 173 individuals, on average
34.6 per study location, and the seed bank
density was 344 seeds/m?, respectively. The
difference between the two soil layers re-
garding the seed bank density was signifi-
cant (p-value=0.02) (Fig. S2).

69

However, we detected no significant
differences in genetic diversity between the
the bank

populations, except for inbreeding index

aboveground and seed
(Fis). For all available samples, the mean
number of alleles per locus (Na) in the
aboveground populations varied between
2.89 and 3.67, on average 3.42. In the seed
bank (all available samples from pooled
layers), the mean number of alleles per locus
varied between 2.56 and 3.89, on average
3.40. Expected heterozygosity (He) in the
aboveground populations varied between
0.36 and 0.57, with mean of 0.47, and, in the
seed bank, it varied between 0.32 and 0.56
and had a mean of 0.47. Finally, inbreeding
index (Fis) in the aboveground populations
-0.0007 and 0.06, on
average 0.01. In the soil the values of Fis

varied between

ranged between 0.05 and 0.14 with mean of
0.11. Here, we observed that the inbreeding
index was slightly and significantly higher in
the seed bank than in the aboveground
population (p-value=0.04) (Tab.1).

We additionally compared genetic diversity
in the two soil layers (upper, lower) and the
We found a
the
aboveground population and the lower soil

aboveground population.
significant  difference  between
layer (inbreeding index, p-value=0.02). In
the above ground population, the inbreeding
index (Fis) ranged between -0.19 and 0.08,
mean -0.05. In the upper soil layers, Fis
varied between -0.05 and 0.15, mean 0.05.
In the lower soil layers, Fis ranged between
-0.02 and 0.38, mean 0.21. The mean
number of alleles per locus (Na) was slightly
higher in both seed bank layers, and this
difference was marginally significant (p-
value=0.059). In the
population, Na ranged between 2.22 and

above ground
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Table 1. Genetic diversity and characteristics within the vegetation and the seed bank populations

of Origanum vulgare. Cohort, a membership in a particular group (veg, vegetation, upp, upper soil

layer, low, lower soil layer), Ntot, total number of samples; %F, percentage of female plants in

populations (measured for vegetation and seed bank populations); Na, mean number of alleles

per locus; He, expected heterozygosity; Fis, inbreeding index; w, pairwise Wilcoxon test. All given

results represent a mean * standard deviation, across the five study locations; significant p-values

are given in bold

Cohort Ntot %F Na He Fis
All samples from the vegetation and seed bank with pooled layers

veg total 37.8+319 14254 3.42+0.33 0.47 £ 0.07 0.01+£0.05
soil total 386+899 156+8.5 3.40 £ 0.51 0.47 £ 0.09 0.11+£0.04
t-test p=0.70 p=0.90 p=0.71 p=0.04
Ten samples per vegetation and seed bank divided in the upper and lower layers

veg 10 - 249+0.20 0.40 £ 0.1 -0.05 +0.11
upp 10 - 3.00 £0.19 0.46 £ 0.03 0.05+0.09
low 10 - 3.04 £ 0.21 0.49 +£0.05 0.21+£0.16
t-test veg x upp - p=0.06 w p=0.69 p=0.67
t-test veg x low - p=0.06 w p=0.30 p=0.02
t-test upp x low - p=1.00 w p=1.00 p=0.21

2.78, mean 2.49. In the upper soil layer, Na
varied between 2.67 and 3.11, mean 3.00. In
the lower soil layer, Na ranged between 2.67
and 3.22, mean 3.04. All other remaining
indices of genetic diversity did not differ
significantly and the

are given in

supplementary (Tab. S2).

Genetic differentiation and structure

The three-level-AMOVA detected zero
vertical differentiation between the groups of
the aboveground, the upper and the lower
soil populations. Additionally, we performed
the two-level-AMOVA for each
the
corresponding seed bank populations from

location,

between vegetation and its

the upper and the lower soil layers. Overall,

genetic  differentiation was zero or

nonsignificant. Furthermore, we inferred a
horizontal genetic differentiation between
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the different study sites, using a two-way
AMOVA. Here we detected moderate but
significant levels of differentiation between
the aboveground populations (Fst=0.14;
p=0.001) and the seed bank populations
(Fst=0.13; p=0.001) (Tab.2) from different
sites.

Using PCoA, we constructed five diagrams
related to particular study locations which
included samples from the three cohorts.
The first two axis explained accumulatively
28.76 % of variation (Aichahof), 30.64 %
(Eitelberg), 30.69 % (Grabenhof), 35.38 %
(Kihschlag), 40.47 % (Undorf). Here, we did
not detect any apparent clustering according
to the cohorts (Fig.2).

Further PCoA results were similar to the
results of the Bayesian cluster analysis, the
NeighborNet analysis and AMOVA and were
included in the Supplementary (Fig. S4).
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Table 2. Analyses of molecular variance (AMOVA) for all Origanum vulgare populations. Df indi-
cates degrees of freedom; SS, sum of squares; MS, mean squares; % the proportion of genetic
variability; Fst the level of genetic differentiation. Levels of significance are based on 999 iteration
steps and are indicated by asterisks (*** p<0.001, ** p<0.01, *p<0.05). Significant values are given
in bold.

Source of molecular variation df SS MS % Fst

All vegetation, upper and lower soil layer populations, pooled across all sites

Between three groups of veg., upper and lower soil layers 2 5.5 2.7 0

Between populations within the groups 12 2408 2041 14 0.12%**
Within populations 749 16306 2.2 86

The vegetation and the corresponding seed bank populations, separately for each location
Aichahof

Between the aboveground and the seed bank population 1 3.2 3.2 1 0.006 n.s.
Within populations 174 377.4 2.2 99

Eitelberg

Between the aboveground and the seed bank population 1 3.7 3.7 1 0.008 n.s.
Within populations 150 3479 23 99

Grabenhof

Between the aboveground and the seed bank population 1 2.2 2.2 0 0.00
Within populations 164 347.8 21 100

Kiihschlag

Between the aboveground and the seed bank population 1 1.5 1.5 0 0.00
Within populations 154 3949 26 100

Undorf

Between the aboveground and the seed bank population 1 0.8 0.8 0 0.00
Within populations 112 176.0 1.6 100

The vegetation and the seed bank separately, five populations across sites

Aboveground populations in the 5 study sites

Between the aboveground populations 4 118.1 29.5 14 014
Within populations 373 8069 2.2 86

Seed bank populations in the 5 study sites
Between the seed bank populations 4 1125 281 13 013"
Within populations 381 837.0 2.2 87
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Figure 1. Genetic diversity measures computed for vegetation (veg) and soil (soil). Soil seed bank
is in b), d), f) divided in two layers, upper (upp) and lower (low). Genetic diversity was measured
as: a, b) mean number of alleles per locus (Na); c, d) Expected heterozygosity (He); and e, f)
Inbreeding index (Fis). We detected significantly lower inbreeding index Fis in the vegetation
compared to the soil (over all loci for each population, p-value=0.04)
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Figure 2. Principal coordinate analysis (PCoA) generated in GenAlEx based on the microsatellite
data. Each diagram relates to one of the five study locations: a) Aichahof, b) Eitelberg; c) Gra-
benhof; d) Kiihschlag; e) Undorf. Triangles correspond to individuals from the vegetation (veg),
black circles to individuals from the upper soil layer (upp), and hollow circles to individuals from
the lower soil layer (low), respectively. Samples from different cohorts are fully admixed, without
any detectable separation.
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Figure 3. Map of the studied Origanum vulgare populations from two cohorts defined as soil (Soil)

and vegetation (Veg). Pie diagram slices are equivalent to the population membership in five

genetic groups inferred by the Bayesian cluster analysis STRUCTURE (Pritchard et al., 2000).

Group 1, white, the site Undorf (UD); group 2, light grey, the site Eitelberg (EB); group 3, grey,
the site Aichahof (AH); group 4, dark grey, the site Grabenhof (GH); group 5, black, the site Kiih-

schlag (KS).
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In the Bayesian cluster analysis, individuals
from the whole dataset were assigned to five
groups, reflecting the five study locations. At
each study location, the aboveground and
the seed bank populations were assigned to
the same genetic cluster (Fig.3). This was
the most probable solution for K, since
AK reached the highest value (AK =54.7)
(Evanno et al., 2005). At the same time, the
outputs of all thirty iterations for this value of
K were identical (Kopelman et al., 2015).
Additionally, at this level of K the mean
logarithm of the probability of the data
[LnP(X|K)] reached a plateau (Fig. S5), i.e.
no additional information was gained from
further increasing the number of clusters
(Pritchard et al., 2000). We then carried out
the Bayesian cluster analysis for each
location separately, including all samples
from the vegetation, the upper and the lower
soil layers, partitioned according to the five
study locations. These two approaches gave
us the same information, implicating an
absence of any apparent genetic structure
between the three cohorts within each
location (Fig. S6).

The NeighborNet diagram corroborated
findings of previous analyses and displayed
five groups corresponding to the five study
sites, each containing three populations
corresponding to the three cohorts. The
diagram is given in the Supplementary (Fig.
S3).

The spatial autocorrelation revealed no sig-
nificant structure within our experimental
plots, neither in the aboveground vegetation
nor in the seed bank populations. More de-
tails are given in Supplementary (Fig. S7).
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Discussion

Genetic diversity

The fundamental prerequisite of a seed
bank, suitable for the restoration of above-
ground populations is, that the genetic diver-
sity of the seed bank must be higher, or at
least as high, as in the aboveground popula-
tion (Honnay et al., 2008). Overall, genetic
diversity of O. vulgare was comparable to a
pervious study (Helsen et al., 2013). Despite
a relatively low seed bank density of O. vul-
gare in our study, levels of genetic diversity
detected in the soil cohorts rival those de-
tected in the aboveground populations. Vir-
tually all indices of genetic diversity calcu-
lated for the total number of samples in the
vegetation and the seed bank were similar or
near equal. Only the inbreeding coefficient
was slightly higher in the soil seed bank. The
number of rare alleles in the aboveground
populations and the corresponding seed
banks was identical. However, low-fre-
quency alleles tended to be more frequent in
the soil seed bank (compare Honnay et al.,
2008).

The slightly higher level of inbreeding we ob-
served in the soil seed bank compared the
aboveground population means that in the
seed bank, ratio of homozygotes was higher
than in the aboveground populations, and,
consequently, that heterozygosity increases
during the life cycle. This is in accordance
with previous observations (Tonsor et al.,
1993; Vitalis et al., 2004; Mandak et al.,
2006a; Honnay et al., 2008). Three possible
reasons may have caused this pattern. First,
biparental inbreeding which might have
caused elevated inbreeding levels relatively
to random mating. However, this explanation
is rather improbable, because we detected
low inbreeding values in the aboveground
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vegetation. Secondly, the potential conse-
quences of the Wahlund effect may have
caused differences (Wahlund, 1928; Gar-
nier-Géré and Chikhi, 2013). The temporal —
rather than spatial — Wahlund’s effect de-
pends on the number of seasons repre-
sented in the seed bank as well as the
among season variance in offspring allele
frequencies. However, this assumption can-
not be measured without a long-term data
set. And, thirdly, the reason might involve a
heterozygote advantage (Charlesworth et
al., 1990). It seems that inbred seeds often
fail to identify germination cues and, as a re-
sult, accumulate in the soil. Moreover, once
germinated, due to the lower fithess less
likely to survive afterword and to establish as
adult plants (Kalisz, 1989; Tonsor et al.,
1993). This factor may be the most probable
reason for the gradual decrease of homozy-
gosity in subsequent life stages from seeds
to mature plants (Lesica and Allendorf, 1992;
Vitalis et al., 2004; Mandak et al., 2006).

