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CHAPTER 1

General introduction

THREATENED AND ENDANGERED
HABITATS

Regarding the situation of Europe’s plant species in-
ventory, Central Europe represents the centre of en-
dangered plant species. Germany is ranking on the
upper limit: The out-dated German Red Data Book
on endangered plant species lists about 40% of its
native flora as endangered, very rare or potentially
endangered (Ludwig & Schnittler, 1996). The current
FFH-report “Lage der Natur” shows that habitats with
poor conservation status increased from 61 to 70%
from 2007 to 2014 (BfN, 2014).

The prognosisforendangermentstrongly depends
on the regenerative capacity of a habitat which is not
only determined by the development of suitable en-
vironment conditions (nitrogen content or humidity)
but also on enabling, establishing and maintaining
circumstances that have led to the development of a
habitat type, e.g. in Central Europe mainly agricultur-
al habitats in an anthropogenous landscape. Corre-
spondingly, the status of thirteen habitats in Germa-
ny has worsened within the last seven years, of which
six depend on sustainable land use and maintenance
(BfN, 2014).

CALCAREOUS GRASSLANDS: THREATENED
CULTURAL LANDSCAPE

Calcareous grasslands are among the most spe-
cies-rich ecosystems in Central Europe (WallisDeVries
et al., 2002; Sadlo, 2007). Their extent and quality is
declining since the end of the 19th century (Quinger
etal., 1994) due to intensification or abandonment of
anthropo-zoogenic usage (Poschlod & WallisDeVries,
2002). The habitat is listed in the Annex | of the Natura
2000 Habitats Directive (92/43/EEC), ranking among
critically endangered (xeric grasslands) and endan-
gered (semi dry calcareous grasslands) (Riecken et
al., 2006). The current German FFH-report (2014)
demonstrates an insufficient conservation status
(BfN, 2014).

Correspondingly, the recoverability/substitutabili-
ty of dry grasslands is of great interest (Piqueray et al.,
2011). It was shown that short-term re-establishment
of calcareous grasslands was successful for species
with persistent soil seed banks or long distance dis-
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persal ability (von Blanckenhagen & Poschlod, 2005).
But in general, soils of calcareous grasslands exhibit
low ability to buffer species extinctions by serving as
donor (Thompson et al., 1997; Bekker et al., 1998a;
Kalamees & Zobel, 1998; Poschlod et al., 1998; Stock-
lin & Fischer, 1999; Karlik & Poschlod, 2014). In present
anthropogenous landscapes calcareous grasslands
are strongly fragmented and long-distance dispersal
vectors such as sheep are largely missing. When using
seeds for restoration, the success strongly depends
on the quality of the used seed material and its au-
tochthony (Walker et al., 2015).

A number of studies has dealt with the question
about the “nearly unknown origin and history of Eu-
ropean grasslands” (Poschlod & Baumann, 2010). Cre-
ated, expanded and maintained by human activities
(Poschlod & WallisDeVries, 2002; Schmidt et al., 2007)
since the Neolithic periods (e.g. Bush, 1993; Tomescu,
2000; Dutoit et al., 2009), calcareous grasslands pos-
sessed expansion maxima at the Roman Period and
Middle Ages (Pott, 1996; Poschlod & WallisDeVries,
2002; Poschlod & Baumann, 2010; Hajkova et al.,
2011). Long before human interference, their species
have probably occurred naturally on rocky outcrops
or steep sunny slopes with shallow dry soils that
would impede tree growth (Ellenberg, 1996; Poschlod
et al., 2008) but may have even survived in the non-
closed forests until the beginning of human settle-
ment (Pokorny et al., 2015). Even during (Bush, 1988)
or before the early post-glacial, they may have grown
at climatically favoured sites among the steppe tun-
dra vegetation (Gradmann, 1933; Kunes et al., 2008;
Pokorny et al., 2015).

Equally as important as the knowledge about the
temporal origin is the spatial origin of its species in-
ventory, especially when facing its steady decline
and attempts for restoration or ex situ conservation.
In the traditional view, during the glacials, temperate
species have retracted to the Iberian, Italian, Balkan
peninsulas in southern Europe where the species
could escape from cold dry climates and persist until
they could repopulate Europe (Taberlet et al., 1998;
Hewitt, 2000; Hewitt, 2004). To date only a small num-
ber of studies has considered the question of genetic
lineages of dry grassland species (Bylebyl et al., 2008;
Sutkowska et al., 2013; Harter et al., 2015). Due to lim-
ited budgets in nature conservation, the knowledge



about the (genetic) origin might become relevant
when selecting valuable populations for conserva-
tion or the most suitable populations for restoration
and ex situ conservation.