We additionally analysed the effect of a me-
diating variable, the soil sampling depth, on
genetic differences between the seed bank
and the aboveground population. Interest-
ingly, we found that there was no significant
difference in inbreeding index between the
vegetation and the upper soil layer. On the
other hand, the difference between lower soil
layer and aboveground population was sig-
nificant. This makes sense, since the seeds
in deeper soil layers were buried earlier than
those in the upper soil layers. Therefore, this
is @ more “ancient” genetic diversity repre-
senting the gentic diversity in the above-
ground vegetation decades ago. In terms of
homozygosity, this implicates higher similar-
ity between the vegetation and the upper soll
layer. Since more inbred individuals are less
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likely to perceive germination cues, this in-
creases their dwelling time and accumula-
tion in the soil (Tonsor et al., 1993). Moreo-
ver, O. vulgare is a species with light-in-
duced germination and this trait could addi-
tionally reinforce the observed pattern
(MasSkova and Poschlod, 2021). Hence, we
presume that higher inbreeding found in the
seed bank would not necessarily mean its
devaluation as a source for restoration pur-
poses. For this reason, we would not doubt
that the higher inbreeding index especially in
the lower layers of the seed bank might jeop-
ardize its beneficial role in restoration. Addi-
tionally, we presume that the post- and pre-
germination selection would discriminate
against homozygote individuals. Previous
restoration results in O. vulgare, underpin
this perception. Most probably, not only the
successful colonization process, but also the
seed bank prevents founder effect and ge-
netic erosion, and contributes to a rapid
build-up of genetic diversity in restored pop-
ulations (Helsen et al., 2013).

In the analysis with partitioned soil layers, we
found a marginally significant difference in
the Mean number of alleles per locus (Na),
which was higher in both soil layers than in
the vegetation. Similar observations were
done previously using comparisons of seed-
lings or mature plants with seed banks, in
which allele frequencies displayed different
patterns (Cabin, 1996; Schulz et al., 2018).
Not quite contradictory, the meta-analysis
done by Honnay et al. (2008) suggested a
certain accumulation of rare alleles in the
soil. However, there is most probably either
direct or indirect local selection acting as a
filter on alleles present in the soil. This selec-
tion filter seems to prevent at least some of
them from germinating. Consequently, these
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alleles do not appear in the aboveground
populations and do not promote themselves
in further generations (compare Cabin,
1996). It seems that the relationship be-
tween the seed bank and the aboveground
population in the O. vulgare populations was
most probably shaped by post- or pre-germi-
nation selection. Therefore, our findings im-
ply that the soil seed bank may contribute to
maintain the evolutionary potential espe-
cially in small and isolated populations as
previously suggested (Stocklin and Fischer,
1999; Piessens et al., 2005; Ayre et al.,
2021).

Genetic Differentiation

Overall genetic differentiation among above
ground populations of O. vulgare was higher
than previously reported for this species
(Helsen et al., 2013), most probably due to
the higher distances among the studied pop-
ulations and lower grassland connectivity in
our experiment. Common species, espe-
cially outcrossing species, are demonstrably
more dependent on gene flow between pop-
ulations for maintaining genetic variation
than selfing species, since the former require
a pollen exchange between populations
(Honnay and Jacquemyn, 2007). If popula-
tions shrink in size and number, connectivity
becomes weaker. As a consequence, not
only genetic diversity is prone to erosion, but
also population genetic differentiation tends
to increase (Honnay and Jacquemyn, 2007;
Leimu et al., 2006; Willi et al., 2007). How-
ever, persistent seed banks may help to mit-
igate the impact of habitat fragmentation and
shield species from genetic drift and popula-
tions genetic differentiation (Honnay et al.,
2008) due to the beneficial allele supply from
buried seeds, and due to enhanced effective
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population size (Del Castillo, 1994; Stocklin
and Fischer, 1999; Vitalis et al., 2004).

In our study, we detected a high similarity
between the aboveground population and
their underlying seedbanks, including both
soil layers. AMOVA analyses at all levels, as
well as PCoA and Bayesian cluster analysis,
detected an absence of any apparent verti-
cal genetic differentiation, i.e. between the
aboveground population and its correspond-
ing seed bank. This is in contrast to some
previous observations (Cabin, 1996; Man-
dak et al., 2006b; Zaghloul et al., 2013). Not
surprisingly, high levels of genetic differenti-
ation were especially pronounced in environ-
ments coined by extreme climate conditions.
Apparently, strong bottlenecks acting on
aboveground populations — both natural and
human-induced — may reinforce this differ-
entiation paradigm (Zaghloul et al., 2013).
However, similarly to Mahy et al. (1999) and
partly Schulz et al. (2018), we did not ob-
serve this pattern. Mahy et al. (1999) sug-
gested that this might be, inter alia, a result
of a low number of sexual generations since
the time of population founding. In our study
system, the most probable reason corre-
sponds to the absence of strong bottlenecks,
disturbances and extreme climate condi-
tions.

When comparing two soil depth layers, simi-
lar to Koch et al. (2003) for Cardamine
amara in wet woodland, we detected that the
two soil cohorts did not substantially differ
from each other. This is not surprising, as
this observation most likely reflects continu-
ous seed supply from the surface population
over the years and numerous generations.
However, in a dynamic habitat of river banks
and creeks, the two soil layers of Cardamine
amara displayed clear genetic differences
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(Koch et al., 2003), most probably driven by
recurring disturbances in upper soil layers
due to flooding events.

We have also conducted a horizontal analy-
sis of genetic differentiation, i.e. between the
aboveground populations at the study sites,
and between the seed bank populations, re-
spectively. The aboveground populations
displayed a genetic differentiation of 14%,
the seed bank populations of 13%, respec-
tively. If analysed separately in the two soil
layers, a previously described trend of lower
differentiation in early life stages (i.e. seed
populations) was even slightly reversed (dif-
ferentiation of 16% among the populations
from the lower soil layer). Similar patterns
were observed in lower soil layers of wet
meadows in Cardamine amara (Koch et al.,
2003). This is in contrast to some previous
observations suggesting that the partitioning
genetic variation among populations in-
creases with the population age, i.e. from
soil seeds to mature plants (Cabin et al.,
1998; Mandak et al., 2006b; Zaghloul et al.,
2013). The possible reason might be the un-
equal severity of local selection pressures in
aboveground vegetation. Thus, the persis-
tent seed banks comprise and represent
contributions of multiple generations of
plants under different selection pressures in
the face of environment fluctuations. The
aboveground populations, in their turn, have
to cope with aboveground environmental
conditions and usually become more differ-
entiated than the underlying seed pools
(McCue and Holtsford, 1998; Zaghloul et al.,
random loss of alleles due to genetic drift,
and slow down the increase of genetic differ-
entiation resulting from the lack of gene flow
between fragmented populations. Soil seed
therefore, a valuable

banks represent,
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2013). Most probably, this is due to the gen-
otype dependent local selection (Mandak et
al., 2006b; Honnay et al., 2008). However,
we did not observe any apparent expression
of this pattern. This might be a natural con-
sequence of lack of a strong selection pres-
sures in the vegetation in our study system.

In accordance with previous analyses, we
detected no apparent spatial genetic struc-
ture within our study plots. This is possibly
due to (i) high outcrossing rates, (ii) insect
pollination habit of the study species within
the populations, which contributed to a ran-
dom distribution of alleles within the bound-
aries of our experimental plot, (iii) due to the
low levels or absence of clonality, and (iv)
and due to the long-term persistent soil seed
bank. An evidence from previous research
suggests that clonality and/or a limited seed
dispersal may bring about genetic correla-
tion over short distances (Schnabel and
Hamrick, 1990; Reisch et al., 2007; Listl and
Reisch, 2012). In our study, most probably,
the seed and pollen dispersal exceeded the
spatial scale settings of our experiment.

Conclusions

In our study, we detected that soil seed
banks contain levels of genetic variation
comparable to the aboveground popula-
tions. Considering our observation in the
context of the ongoing fragmentation of suit-
able habitats, we conclude that the genetic
diversity stored in the soil seed bank may
counteract detrimental effects of the frag-
mentation process, preventing from

source of genetic diversity for a recovery in
case of population shrinkage or extinction. In
line with the experience of practitioners, local
perturbations may help to reactivate popula-
tions contained in a seed bank, and to
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reintroduce their genetic diversity into new
aboveground populations.

However, our study sites are located in a rel-
atively constant type of habitat. It would,
therefore, be interesting to learn more about
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the seed bank of O. vulgare in contrasting
environments under different selection re-
gimes, e.g. along a habitat gradient toward
alluvial sites under a stronger regime of dis-
turbance.
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CHAPTER FIVE RECOLONIZATION

RESTORATION OF CALCAREOUS GRASSLANDS

BY NATURAL RECOLONIZATION AFTER FOREST CLEARING

AND ITS IMPACT ON THE GENETIC VARIATION OF THREE

COMMON HERB SPECIES

The nature reserve Haarberg-Wasserberg, SW Germany.

The spruce forest planted after WW I, in 1992; the same spot after clear-cutting, in 1993;

a natural regeneration of the calcareous grassland fifteen years later, in 2008
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Abstract

Species-rich calcareous grasslands in Europe strongly declined during the 20" century
due to drastic land use changes. Many grasslands were converted into more productive
pastures or are covered by shrubs or forests today, since they were overgrown after
abandonment or afforested. Restoration of calcareous grasslands by shrub or forest
clearing and subsequent recolonization of grassland species from adjacent grasslands
is, therefore, an important conservation approach. Restored populations of calcareous
grassland species may, however, differ from their source populations in genetic diversity

and differentiation due to potential founder and bottleneck effects.

In our study we analysed, therefore, the impact of restoration by forest clearing and nat-
ural recolonization on the genetic variation of three common calcareous grassland spe-
cies without persistent seed bank (Agrimonia eupatoria, Campanula rotundifolia, and
Knautia arvensis) in South Western Germany. We used molecular markers AFLPs (Am-
plified fragment length polymorphisms) to compare genetic diversity within and differen-
tiation between spontaneously recovered subpopulations with adjacent historically old,
natural subpopulations at eight study sites. Restored parts of the grasslands have been
re-established during the 1990s.

Molecular markers revealed broadly similar levels of genetic diversity in source and re-
stored subpopulations of the study species. Only A. eupatoria exhibited slightly higher
diversity in restored subpopulations, which may be explained by higher dispersal poten-
tial due to the hooky fruits of the species. Genetic differentiation between source and
restored subpopulations was not significant, indicating strong gene flow between the
subpopulations. Our study underlines, therefore, that restoration of calcareous grass-
lands by natural recolonization after forest clearing is an efficient method to re-establish

genetically variable subpopulations comparable to their sources.

Keywords

Agrimonia eupatoria, calcareous grasslands, Campanula rotundifolia, genetic variation,

Knautia arvensis, recolonization, restoration
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Introduction

Semi-natural calcareous grasslands rank
among the most species-rich, but also highly
vulnerable and endangered ecosystems
across Europe. Due to the tremendous
changes of land-use practices during the
19" and 20 century, this habitat has rapidly
declined in area and quality (Poschlod and
WallisDeVries, 2002; Pullin et al., 2009;
Huber et al., 2017). Calcareous grasslands
were abandoned, afforested or converted
into intensively managed agricultural land
(WallisDeVries et al., 2002). Due to the ex-
traordinary biodiversity of calcareous grass-
lands, they are an important target habitat for
the biodiversity maintenance at the Euro-
pean scale (European Community, 1992).
Since the 1990s, in some cases even earlier,
numerous restoration schemes have been
launched to re-establish species rich calcar-
eous grassland communities.

Several methods of grassland restoration as
well as techniques to enhance species rich-
ness have been frequently applied to re-
cover near-natural grasslands following
cropland, quarry and mining areas abandon-
ment (Torok et al,, 2011) or forest felling
(Poschlod et al., 1998a; Partel et al., 1998;
Bisteau and Mahy, 2005). First, the common
and widely used restoration practice is sow-
ing regional seed mixtures (Hofner et al.,
2021; Durka et al., 2019; Kaulful® et al.,
2022), either in high-diversity or low-diversity
option (Kirmer et al., 2012). This method
helps to restore grassland communities in a
comparatively short time horizon (Kévendi-
Jaké et al., 2019). It is especially vital in
cases when the local species pool does not
enable spontaneous grassland regeneration
via natural diaspore input from the seed rain
and seedbank (Willems and Bik, 1998) or, if
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effective dispersal vectors (DiLeo et al,
2017) are lacking, respectively. Second,
translocation of plant material, e.g. green
hay, raked litter, threshed seeds or barn
chaff (Kaulfu® and Reisch, 2021a) have
been applied to introduce target species and
to enhance species richness in degraded
grasslands, or to initiate new grasslands
(Kiehl et al., 2010; Albert et al., 2019;
Poschlod et al., 1997). Third, planting seed-
lings, mature plants or belowground parts,
respectively, is a technique often applied to
additionally enhance species richness and
propagule availability in sites restored using
other methods (Guerrant Jr and Kaye,
2007). This approach usually yields faster
maturity and population establishment than
seed sowing (Dalrymple et al., 2012) but re-
quires more time and financial costs. Use of
plants also implies multiple steps in a pro-
duction process and may unintentionally
cause erosion of genetic diversity (Basey et
al., 2015).

Finally, spontaneous colonization on fallow
lying old fields (review Rejmanek and van
Katwyk, 2005), abandoned quarry areas (lI-
ves et al., 2015) or following scrub or wood-
land removal (Kiefer and Poschlod, 1996;
Kiefer,  1998b;
Poschlod, 2005)
grassland restoration tool. This method is a

Blanckenhagen and

imposes an important
natural and low cost way of grassland resto-
ration (Prach and Hobbs, 2008), as it relies
on spontaneous seed dispersal processes
from locally available propagule sources
(Redhead et al., 2014; Bakker et al., 1996c;
Kirmer et al., 2008; Redhead et al., 2014).
Natural colonization is usually combined
with other techniques, e.g. sowing seed mix-
tures (Johanidesova et al., 2015; Kaulfu} et
al., 2022), creation of artificial
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biodiversity hotspots (Kiss et al., 2021), as
well as topsoil removal (Johanidesova et al.,
2015; Rehounkova et al., 2021; Kiss et al.,
2021). However, the occurrence of source
grasslands in the nearby surrounding
In comparison with other restoration meth-
ods, natural (re)colonization intrinsically in-
volves the advantage of matching the gene
pool of nearby populations, due to the seed
rain from surrounding grasslands (McKay et
al., 2005). For restoration purposes, the im-
portance of regional seed material has been
generally recommended (Mijnsbrugge et al.,
2010) and thoroughly documented (Bucha-
rova et al., 2019; Hofner et al., 2021). The
local origin of diaspores is desirable to pre-
serve patterns of genetic variation, because
mixing strongly differing genotypes may lead
to the outbreeding depression (Hufford and
Mazer, 2003; Frankham et al., 2011). This
may bring about decreased fitness and vital-
ity in restored populations, since coadapted
gene complexes could break down and local
adaptations get lost (Montalvo and Elistrand,
2001; Hufford and Mazer, 2003).
Regeneration process of restored sites al-
ways imposes several risks to genetic
makeup of newly established populations. At
the present time, especially genetic issues
caused by bringing in propagules, particu-
larly if those were bred specifically for this
purpose have been studied rigorously
(Durka et al., 2017; Hofner et al., 2021; Bu-
charova et al., 2022).

However, restoration by colonization from
adjacent habitats may also impose the risk
of genetic diversity loss, because founder
groups may consist of just a limited number
of individuals and comprise only a part of the
source  populations

genetic  diversity
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landscape plays a crucial role in colonization
of restored grasslands by target species
(Prach et al., 2015; Kiss et al., 2021; Aavik
and Helm, 2018).

(Franklin and Frankham, 1998; Vandepitte
et al., 2012). Further, the loss of alleles and
changes in their frequencies may addition-
ally occur due to random genetic drift in
small populations (Franklin, 1980). Finally,
founder events may not only lead to the lo-
cally decreased genetic diversity, but also to
considerably enhanced genetic divergence
between populations (Vandepitte et al.,
2012). The magnitude of a founder effect
and subsequent genetic differentiation as a
consequence of an extinction and recoloni-
zation process, has been studied explicitly in
the context of metapopulation theory (Slat-
kin, 1977a; Wade and McCauley, 1988;
Whitlock and McCauley, 1990).

This theory predicts that the severity of a
founder effect depends on two major param-
eters. First, the number of colonists arriving
to a restored site, and their proportion in
comparison with the number of migrants ex-
changed among extant populations. If the
number of founders exceeds the number of
migrants exchanged between established
then the
founder effect is expected to be weak (Wade
and McCauley, 1988). Second, the number
(single or multiple) of source populations

populations more than twice,

contributing to the formation of a colonist
group is also determining regarding the
founder effect magnitude (the “propagule
pool” and the “migrant pool” model; Slatkin,
1977b; Whitlock and McCauley, 1990). The
likelihood of founder effects will be reduced
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Figure 1. Geographic location of the study sites in South Western Germany. Source and restored

subpopulations of the study species A. eupatoria, C. rotundifolia and K. arvensis were investi-

gated at six study sites each. A. eupatoria was sampled in EH, FB, HA, HE, RR and WS; C.

rotundifolia was sampled in BK, EH, FB, HA, HE and RR; K. arvensis was sampled in ER, FB,
HA, HE, RR and WS. BK, Botenklinge; EH, Eichhalde; ER, Eselrain; FB, Furtberg; HA, Haarberg;
HE, Heulerberg; RR, Roter Rain; WS, Weiler-Schlatterle.
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if more than one source populations ap-
peared under seed sources (Slatkin, 1977a),
and, further, if high migration rates into re-
stored populations took place, enabled
through spatial vicinity (Helsen et al., 2013),
permeability and intrinsic species dispersal
capacity, or availability of a suitable disper-
sal vector, respectively (DiLeo et al., 2017).
Moreover, fast population growth following
founding events also helps to rapidly recover
population genetic diversity, owing to new
mutations (Nei et al., 1975). The broad pop-
ulation genetic diversity is a necessary raw
material for the population’s adaptability to
changing environments. If levels of genetic
diversity are reduced, then populations
would be at risk in the long term due to the
loss of their evolutionary potential (Franklin
and Frankham, 1998; Bucharova et al,

2019).
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Spontaneous colonization processes and
their impact on genetic properties of founder
populations were investigated in numerous
studies, often in natural landscapes, e.g.
new volcanic deposits (Bishop, 1996; Yang
et al., 2008), glacier forelands (Raffl et al.,
2006). And floodplains (van Looy et al.,
2009a; Honnay et al., 2009). Vandepitte et
al. (2007) and Jacquemyn et al. (2009) in-
vestigated the impact of gene flow, isolation
and genetic drift on genetic variation in forest
herbs with contrasting mating systems. Col-
onization of abandoned quarries and its con-
sequences for genetic variation and fitness
of a rare herb was studied by llves et al.
(2015). However, only a few studies have
highlighted the genetic con-sequences of
colonization processes in temperate grass-
lands after scrub and tree removal. In addi-
tion, results of these studies were incon-
sistent, most probably due to different
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configuration and initial number of source
and restored populations, as well as due to
differences in species traits. Thus,
Vandepitte et al. (2012) found that a limited
number of available remnant source popula-
tions led to the reduced genetic diversity as
well as inflated genetic differentiation in
founder populations. On the other hand, Hel-
sen et al. (2013) stated that sufficient num-
ber of source populations occurring in the
surroundings of colonized spots may result
in neither de-creased genetic diversity, nor
increased genetic differentiation between
founder populations. However, this outcome
was most probably also due to the gene flow
and recruitment from the long-term seed-
bank.

A broader knowledge is thus still lacking in
terms of genetic patterns in recolonized cal-
careous grasslands, without any contribution
of viable seeds in soil. To address this gap,
we highlight the impact of the recolonization
on common grassland species Agrimonia
rotundifolia and

eupatoria, Campanula

Knautia arvensis.

Specifically, we asked following questions:
(i) what are possible inter-specific differ-
ences in genetic diversity between the study
species relating to differences in their mating
systems? (ii) Are levels of genetic diversity
comparable in source and restored subpop-
ulations? (iii) Is there a significant genetic dif-
ferentiation between source and re-stored
subpopulations? And, finally, (iv) is recoloni-
zation after clear-cutting an appropriate
method to maintain local genetic variation
pat-terns of common grassland species
without persistent soil seed bank?
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Materials and Methods

Study sites, study species and sampling
design

The study is based on a restoration project
situated in South-Western Germany, in the
region of the Neckar basin and the Swabian
Alb (Kiefer and Poschlod, 1996; Poschlod et
al., 1998a). Here, former calcareous grass-
lands overgrown for at least one decade
(Kiefer, 1998a) with trees and shrubs such
as pine (Pinus sylvestris) and blackthorn
(Prunus spinosa), or deliberately afforested
with Pinus sylvestris and Picea abies were
restored in the 1990s by clear-cutting. Trees,
scrub, as well as the entire herbaceous veg-
etation layer were removed during the resto-
ration. The sites were then left open for
grassland recovery through spontaneous re-
colonization by species immigrating from ad-
jacent well-preserved remnant grasslands
and, to some extent, also from the soil seed-
bank (Blanckenhagen and Poschlod, 2005).

For our study, we selected eight study sites
located in South Western Germany near
Stuttgart city, on the hills of the Swabian Alb
and its northern surroundings in the Neckar
River basin (Fig.1). The altitude of the study
sites ranges from 250 to 700 m above sea
level. The climate in the study area is tem-
perate; the mean precipitation varies be-
tween 650 mm in the Neckar basin and 900
mm in the Swabian Alb, respectively. The
bedrock is formed by Malm series, which be-
longs to the upper Jurassic formation and
consists mostly of the reef limestone. The
prevailing soil type is Rendzina, sometimes
developed as brown soil. In our study, we
consequently applied a paired study design
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in all study sites (source vs. restored sub-
populations present at each study site). This
means that we have strictly chosen sites
where restored and source grasslands were
simultaneously present. All subpopulation
pairs in our study were adjacent, without any
barriers between them. Zoochory was the
most probable dispersal modus, though dis-
persal by gravity was also possible. Grazing
occurred sporadically during regeneration
and contributed to the seed dispersal. We
consequently use the term subpopulation
with regard to the ancient and restored parts
of the grasslands. Recently, both the source

apply the paired design of source/restored
grassland parts in all study sites. Second,
taxa which do not regenerate from the soil
seed bank, and, third, species which are
likely to represent a gradient of genetic di-
versity, due to the different mating systems
(mainly selfing, mixed-mating and outcross-
ing species). Agrimonia eupatoria and Knau-
tia arvensis are known to only possess a
transient soil seed bank. Campanula rotun-
difolia maintains a short-term persistent
seed bank (Kleyer et al., 2008; Poschlod et
al., 2003), i.e. the seeds should remain via-
ble until at least the sixth germination season
after dispersal (Walck et al., 2005). How-
ever, the restored sites were overgrown or
afforested for at least ten years. Moreover,
remaining individuals under the tree or scrub
canopy did not contributed to the soil seed
bank, because C. rotundifolia is a light de-
manding species (Ellenberg H. et al., 1991).
This feature made it possible that exclusively
genetic properties of subpopulations arisen
from the recolonization process were as-
sessed, without a contribution of propagules

87

and restored subpopulations build one sin-
gle population occupying particular study lo-
cations.

In our study, we investigated not only one
but three study species. Moreover, we se-
lected taxa with different pollination strate-
gies, thus enabling broader conclusions re-
garding impact on genetic variation. Suitable
study species were selected according to the
following criteria: first, widespread species
which occur in each part (source and re-
stored) of the grasslands. This enabled us to
consequently

from the soil seedbank (compare Helsen et
al., 2013). A. eupatoria is a perennial, mainly
selfing species (Chrtek, JR., 2018) occurring
commonly in dry grasslands, mesic pastures
and meadows, but also in the forest fringe
communities, heathlands and scrub. Seed
dispersal takes places predominantly
through zoochory (Rémermann et al., 2005;
Fischer et al., 1996). C. rotundifolia is a per-
ennial, insect-pollinated, predominantly out-
crossing species. Self-incompatibility was
also reported (Chrtek, JR., 2018). Seeds are
dispersed mainly due to gravity, but zoo-
chory is also possible especially by grazing
sheep (Fischer et al., 1996). C. rotundifolia
occurs in similar habitats as A. eupatoria, but
also in the vegetation of screes and walls. K.
arvensis is a perennial, mainly outcrossing
species (Chrtek, JR., 2018), occurring in
meadows and mesic pastures, as well as in
acidophilous grasslands and pine forests.
Seeds are dispersed by gravity, but zoo-
chory, especially transport by sheep flocks
plays an important role (Fischer et al., 1996;
Poschlod et al., 1998; Chytry et al., 2014-

2018; Chytry et al., 2021).
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Each species was sampled at six study sites.
At each site, we sampled subpopulations of
study species in the historically old parts of
grasslands which served as seed sources.
Similarly, we evenly sampled restored sub-
populations of the same species in grass-
land parts which developed after clearcut-
ting. Geographic position was measured by
means of global positioning system (GPS).
In summer 2018, we collected fresh young
leaves from eighteen individuals per sub-
population per species and dried them over
silica gel. We collected the samples ran-
domly within the whole subpopulation area,
applying, if necessary, a threshold limit of
three meters between the samples. We then
compared the genetic variation of plants
from subpopulations occurring in the ancient
(source) and in the restored parts.

DNA ploidy level of the study species

Flow cytometrical analyses give information
about the amount of DNA contained in nuclei
of the study species. For all study species,
polyploid complexes were described (Slavik,
2000). Since possible mating barrier be-
tween different ploidy levels may affect ge-
netic variation and thus bias our results, we
assessed DNA ploidy levels at all sites for all
study species. Flow cytometrical analyses
(Suda et al., 2006) were carried out accord-
ing to the two-step protocol after Dolezel et
al. (2007). We analyzed individuals in all six
study sites per species, for each species
separately. Nuclei from the leaf tissue were
isolated from three individuals per subpopu-
lation (both source and restored) in each
study location. From each subpopulation,
samples were randomly chosen for anal-
yses. In total, we analyzed 132 individuals of
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three study species. In one site (Eichhalde),
subpopulations of A. eupatoria contained in-
dividuals with a double amount of DNA, pre-
sumably caused by occurrence of a conge-
ner octoploid species Agrimonia procera at
the same grassland. We therefore analyzed
further twelve individuals from both subpop-
ulations and then decided to exclude the
Eichhalde study location from further anal-
yses. In the remaining five study locations,
A. eupatoria occurred as a tetraploid. In C.
rotundifolia, we revealed the presence of
diploids. For K. arvensis, we detected occur-
rence of tetraploids. Thus, we excluded co-
occurrence of several ploidy levels in our
study system, for all study species. For de-
tailed description of the flow cytometric anal-
yses see Supplementary.

AFLP analyses

The AFLPs yielded 149 analyzed individuals
of A. eupatoria, 184 individuals of C. rotundi-
folia, and 175 individuals of K. arvensis, a to-
tal of 508 plants (Vos et al., 1995). This num-
ber is lower than that of sampled individuals
due to the losses during the lab procedure.
Genomic DNA for AFLPs was isolated from
silica gel dried plant material following the
CTAB protocol (Rogers and Bendich, 1994),
using adaptations as described in previous
studies (Reisch et al., 2005). Concentration
of DNA stock solutions was detected using a
nano-spectrophotometer and these were
subsequently diluted with water to a concen-
tration of 7.8 ng/ul. AFLP analyses were per-
formed following the standardized protocol
of Beckmann Coulter as described formerly
(Bylebyl et al., 2008; Reisch, 2008). Selec-
tive amplifications were carried out using
three primer combinations. For A.
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eupatoria we used following primer combi-
nations: Msel-CTG/EcoRI-AAC (D2), Msel-
CTG/EcoRI-AAG (D3), Msel-CTC/EcoRI-
ACT (D4), for C. rotundifolia: Msel-
CAC/EcoRI-ACC (D2), Msel-CAT/EcoRI-
AGG (D3), Msel-CAT/EcoRI-ACT (D4), and
for K. arvensis Msel-ACC/EcoRI-CAG (D2),
Msel-AGG/EcoRI-CTT (D3), Msel-
ACT/EcoRI-CTT (D4), respectively. The flu-
orescence-labeled samples were separated
by capillary gel electrophoresis on an auto-
(GenomeLab GeXP,
Beckman Coulter). Raw data were exam-

mated sequencer
ined applying the GeXP software (Beckman
Coulter), exported as synthetic gel files (.crv
files) and analyzed using the software Bionu-
merics 4.6 (Applied Maths). Across all sam-
ples, each band was scored as either pre-
sent or absent. For quality control of the
AFLP procedure, a genotyping error rate
was calculated (Bonin et al., 2004), which
was 0.18 % for A. eupatoria, 4.94 % for C.
rotundifolia and 1.84 % for K. arvensis.

Statistical analyses

Based on the AFLP data, a binary matrix
(0/1) was generated using the software Bi-
onumerics 4.6 (Applied Maths). If present,
fragments of a particular length were classi-
fied as 1 and in case of absence as 0. Using
the 0/1 matrix, the percentage of polymor-
phic loci (PPL) was calculated across the
whole dataset as a ratio ni/N, where ni is
number of fragments containing polymor-
phism, N represents the full number of frag-
ments (loci). Percentage of polymorphic loci
(PPL), a frequency-based estimator of ge-
netic diversity within subpopulations was
computed using PopGene1.32 (Yeh et al,,
1997). Genetic diversity was further esti-
mated using the sample size independent
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formula based on the AMOVA measure-
ments, SSWP/n-1 (sum of squares within
subpopulations divided by the subpopulation
sample size reduced by one). Thanks to the
sample size-sensitivity of this genetic diver-
sity measure, we were able to additionally
compare subpopulations irrespective of
whether or not the sample sizes were equal.
We further calculated the level of rarity using
the frequency-down-weighted marker values
(DW), an index usually used as a measure
of the rare fragment accumulation within a
subpopulation (Schonswetter and Tribsch,
2005), which is an equivalent to range-down-
weighted species values (Crisp et al., 2001).
The number of occurrences of each AFLP
marker in a subpopulation was divided by
the number of occurrences of that particular
marker in the entire dataset. These values
were eventually summed.

Bayesian cluster analysis was performed us-
ing the program STRUCTURE 2.34.
(Pritchard et al., 2000, Pritchard et al., 2009).
The population structure of the whole data
set was inferred based on the clustering of
individuals. An admixture model with corre-
lated allele frequencies was assumed. A
number of Markov Chain Monte Carlo simu-
lations was set to 100.000 and the burn-in
period to 10.000 iterations. Number of clus-
ters K was set to 13 for C. rotundifolia and K.
arvensis, and 11 for A. eupatoria. This cor-
responds to the number of subpopulations
plus one. Analyses were run independently
20 times for each K to assess the amount of
variation of the likelihood for each value of K.
The best estimate of K for the given data set
was specified according to the model, which
gave a consistent results for all 20 runs (Ko-
pelman et al., 2015).
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The program Harvester (Earl and vonHoldt,
2012b) was used to summarize results.

An estimate of the posterior probability of the
data Pr (X|K) for a particular K was calcu-
lated (Pritchard et al., 2000). To identify the
real number of clusters K, ad hoc statistic AK
was used which was calculated as a second
order rate of change of probability of the data
Pr (X|K) with respect to K (Evanno et al.,
2005). Genetic differentiation between sub-
populations and regions (groups of subpop-
ulations) was detected using analysis of mo-
lecular variance AMOVA (Excoffier et al.,
1992) implemented in the program GenAlex
6.41 (Peakall and Smouse, 2006). Compu-
tations based on pairwise Euclidian dis-
tances between samples. Significance val-
ues related to variance components rest
upon 999 permutations of individuals sup-
posing no genetic structure. We tested parti-
tioning of genetic variation within subpopula-
tions, between subpopulations and between
regions, applying two-level and three-level
hierarchical AMOVAs.

A multivariate analysis (principal coordinate
analysis, PCoA)) was calculated separately
for each study species and plotted using
GenAlEx 6.41 (Peakall and Smouse, 2006).
Computations based on Jaccard similarities
between individuals, C)= a / [a + b + (],
where a is the number of fragments shared
between two individuals and b and c are the
numbers of fragments present in only one in-
dividual.

Results
Genetic diversity of source and restored
subpopulations
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For A. eupatoria, AFLP genotyping of 149
plants resulted in 146 fragments, of which
58% were polymorphic. The percentage of
polymorphic loci (PPL) in source subpopula-
tions ranged from 26.03% to 31.51% (mean
27.63%), in restored subpopulations be-
tween 27.40 and 32.88 (mean 30.03). The
frequency-down-weighted marker value
(DW) ranged between 7.93 and 8.86 (mean
8.44) in the source subpopulations, in re-
stored subpopulations from 8.16 to 9.24
(mean 8.56). In the source subpopulations,
SSWP/n-1 (sum of squares within a subpop-
ulation divided by n-1, where n is a subpop-
ulation size) ranged from 5.17 to 7.41 (mean
6.42). In the restored subpopulations, values
of SSWP/n-1 were slightly but significantly
higher (mean 7.14; p=0.03) (Table 1a). We
observed, however, no significant differ-
ences in PPL and DW.

In C. rotundifolia, AFLP analysis of 184
plants yielded 179 fragments, of which
90.5% were polymorphic. The percentage of
polymorphic loci in source subpopulations
varied between 62.27% and 74.30% (mean
68.24%), in restored subpopulations be-
tween 68.16% and 73.74% (mean 70.67%).
The frequency-down-weighted marker value
(DW) in source subpopulations ranged be-
tween 12.61 and 14.16 (mean 13.39), in re-
stored subpopulations between 13.40 and
14.04 (mean 13.61). SSWP/n-1 in source
subpopulations ranged from 20.08 to 23.79
(mean 21.86), in restored subpopulations
from 20.70 to 22.99 (mean 22.10). Genetic
diversity in restored subpopulations of C. ro-
tundifolia was slightly but not significantly
higher than in source subpopulations (Table
1b).



CHAPTER FIVE

RECOLONIZATION

Table 1. Genetic diversity of the study species (a) A. eupatoria, (b) C. rotundifolia and (c) K.

arvensis. Given are number and name of the study sites, abbreviation with extension S (source

subpopulation) or R (restored subpopulation), geographic location (latitude and longitude), a num-

ber of analyzed individuals per population (n) and genetic diversity as the sum of squares within

populations divided by the number of individuals minus one (SSWP/n-1), frequency-down-

weighted marker value (DW) and percentage of polymorphic loci (PPL). The results of the t-tests

are also given; significant differences are marked with boldface.

Nr. Study sites Abb. Latitude Longi- N SSWP/n DW PPL%
(a) Agrimonia eupatoria
Source subpopulations
1 Furtberg FB_S 48.889000 8.966417 17 7.29 8.66 30.82
2 Haarberg HA_S 48.626583 9.735583 16 7.41 8.53 31.51
3 Heulerberg HE_S 48.894694 8.976806 15 5.17 7.93 21.23
4 Roter Rain RR_  48.941278 8.905667 11 6.69 8.86 26.71
5 Weiler-Schlat- WS_  48.914194 8.926278 17 5.56 8.24 26.03
Restored subpopulations
6 Furtberg FB_R 48.889000 8.966417 12 8.27 9.24 32.88
7 Haarberg HA_ 48.626583 9.735583 13 7.76 8.33 28.08
8 Heulerberg HE_ 48.894694 8.976806 14 6.46 8.54 32.88
9 Roter Rain RR_  48.941278 8.905667 16 6.75 8.53 27.40
10  Weiler-Schlatterle WS_  48.914194 8.926278 18 6.43 8.16 28.77
mean * SD source 6.42+1.01 8.44+0.37 27.63+3.8
mean * SD restored 7.14+0.83 8.56+0.41 30.03+2.3
Paired t-test p=0.03 p=0.59 p=0.33
(b) Campanula rotundifolia
Source subpopulations
1 Botenklinge BK_S 48.938778 8.945028 18 21.40 13.55 70.95
2 Eichhalde EH_S 48.576250 9.499528 15 23.79 13.68 74.30
3 Furtberg FB_S 48.889000 8.966417 15 20.96 13.64 69.83
4 Haarberg HA_S 48.626583 9.735583 14 20.08 14.16 62.57
5 Heulerberg HE_S 48.894694 8.976806 16 21.84 12.61 62.27
6 Roter Rain RR_ 48.941278 8.905667 9  23.08 12.69 62.57
Restored subpopulations
7 Botenklinge BK_R 48.938778 8.945028 18 20.70 13.40 68.16
8 Eichhalde EH_  48.576250 9.499528 18 22.30 14.04 72.07
9 Furtberg FB_R 48.889000 8.966417 16 22.63 13.24 73.74
10  Haarberg HA_ 48.626583 9.735583 15 22.59 13.52 70.39
11 Heulerberg HE_ 48.894694 8.976806 14 22.99 13.69 71.51
12 Roter Rain RR_ 48.941278 8.905667 16 21.40 13.79 68.16
mean * SD source 21.86+1.3 13.39+0.6 68.24+4.7
mean * SD restored 22.10+0.8 13.61+0.2 70.67+2.2
Paired t-test p=0.75 p=0.49 p=0.14
(c) Knautia arvensis
Source subpopulations
1 Eselrain ER_S 48.843917 9.054417 15 13.78 9.75 56.16
2 Furtberg FB_S 48.889000 8.966417 14 14.13 9.95 57.53
3 Haarberg HA_S 48.626583 9.735583 15 12.03 10.85 47.95
4 Heulerberg HE_S 48.894694 8.976806 13 13.00 10.19 50.00
5 Roter Rain RR_ 48.941278 8.905667 16 12.90 9.98 53.42
6 Weiler-Schlatterle WS_  48.914194 8.926278 15 13.34 9.85 50.68
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Table 1. (continued)
Nr. Study sites Abb. Latitude Longi- N SSwP/n DW PPL%
(c) Knautia arvensis
Restored subpopulations
7 Eselrain ER_ 48.843917 9.054417 15 11.52 9.85 50.68
8 Furtberg FB_R 48.889000 8.966417 15 10.55 9.66 42.47
9 Haarberg HA_ 48.626583 9.735583 14 12.76 9.95 48.63
10  Heulerberg HE_ 48.894694 8.976806 15 12.21 9.85 47.95
11 Roter Rain RR_ 48.941278 8.905667 14 12.41 9.85 50.00
12 Weiler-Schlatterle WS_ 48.914194 8.926278 14 14.98 10.28 62.33
mean * SD source 13.20+0.7 10.09+0.4 52.62+3.7
mean * SD restored 12.41+1.4 9.91+£0.21 50.3416.5
Paired t-test p=0.36 p=0.35 p=0.55

For K. arvensis, AFLP analysis of 175 plants
yielded 146 fragments, 82% of them were
polymorphic. The percentage of polymorphic
loci in source subpopulations ranged be-
tween 47.95% and 57.53% (mean 52.62%),
in restored subpopulations between 42.47%
and 62.33% (mean 50.34%). The frequency-
down-weighted marker value (DW) in source
subpopulations varied between 9.75 and
10.85 (mean 10.09), in restored subpopula-
tions between 9.66 and 10.28 (mean 9.91).
SSWP/n-1 in source subpopulations ranged
from 12.03 to 14.13 (mean 13.20) in restored
subpopulations from 10.55 to 14.98 (mean
12.41). The difference between source and
re-stored subpopulations was not significant
(Table 1c).

Genetic differentiation between subpop-
ulations

In the Bayesian cluster analysis, individuals
of all three species were assigned to two
groups. However, we did not detect any pop-
ulation grouping according to the study loca-
tion or according to the feature source/re-
stored (Figure 2). For each species, outputs
for K=2 of all twenty iterations were equal.
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For A. eupatoria, A K was 170.68; for C. ro-
tundifolia, A K was 563.89; for K. arvensis, A
Kwas 110.71.

The PCoA did not reveal any separation of
source and restored subpopulations for all
study species A. eupatoria, C. rotundifolia
and K. arvensis. Source and restored sub-
populations were admixed and no groups
could be identified (Figures 3a, b, c). Simi-
larly, no grouping according to the study lo-
cations was detected.

Applying AMOVA, we detected low overall
genetic differentiation between subpopula-
tions of the study species. Genetic differen-
tiation (Pe1) between all subpopulations of
A. eupatoria was 0.08 (Tab.2a). Differentia-
tion between all source subpopulations was
0.10, and between all restored subpopula-
tions 0.06. Hierarchical partitioning of molec-
ular variance revealed that its largest
amount was comprised within subpopula-
tions (92%). We detected only a weak varia-
tion between subpopulations within the
groups of the source and the group of re-
stored subpopulations (8%), and zero ge-
netic variation between the two groups of the

source and restored subpopulations
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Table 2. Results of the analyses of molecular variance (AMOVA) for (a) A. eupatoria, (b) C.
rotundifolia and (c) K. arvensis. Levels of significance are based on 999 iteration steps and are
indicated by asterisks (p<0.001); df, degrees of freedom; SS, the sum of squares; MS, the mean

squares; %, the proportion of genetic variability; ®pr, the level of genetic differentiation

Source of molecular variation df SS MS % ®pr
(a) Agrimonia eupatoria

All populations

Among populations 9 133.65 1485 8 0.08***
Within populations 139  934.75 6.73 92

Natural subpopulations

Among subpopulations 4 70.53 17.63 10 0.10***
Within subpopulations 71 456.03 6.42 90

Restored subpopulations

Among subpopulations 4 54.43 13.61 6 0.06™**
Within subpopulations 68 478.73 7.04 94

Natural and restored subpopulations

Between natural and restored populations 1 8.67 8.67 0 0.08***
Among subpopulations 8 124.96 15.62 8

Within subpopulations 139  934.75 6.73 92

(b) Campanula rotundifolia

All populations

Among populations 11 397.53 36.14 4 0.04***
Within populations 172 3787.05 22.02 96

Natural subpopulations

Among subpopulations 5 175.58 3512 4 0.04***
Within subpopulations 81 1780.56 21.98 96

Restored subpopulations

Among subpopulations 5 196.36 3927 5 0.05***
Within subpopulations 91 2006.47 22.05 95

Natural and restored subpopulations

Between natural and restored populations 1 25.60 2560 O 0.04***
Among subpopulations 10 371.93 37.19 4

Within subpopulations 172 3787.05 22.01 96

(c) Knautia arvensis

All populations

Among populations 11 207.78 18.89 3 0.03***
Within populations 163  2083.41 12.78 97
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Table 2. (continued)

Source of molecular variation df SS MS % ®pr

Natural subpopulations
Among subpopulations 5 89.70 17.94 2 0.02***
Within subpopulations 82 1081.41 13.19 98

Restored subpopulations
Among subpopulations 5 102.25 2045 4 0.04***
Within subpopulations 81 1002.00 12.37 96

Natural and restored subpopulations

Between natural and restored populations 1 15.82 1582 0 0.03***
Among subpopulations 10 191.96 19.20 3
Within subpopulations 163  2083.41 12.78 97

For C. rotundifolia, ®rt between all subpopulations was 0.04 (Tab. 2b). Differentiation between
all source subpopulations was 0.04 and among all restored subpopulations 0.05. We detected no
genetic differentiation between the groups of the source and restored subpopulations.

For K. arvensis, ®rt between all subpopulations was 0.03 (Tab. 2c). Genetic variation between
all source subpopulations was 0.02 and between all restored subpopulations 0.04. Comparably
to A. eupatoria and C. rotundifolia, no genetic variation between the two groups of the source and
the restored subpopulations was be detected.

Discussion

In our study, we detected apparent differences in genetic variation between the study species A.
eupatoria, C. rotundifolia and K. arvensis. The species followed genetic variation patterns ob-
served previously for outcrossing, mixed-mating and selfing taxa. The first, A. eupatoria, is a
highly selfing species and showed the lowest levels of genetic diversity and the highest levels of
genetic differentiations. The second, C. rotundifolia, which is predominantly outcrossing displayed
the highest genetic diversity and low differentiation levels. The last, K. arvensis, is a mixed-mating
but predominantly outcrossing species, which showed intermediate genetic diversity levels as
well as low genetic differentiation (Tab.1, tab.2).

A significant, profound impact of the mating system on genetic variation within and among popu-
lations has been reported previously (Reisch and Bernhardt-Rémermann, 2014). Outcrossing and
mixed-mating species display considerably higher levels of variation within, and lower variation
among populations. And vice versa, selfing species show conspicuously lower levels of genetic
variation within populations, and stronger population differentiation than outcrossing or mixed-
mating taxa. Thus, our results support the previous observation that mating system has a signifi-
cant impact on the patterns of genetic variation in plant species.
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Figure 2. Bayesian cluster analysis for (a) A. eupatoria based on 146 AFLP fragments. (b) C.
rotundifolia based on 179 AFLP fragments. (c) K. arvensis based on 146 AFLP fragments. Pop-
ulations of all three species were assigned to two groups.
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Figure 3. Results of the PCoA (principal coordinates analysis) based on Jaccard similarities.
Black circles represent individuals of source subpopulations. Hollow circles show restored sub-
populations. Individuals of source and restored subpopulations were mixed in all three species.
(a) A. eupatoria: axis 1 explained 25.52% of variance in the data set. axis 2 explained 19.98%,
respectively. (b) C. rotundifolia: axis 1 explained 37.12% of variance and axis 2 explained 16.58%
of variance in the dataset. (c) K. arvensis: axis 1 explained 28.22% of variance, axis 2 explained

21.12%.

a) Agrimonia eupatoria

b) Campanula rotundifolia

c) Knautia arvensis
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Apart from the mating system, genetic diversity
and differentiation of populations can also
strongly be affected by the restoration process,
specifically by founder events during the coloni-
zation process plant (Vandepitte et al., 2012),
because the number of propagules arriving in a
restored site may be limited due to the restricted
availability of source populations in the close vi-
cinity (Poschlod et al., 2005; Willems and Bik,
1998; Prach et al., 2015b), or, by the lacking ef-
fective dispersal vector such as grazing sheep
flocks (Fischer et al., 1996; Romermann et al.,
2005; Fischer et al., 1996).

Moreover, only a limited number of propagules
succeeds to establish as a mature plant for sev-
eral reasons (lack of suitable microsites, biotic
and abiotic conditions and their stochasticity,
predation etc.) (Goldberg and Werner, 1983;
Matos and Watkinson, 1998). Consequently,
genetic diversity of restored populations may
only partially represent the entire diversity of ex-
tant source stands. However, we detected no
significant decrease of genetic diversity in re-
stored sub-populations of A. eupatoria, C. ro-
tundofolia and K. arvensis, in comparison with
the source subpopulations. All measures of ge-
netic diversity, i.e. SSWP, PPL as well as DW
were marginal and not significant, or showed
only negligible differences between the source
and restored subpopulations,
(Tab.1).

respectively

Previous studies reported decreased genetic di-
versity in populations founded through natural
colonization in comparison with long-standing,
established populations (Bishop, 1996; Jacque-
myn et al., 2009; Vandepitte et al., 2012), but
this was not always the case. In accordance
with our results, Vandepitte et al. (2007), van
Looy et al. (2009b) as well as llves et al. (2015)
and Helsen et al. (2013) revealed that genetic
diversity in newly founded populations was not
lowered. Two main factors may have played the
major role in the process of enhancing genetic
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diversity and unification of the restored and
source subpopulations. First, the spatial proxim-
ity of ancient grassland parts containing source
subpopulations, which have served as a propa-
gule and pollen donors. Occasionally grazing
sheep flocks served additionally as mobile dis-
persal vectors accelerating the natural dispersal
process via epi-zoochory (Lehmair et al., 2020;
Rico et al., 2014). All three study species are
insect pollinated, and, therefore, the physical
closeness was a crucial factor for insects to
reach newly established subpopulations in the
restored parts (Zurbuchen et al., 2010).

Second, restored fragments not only directly ad-
joined ancient source grassland parts. Beyond
that, several grassland fragments were de-
tected in the close surroundings within a radius
of 700 m from the restored grassland. These
grasslands could have served as additional
propagule sources which might have contrib-
uted to the unreduced genetic diversity in the
restored subpopulations, due to gene flow
(compare Wade and McCauley, 1988; Slatkin,
1987). Here, not only distance, but also possible
dispersal barriers and dispersal vectors could
have played a role; however, this would require
a separate study.

Thus, the gene flow played a key role in the uni-
fication process between the source and re-
stored subpopulations and contributed to the
enhancement of genetic diversity in the restored
stands (Dlugosch and Parker, 2008). This un-
derpins our assessment that colonization from
nearby sources can be a reasonable approach
to restore populations without loss of local pop-
ulations” genetic diversity proper-ties.

Interestingly, we detected slightly but signifi-
cantly higher genetic diversity levels in re-stored
subpopulations in A. eupatoria, in comparison
with its source subpopulations. This result was
not massively surprising because of the seed
morphology, i.e. hooks on the sur-face of A. eu-
patoria fruits, which can effectively be dispersed
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by zoochory. One of the most common species
found in the sheep fur were fruits of A. eupatoria
(Fischer et al., 1996). Comparable results were
reported for newly founded populations of
Geum urbanum, which has a similar fruit mor-
phology (Vandepitte et al., 2007). However, this
fact alone cannot explain why K. arvensis, sim-
ilarly to A. eupatoria, did not show the same pat-
tern of higher genetic diversity in restored
stands. According to Hintze et al. (2013), K.
arvensis possess even higher dispersal abilities
than Agrimonia. Most probably, numerous cal-
careous grass-land fragments in the close sur-
roundings could have served as supplementary
propagule sources (compare the “migrant pool”
colonization model described by Wade and
McCauley (1988)). Presumably both factors, i.e.
good dispersal abilities and multiple seed
sources in the close surroundings might have
contributed to the increased genetic diversity
levels in the restored subpopulations of A. eu-
patoria.

Restoration through colonization may not
merely decrease genetic diversity within, but
also enhance genetic divergence between pop-
ulations. Low numbers of arriving propa-gules,
and, generally, low levels of gene flow as well
as limited establishment rates on re-stored sites
may jointly increase genetic differentiation be-
tween source and restored grassland parts
(Vandepitte et al., 2012). In this study, genetic
differentiation between A. eupatoria, C. rotundi-
folia and K. arvensis sub-populations was, how-
ever, lower than previously reported for com-
mon species, and also lower than that detected
for particular groups according to the mating
system types (Reisch and Bernhardt-Rémer-
mann, 2014). Moreover, and this was of even
greater importance, genetic differentiation be-
tween the group of the source and the restored
subpopulations was lower than differentiation
between the source subpopulations. Lower lev-
between restored

els of differentiation
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subpopulations and their genetic similarity to
the source subpopulations can be attributed,
first, to high levels and long-lasting gene flow
between the source and re-stored grassland
parts. Second, the entire vegetation layer re-
moval in the course of restoration apparently re-
duced the density-dependent mortality of colo-
nists in the re-stored sites and, thus, enabled
population founding and growth, whereby the
space in ancient (source) grasslands was al-
ready densely occupied (Helsen et al., 2013).
Our study showed that any apparent and long-
lasting founder effect as a consequence of the
spontaneous recolonization process of the
three common grassland species was avoid-ed.

Conclusions

The results of our study provide evidence that,
at least under the settings of the underlying res-
toration project, grassland restoration through
recolonization neither necessarily in-duces ero-
sion of genetic diversity, nor enhanced levels of
genetic differentiation be-tween the restored
and source subpopulations. Hence, we can de-
duce that any apparent founder or bottleneck ef-
fect due to colonization events after clear-cut-
ting were avoided. Restored subpopulations
may further act as valuable diaspore sources in
landscapes containing endangered calcareous
grassland fragments.

Potentially, this approach may even induce an
increase in genetic diversity relative to the
nearby source stands. This supports our per-
ception that scrub and woodland removal and
subsequent recolonization are helpful tools to
create genetically variable, non-differentiated
restored subpopulations of common species,
maintaining their local genetic patterns. These
characteristics are necessary prerequisites for
a long-term, sustainable persistence of the re-
stored subpopulations in landscapes with cal-
careous grasslands.
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We assume that for the restoration success, the
direct spatial proximity was particularly im-
portant. This enabled the propagule availability
from the sources and subsequent gene flow
uniting the source and restored stands via fur-
ther seed dispersal and pollen transfer. How-
ever, species with low dispersal abilities, as well
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as rare taxa should be analysed separately due
to different levels of gene flow. Moreover, in fu-
ture studies, it would definitely be interesting to
look at the population genetics of natural regen-
eration sites that are not directly adjacent to
source populations.
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Habitat and biodiversity loss at all levels has
been creeping throughout the whole last
century, but accelerated especially during
the last few decades. The increasing human
pressure on natural and semi-natural eco-
systems, reinforced by the impact of climate
change has taken a heavy toll, leaving be-
hind huge areas of devastated landscapes.
Meanwhile, the list of extinct species is get-
ting longer and longer, whereby many of
them were not even discovered and de-
scribed. These trends might not only be
threatening, but even detrimental to wellbe-
ing and survival of man and nature.

Dealing with a very specific, “invisible” seg-
ment of the nature heritage — with the lowest
rank of biodiversity, i.e. with the level of
genes, is a fascinating journey into the core
area of life.

At the same time, exactly this part of the
whole biodiversity complex seems to be par-
ticularly vulnerable. In the context of nature
conservation, it was a long journey to the
recognition of its fundamental importance to
the long-term survival capacity of species
and populations.

In my PhD. thesis, | dealt with three restora-
tion methods using tools of conservation ge-
netics. This enabled me to assess, how effi-
cient these approaches proved to be, with
regard to their specific design. In the partic-
ular chapters of my PhD. thesis, | assessed
what prerequisites contributed to the suc-
cessful results — or, conversely, what kind of
weaknesses in the process of restoration
might be mitigated in future restoration
schemes. | also outline possible prospects
and lines of further research.
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(Re)introductions

| dealt with a critically endangered pioneer
species colonizing sand and gravel banks
along Alpine streams — Myricaria germanica.
Its abundance declined dramatically due to
the changes in the natural flow regime of Al-
pine rivers. To rescue remaining populations
along the middle and lower course of the
River Isar, South-Eastern Germany, intro-
duction measures took place during the
1990s. These efforts yielded several re-
stored populations, planted along gravel pits
in the floodplain of the River Isar. In these
populations, | detected decreased genetic
diversity, in comparison with the source. The
most plausible explanation was the bad con-
dition of the overaged source population, in
which only a part of remaining individuals
produced seeds. In highly dynamic habitats,
such as floodplains of Alpine streams, in
which long-distance dispersal and gene flow
takes place, multiple seed sources would
make sense to enhance genetic diversity
and evolutionary potential of restored popu-
lations. In this type of habitat, this approach
wound not pose a major risk to surrounding
natural populations (if they are even pre-
sent).

In future studies, genetic variation as well as
performance of restored populations would
make a good sense. Additional research to
underpin — or to oppose the ‘one catchment
— one genepool” hypothesis would further
extend the knowledge horizon and our un-
derstanding of processes unfolding within
dynamic river systems.

The pilot study investigating results of a 20-
year-old practical restoration project have
shown that there were no apparent differ-
ences between the populations founded us-
ing seeds or plants. Genetic variation was
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similar in both groups of restored popula-
tions, as well as in the group of seeded &
planted individuals. However, the groups of
restored populations of a rare endangered
herb Armeria maritima ssp. elongata con-
tained on average higher levels of genetic di-
versity than the source populations. This is
an important, positive feedback for conser-
vation practitioners and their restoration ef-
forts after decades of commitment and
thoughtful activities to sustainably save the
species despite the progressive climatic
change. In future, a multispecies study using
taxa with contrasting life history traits could
deliver further insights in how different prop-
agule type may influence the outcomes of
restoration projects.

Recolonization

A widely applied restoration method, recolo-
nization of calcareous grasslands after
clear-cutting worked well also regarding ge-
netic properties of restored populations. In
all study species, any apparent founder ef-
fect and, consequently, decreased genetic
diversity and inflated differentiation, could be
excluded. In comparison with many previous
studies on genetic consequences of coloni-
zation processes, which dealt with primary
colonization (e.g., following eruptions, flood
events, fire or landslides) or with colonization
of anthropogenic areas (e.g., old fields, quar-
ries and mines), | studied (re)colonization
from genetic point of view, in a less explored
context. My contribution to the current state
of knowledge is, first, the study with a con-
sequently applied paired design (source/re-
stored grassland parts) in all study sites.
Second, the study species represented a
gradient of genetic diversity because of dif-
ferent pollination/mating strategies (predom-
inantly selfing, mixed-mating and mainly
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outcrossing species). This enabled for more
powerful inferences regarding genetic im-
pact of the colonization process.

Further research of colonization in the con-
text of different climate conditions (such as
degree of continentality) or colonization in
another habitat type (e.g., wet meadows,
fens or psammophilous habitats) would be
reasonable, to allow for broader conclusions
regarding this restoration approach.
Moreover, historic DNA, if available, might
be used, e.g., from herbarium specimens, to
detect possible shifts in genetic diversity and
structure in reference ancient grasslands.

Further, in our study system, the source and
the restored sites were closely adjacent,
without any barriers between them. This en-
abled pollen and seed dispersal to the re-
stored sites. In future, it would definitely be
interesting to look at the population genetics
of natural regeneration sites that are not di-
rectly adjacent to source populations.

Moreover, future research might relate to the
genetic issues in species with low coloniza-
tion potential, as well as in rare species.
Here, due to different levels of gene flow, a
separate study would be necessary to as-
sess the genetic impact of the colonization
process.

Soil seed bank

Soil seed bank is a property of certain plant
species, which enables them to survive un-
der unpredictable environmental conditions.
In restoration programs, soil seed banks
could be applied as a part of a natural habitat
recovery process in certain types of plant
communities (e.g., heathlands in temperate
climates). Alternatively, activated seed
banks can be used as a tool to restore pop-

ulations of target species (e.g., endangered
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Pedicularis palustris in fens and waterlogged
meadows, or rare weed communities which
disappeared from the aboveground vegeta-
tion but still present as diaspores beneath re-
cent grasslands). In this type of restoration
approach, the self-evident prerequisite is
that diaspores in the soil are still present and
viable, i.e., a target plant community or spe-
cies was recently present at the particular lo-
cation. In a context of calcareous grassland
restoration, approximately one third of target
species were able to regenerate from the
seed bank. This fact suggests that soil seed
banks alone, without the seed rain from ad-
jacent populations, are not fully sufficient as
source for the adequate restoration of cal-
careous grasslands.

On the other hand, particular species that
maintain long-time seed banks are able to
regenerate and can help us to gain insights
into processes that shape genetic makeup of
populations recovered from the soil. In my
study, | found apparent genetic similarities
between the standing vegetation and the soil
populations of Origanum vulgare, most prob-
ably due to the absence of severe disturb-
ances and bottlenecks in this type of habitat.
Only two measures differed between the
seed bank and the vegetation. First, the
number of alleles per locus (difference was
marginally significant). This measure was
higher in both soil layers than in the above-
ground vegetation. Second, the inbreeding
index was higher in the deeper layers of soil
than in the upper layers and the vegetation,
most probably due the pre- and post-germi-
nation selection filter acting against the ho-
mozygotes. These finding implicate, first,
that evolutionary potential of the soil popula-
tions in O. vulgare is not reduced. The seed
bank can be considered a good source for
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restoration of vital, genetically variable pop-
ulations in case of extinction of aboveground
populations. Second, most probably, a cer-
tain fraction of homozygote individuals in the
soil are naturally eliminated in the stage of
seed or seedlings, and do not reach the ju-
venile or even adult stage. Thus, they would
not jeopardize a restoration success with
higher levels of inbreeding.

Future multispecies genetic studies might fo-
cus on the role of the soil seed bank in the
context of habitat fragmentation and possi-
ble mitigation of its consequences, as well as
contrasting habitat types and their impact on
genetic properties of soil seed banks.

Prospects

In my study, | investigated source and re-
stored populations using indices of the neu-
tral genetic diversity. However, in a conser-
vation context, there is a vital need for a bet-
ter understanding of adaptive genetic diver-
sity and its role in survival prospects of pop-
ulations. This is especially urgent as we are
facing the ongoing climate change. To un-
derstand the genetic and genomic basis of
complex trait variation, however, more stud-
ies in adaptive genetic diversity are needed.
Therefore, until more knowledge of adaptive
genetic diversity is available, conservation
practitioners and scientists may further use
nonadaptive genetic diversity to plan resto-
ration strategies for rare and endangered
taxa.
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SUPPLEMENTARY

SUPPLEMENTARY MATERIAL — CHAPTER TWO

Figure S1b. Mean posterior probability plot of STRUCTURE over 20 runs for each value of K. a)
the graph shows the mean In Pr (X|K) over 20 iterations and standard deviation for each value of
K. b) the graph shows ad hoc statistic AK (Evanno et al., 2005), for each of the tested values of
K.
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Table S1. Pairwise PhiPT values between all populations of M. germanica calculated employing
AMOVA. Below diagonal: pairwise PhiPT values, above diagonal: probability values based on
999 permutations, non-significant values were highlighted in bold.

181 182 1S3 1S4 1S5 1S6 AM LE1 HL2 |HL3 |LE2 |LE3 |RI RIl RNl F2

181 0.000 |0.001 |0.032 |0.001 |0.003 |0.001 |0.001 |0.002 |0.001 |0.001 |0.001 |0.002 |0.004 |0.026 |0.312 | 0.300

182 0.33 | 0.000 |0.001 |0.001 |0.001 |0.001 |0.001 |0.001 |0.001 [0.001 |0.001 |0.001 |0.001 |0.001 |0.001 |0.001

1S3 0.09 |0.28 |0.000 |0.001 |0.001 |0.001 |0.001 |0.001 |0.001 [0.001 |0.001 |0.001 |0.001 |0.001 |0.001 |0.001

1S4 022 10.32 |0.13 |0.000 |0.001 |0.001 |0.001 |0.001 |0.001 [0.001 |0.001 |0.001 |0.001 |0.001 |0.001 |0.001

1S5 018 |0.24 [0.17 ]0.20 |0.000 |0.140 |0.001 |0.001 |0.001 [0.001 |0.001 |0.001 |0.001 |0.001 |0.001 |0.001

1S6 019 024 020 |0.23 |0.02 |0.000 |0.001 |0.001 |0.001 [0.001 |0.001 |0.001 |0.001 |0.001 |0.001 |0.001

AM 053 (059 048 059 (047 |0.51 |0.000 |0.001 [0.001 [0.001 |0.001 |0.001 |0.001 |0.001 |0.001 |0.001

LE1 021 |0.16 |0.22 |0.22 |0.10 [0.10 |0.43 |0.000 |0.001 |0.001 {0.100 [0.001 |0.001 |0.001 |0.001 |0.001

HL2 034 030 |0.31 |0.30 |0.27 [0.24 |0.53 |0.11 |0.000 |0.001 {0.001 {0.001 |0.001 |0.001 |0.001 |0.001

HL3 045 032 |0.39 |049 |0.34 [037 |055 |0.23 |0.27 |0.000 {0.001 [0.001 |]0.001 |0.001 |0.001 |0.001

LE2 |0.37 023 |0.33 |0.36 |0.15 [0.15 |0.59 |0.02 |0.23 |0.33 [0.000 {0.001 |0.001 |0.001 |0.001 |0.001

LE3 026 039 |0.22 |0.21 |0.31 |032 |062 |0.25 |0.39 |0.53 [0.43 [0.000 |0.001 |0.001 |0.001 |0.001

RI 016 |0.37 |0.24 030 |0.29 033 062 |0.31 |[047 [054 |0.44 |0.39 |0.000 |0.101 |0.038 |0.001

RIl 013 039 022 029 |0.29 |0.34 (061 |032 |048 |055 |0.44 |0.39 |0.04 |0.000 |0.131 |0.008

RNl 0.01 030 |0.18 |0.20 |0.21 |0.26 |0.56 |0.26 [0.39 |047 |0.38 |0.31 |0.06 |0.04 |0.000 |0.312

F2 0.02 1028 |0.19 ]0.27 023 |0.27 (055 |0.28 |042 |047 037 ]0.31 ]0.13 ]0.08 ]0.01 |0.000
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Table S2. Results of assignment tests for 178 Myricaria germanica individuals from natural pop-

ulations. For the allocation, three various levels of minimal log-likelihood difference (MLD) were

employed, 0, 0.3, 0.5. Numerals in bold show numbers of correctly allocated individuals in each

population. CA, number of correctly allocated; MA, mismatched allocated; NA, non-allocated in-

dividuals (further details see Materials&Methods).

To
From 181 1S2 1S3 1S4 1S5 1S6 AM LE1 HL2 HL3 LE2 LE3
181 1,1,1 0,0,0 3,2,1 0,0,0 0,0,0 1,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0
1S2 0,0,0 12,11,11 | 0,0,0 0,0,0 0,0,0 1,1,1 0,0,0 0,0,0 1,1,1 0,0,0 0,0,0 0,0,0
1S3 0,0,0 2,2,2 11,10, 10 1,1,0 2,1,1 0,0,0 0,0,0 1,0,0 0,0,0 0,0,0 0,0,0 1,1,1
1S4 0,0,0 0,0,0 1,1,0 11,11, 11 0,0,0 0,0,0 0,0,0 1,1,1 2,0,0 0,0,0 0,0,0 0,0,0
1S5 0,0,0 0,0,0 0,0,0 1,0,0 7,1,1 6,3,2 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0
1S6 2,1,1 0,0,0 0,0,0 0,0,0 54,3 6,4,3 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0
AM 1,0,0 0,0,0 0,0,0 0,0,0 0,0,0 1,1,1 13,13,13 (0,0,0 0,0,0 0,0,0 0,0,0 0,0,0
LE1 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 6,3,2 1,0,0 0,0,0 3,1,1 0,0,0
HL2 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 10, 10,9 1,1,0 1,0,0 0,0,0
HL3 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 14,13,13 0,0,0 0,0,0
LE2 0,0,0 1,1,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 6,55 1,0,0 0,0,0 12,2,1 0,0,0
LE3 1,1,1 0,0,0 1,0,0 3,33 0,0,0 1,1,1 0,0,0 1,1,1 0,0,0 0,0,0 0,0,0 13,11,10
Summary
n 5 15 16 16 14 16 13 15 15 15 16 14
CA(n) |1,1,1 12,11, 11 11, 10, 10 11,11, 11 7,11 6,4,3 13,13,13 |6,3,2 10, 10,9 14, 13,13 12,2,1 13,11, 10
MA(n) [|4,2,2 3,2,2 53,1 5,54 7,54 10,6,5 0,0,0 9,7,7 51,1 1,1,0 4,1,1 1,1,1
NA(n) [0,22 0,1,2 0,3,5 0,0, 1 0,8,9 0,6,8 0,0,0 0,5,6 0,4,5 0,1,2 0,11,13 |0,2,3
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SUPPLEMENTARY MATERIAL — CHAPTER FOUR

Table S1. Location name, abbreviation and geographic position (Latitude N, Longitude E) for the

five study sites of O. vulgare

Location Abbreviation Latitude N Longitude E
Aichahof AH N 49°02'26.2" E 12°01'31.4"
Eitelberg EB N 49°1'48.7" E 11°55'43.4"
Grabenhof GH N 49°10'53.4" E 11°57'10.2"
Kiihschlag KS N 49°00'12.3" E 11°57'20.5"
Undorf uD N 49°1'43.3" E 11°55'43.3"
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Table S2. Population name, abbreviation, cohort, number of samples and genetic characteristics
of Origanum vulgare populations. Population, the name of the site; Abb, abbreviation; Cohort,
membership in a particular group (veg, vegetation, upp, upper soil layer, low, lower soil layer),
Ntot, total number of samples; %F, percentage of female plants in populations; Na, mean number
of alleles per locus; SI, Shannon’s information index; He, expected heterozygosity; Fis, inbreed-

ing index; w, pairwise Wilcoxon test.

Population Abb. Cohort Ntot %F Na Si He Fis
Aichahof AH  veg 40 21.4 3.33 0.79 0.45 0.06
Eitelberg EB veg 36 7.7 3.67 0.93 0.52 -0.0007
Grabenhof GH veg 40 16.7 3.56 0.83 0.47 -0.06
Kiuhschlag KS veg 40 15.2 3.67 0.97 0.57 0.05
Undorf UD veg 33 10.1 2.89 0.64 0.36 0.01
Mean 37.8 14.2 3.42 0.83 0.47 0.01
SD 3.19 5.4 0.33 0.13 0.07 0.05
Aichahof AH  soll 48 214 3.89 0.90 0.50 0.08
Eitelberg EB  soil 40 19.0 3.67 0.92 0.50 0.05
Grabenhof GH  soil 43 23.9 3.56 0.81 0.46 0.13
Kihschlag KS  solil 38 9.8 3.33 0.92 0.56 0.13
Undorf UD  soail 24 3.7 2.56 0.55 0.32 0.14
Mean 38.6 15.6 3.40 0.82 0.47 0.11
SD 8.99 8.5 0.51 0.16 0.09 0.04
T-test p=0.7 p=0.90 p=0.75 p=0.71 p=0.04
Aichahof AH  veg 10 - 2.56 0.78 0.50 0.04
Eitelberg EB veg 10 - 2.78 0.88 0.55 0.08
Grabenhof GH veg 10 - 244 0.58 0.34 -0.06
Kiuhschlag KS  veg 10 - 2.22 0.50 0.30 -0.19
Undorf UD veg 10 - 2.44 0.54 0.32 -0.10
Mean 2.49 0.66 0.40 -0.05
SD +0.20 +0.17 0.1 0.11
Aichahof AH  upp 10 - 3.11 0.76 0.43 0.05
Eitelberg EB  upp 10 - 3.00 0.85 0.49 0.15
Grabenhof GH upp 10 - 2.67 0.71 0.42 -0.05
Kihschlag KS  upp 10 - 3.1 0.85 0.49 0.14
Undorf UD upp 10 - 3.1 0.83 0.48 -0.02
Mean 3.00 0.80 0.46 0.05
SD +0.19 +0.06 10.03 0.09
Aichahof AH  low 10 - 3.22 0.87 0.49 0.12
Eitelberg EB low 10 - 3.11 0.85 0.49 -0.02
Grabenhof GH low 10 - 2.67 0.70 0.41 0.31
Kihschlag KS low 10 - 3.1 0.86 0.49 0.24
Undorf UD low 10 - 3.1 0.91 0.55 0.38
Mean 3.04 0.84 0.49 0.21
SD $0.21 +0.08 10.05 0.16
T-test VxU p=0.06w p=0.88w p=0.69 p=0.67
T-test VxL p=0.06w p=0.45w p=0.30 p=0.02
T-test UxL p=1.00w p=0.61w p=1.00 p=0.21
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Table S3. Rare alleles detected in the vegetation and the seed bank Names of locations are given
using abbreviations of the study site names; cohorts are given as the vegetation (veg) and the

upper soil layer (upp); further, locus names, allele size and allele frequencies are specified.

Location Cohort Locus Allele Frequency
AH veg OR13 137 0.013
GH veg OR14 79 0.013
uD veg OR77 119 0.015
AH upp OR77 122 0.013
EB upp OR10 110 0.033
EB upp OR44 142 0.017
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10 m

Figure S1. Design of plot with subplots applying a chessboard pattern. Numbers indicate subplots

included in analyses, i.e. from which vegetation and soil samples were collected.

8m

1 2 3 4

5 6 7 8
9 10 11 12

13 14 15 16
17 18 19 20

21 22 23 24
25 26 27 28

29 30 31 32
33 34 35 36

37 38 39 40

135



Figure S2. Seed bank density given as a number of seeds/m2, related to a) all seedlings which
emerged in course of our germination experiment, comprising the full scope of species; b) all
emerged seedlings of Origanum vulgare. Seedlings were counted from the pooled soil layers.
Names of locations are given as abbreviations: AH, Aichahof; EB, Eitelberg; GH, Grabenhof; KS,
Kihschlag; UD, Undorf. Boxes represent means and standard errors; whiskers show standard

deviations (0.95 confidence interval).
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Figure S3. NeighborNet diagram constructed using SplitsTree4 software (Huson and Bryant,
2006). Five detectable clusters correspond to the five study locations (AH, EB, GH, KS, UD). The
three cohorts (vegetation, veg; upper soil layer, upp; and lower soil layer, low) related to a partic-
ular study location (AH, EB, GH, KS, UD) were assigned to the same cluster.
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Figure S4. Principal coordinate analysis (PCoA) generated in GenAlEx based on the
microsatellite data. Each diagram included samples from all locations (AH, EB, GH, KS, UD)
corresponding to one of the three cohorts, a) vegetation (veg), b) upper soil layer(upp), c) lower
soil layer (low). The first two axes explained accumulatively 25.5 % (a, vegetation), 24.43 % (b,
upper soil layer) and 28.86 % (c, lower soil 6layer) of variation. We observed only a very slight
grouping according to the locations but no distinct groups.
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Figure S5. Mean posterior probability plot of STRUCTURE over 30 runs for each value of K=11
computed for the whole dataset. The graph shows the mean In Pr (X|K) over 30 iterations and

the standard deviation for each value of K
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Figure S6. Bayesian cluster analysis (STRUCTURE, Pritchard et al., 2000) for all individuals of
Origanum vulgare from the three cohorts, vegetation (veg), upper (upp) and lower (low) soil lay-
ers, partitioned according to the five study locations. We included, first, the most probable solu-
tions for K which gave the highest value of AK after Evanno method (Evanno et al., 2005), and,
second, the solutions which gave identical results over 30 iteration for each value of K (Kopel-
man et al., 2015); a) Aichahof (AH); b) Eitelberg (EB); c) Grabenhof (GH); d) Kiihschig (KS); €)
Undorf (UD). Each bar corresponds to one individual.
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Autocorrelation analysis

Materials & Methods. Fine-scale spatial genetic structure was assessed in a spatial autocorre-
lation analysis using the same software (GenAIEx 6, Peakall and Smouse, 2006). For this pur-
pose, we used all available samples from the lower soil cohort, as well as samples from the re-
maining two cohorts originating from the identical 1x1 m?2 plots. Random permutations allowed us
to generate a distribution of permuted values under the assumption of no spatial structure, by the
random mixing of all individuals among the positions in the experimental blocks. From 999 such
random permutations, the values of the 25th and 975th ranked rp-values were taken to define the
upper and lower bounds of the 95% confidence interval. If the calculated r-value fell outside of
this confidence interval, then significant spatial genetic structure was detected. Bootstrap esti-
mates allowed us to place a confidence interval around the observed estimate of r by drawing
from within the set of pairwise comparisons for a specific distance class. For each of 999 bootstrap
trials, the bootstrap autocorrelation coefficient was calculated for each distance class. The 25th
and 975th ranked autocorrelation coefficient were then taken to define the 95% confidence inter-
val. When the bootstrap confidence interval did not exceed r = 0, significant spatial genetic struc-
ture was inferred. We used even distance classes, whereby the distance class size was one

meter.

Results&Discussion. Correlograms were constructed with the correlation coefficient r as a func-
tion of distance. Distance classes were equivalent to one meter. Nonsignificant spatial structures
corresponded to the full black line (r) which did not cross the upper and lower confidence limits
(grey dashed lines). Upper and lower confidence limits bounded the 95% confidence interval
about the null hypothesis of no spatial structure for the data set as determined by permutation.
The values of the coefficients r, U and L were adjusted by the correction factor. Correlograms
were constructed separately for each location, for each single cohort (vegetation, upper and lower
soil layers). In accordance with Fst analysis, we detected no apparent spatial genetic structure
within the experimental 8 x 10 m-plots (Fig. S6). This was possibly due to (i) high outcrossing
rates, (ii) insect pollination habit of the study species, which contributed to a random distribution
of alleles within the boundaries of our experimental block, and (iii) due to the low levels or absence
of clonality. An evidence from previous research suggests that clonality and/or a limited seed
dispersal may bring about genetic correlation over short distances (Reisch et al., 2007; Listl and
Reisch, 2012), even in predominantly perennial outcrossing species in which pollen transfer is
presumably effective (Schnabel and Hamrick, 1990; Loiselle et al., 1995). In our study, most prob-

ably, the seed and pollen dispersal exceeded the spatial scale settings of our experiment.
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Figure S7. Correlogram with the correlation coefficient r as a function of distance. Distance clas-
ses are given in meters. Nonsignificant spatial structures correspond to the full black line (r) which
does not cross the upper and lower confidence limits (grey dashed lines). Upper and lower con-
fidence limits bound the 95% confidence interval about the null hypothesis of no spatial structure
for the data set as determined by permutation. The coefficient r, U and L values were adjusted by
the correction factor. Correlograms were constructed separately for each location, for the three
cohorts (vegetation, upper and lower soil layers)
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SUPPLEMENTARY MATERIAL — CHAPTER FIVE

Flow cytometrical analysis

For each sample, 1-2 cm2 leaf tissue together with circa 0.5 cm2 internal standard (Pisum sativum
L. "Ctirad’, 2C=9.09 pg) was chopped with a sharp razor blade for 30-60 seconds in a Petri dish,
and the plant tissue material was washed several times with citric-acid-Triton buffer (0.2 M citric
acid, 0.5% triton X). Then, the nuclei suspension was filtered through the 50um CellTrics filter into
1.5ml glass tubes on ice and subsequently centrifuged at 1400 RPM and 4°C. The supernatant
was removed leaving 20-50 pl of it with remaining nuclei. The pellet was dissolved in ice-cold
LB01 buffer (Dolezel et al., 1989) containing DAPI staining solution (4", 6-diamidino-2’"-phenylin-
dole, dihydrochloride; Carl Roth, Karlsruhe, Germany) and incubated at least 10 minutes in the
dark. DAPI is a dye that fluoresces blue (455 nm) when bound to double-stranded DNA and ex-
cited by exposure to 345 nm light. Sheath fluid was prepared using one litre Millipore water, 10ml
2% NaN3, and 200 ul Tween 20. The samples were excitated employing UV-LED and a sensitive
blue photo-multiplier tube detecting fluorescent light between 435 and 560 nm. Measurements
were carried out using Cyflow® Ploidy Analyser (Sysmex, Norderstedt, Germany). Acquisition
was cut off when the standard peak reached 8000 nuclei. The DNA content of the study species

was calculated by referencing of the Pisum sativum standard peak.
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Figure S1 (a). Mean posterior probability plot of Structure for Agrimonia eupatoria.
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Figure S1 (b). Mean posterior probability plot of Structure for Campanula rotundifolia.
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Figure S1 (c). Mean posterior probability plot of Structure for Knautia arvensis.
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