EXSITUCONSERVATION WITH SEED BANKS

Calcareous grassland habitats are only one exam-
ple which clearly illustrates that direct degradation
(Merritt & Dixon, 2011) and change of land use (Po-
schlod et al., 2005a; Maurer et al., 2006; Poschlod,
2015) strongly force the need to determine methods
to preserve these valuable habitats and its species in-
ventory. The UICN (CBD, 2010, 2015) emphasizes that
ex situ conservation provides a “safety back-up” and
an insurance policy against extinction in the wild, es-
pecially in the light of climate change. Therefore, the
awareness of the importance of seed banks as a tool
for ex situ conservation of rare and endangered plant
species is increasing (Hay & Probert, 2013). In order
to successfully store seeds over long periods and ap-
ply them for restoration it is crucial to understand
the mechanisms and characteristics that enable
seed survival, influence seed quality, dormancy and
germination. Therefore, seed banking facilities with
conservation background take advantage of modern
tools available from agricultural science, combine it
with knowledge of seed ecology and investigations
of functional and evolutionary aspects to guarantee
efficient seed conservation.

Endosperm, dormancy and desiccation tolerance

Seeds are the most significant innovation of vascu-
lar plants that arose in the course of plant evolution
and the colonization of land approximately 350 mya
(Clarke et al., 2011; Coiffard et al., 2012). This adap-
tation of sexual reproduction has strongly enhanced
survival and dispersal, providing a selection advan-
tage. Seeds equip the embryo with protection by a
closed structure and nutrition for successful germi-
nation and establishment. These very adaptations
now enable the survival of rare and threatened plant
species in changing landscapes and can be success-
fully used for ex situ conservation.

Considering internal seed morphology, a seed
contains the embryo, nutritive tissue (endosperm,
perisperm or the haploid megagametophyte in gym-
nosperms) and is surrounded by the seed coat (tes-
ta) that originates from the integuments. Most seeds
contain large nutritive reserves in the cotyledons or
alternative storage tissue, which are composed of
carbohydrates like starch, oils and storage proteins
(Bewley et al., 2013). The endosperm not only serves
as nutritive tissue during seed development but is
also involved in seed growth, development and ger-
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mination by signalling or by being a barrier for the
growing radicle (Finch-Savage & Leubner-Metzger,
2006). It is either fully consumed before seed matura-
tion and its nutrients are incorporated into the stor-
age cotyledons oritis still present in the mature seed.

The ratio of embryo to seed size (E:S ratio) in ma-
ture seeds is largely associated with dormancy types
andtherelation has been analysedin several phyloge-
netic reconstructions (Martin, 1946; Nikolaeva, 1967,
Baskin & Baskin, 1998; Forbis et al., 2002; Finch-Sav-
age & Leubner-Metzger, 2006). Finch-Savage and Leu-
bner-Metzger (2006) have stated that seeds of basal
angiosperm species possess small E:S ratios and that
inthe course of evolution the E:Sratios haveincreased
in advanced angiosperms. The evolutionary E:S ratio
increase was accompanied with the evolution of dor-
mancy (Finch-Savage & Leubner-Metzger, 2006) as
morphological and physiological adaptations in re-
sponse to different environmental conditions (Baskin
& Baskin, 2004). The water impermeability of the coat
of physically dormant seed, for instance, is assumed
to be an adaptation of plants to specialized habitats
(Baskin & Baskin, 2004).

The ability of seeds to tolerate desiccation is a
trait of major adaptive importance to their survival
and dispersal role (Dickie & Pritchard, 2002). For des-
iccation tolerant (orthodox) seeds, maturation drying
is the terminal step in development after which they
can remain viable up to several years (Bewley et al.,
2013). Following drying, a number of cellular adap-
tations enable the preservation of cellular compart-
ments required for continued metabolism, which
control the repair of damages that occur during the
dry state and germination or dormancy upon rehy-
dration. Approximately 92% of the spermatophyte
species produce desiccation tolerant seeds (Tweddle
etal.,2003). In contrast to orthodox seeds desiccation
sensitive (recalcitrant) seeds are shed in a hydrated
and metabolically active state and usually germinate
soon after (Long et al., 2015).

Germination and dormancy

Dormancy and germination mechanisms are impor-
tant to ensure that seeds will germinate when envi-
ronmental conditions are suitable indicating tempo-
ral (e.g. seasons) or spatial windows (e.g. vegetation
gaps) for establishment and survival (Bewley et al.,
2013). In seed banks, the examination of (suitable)
germination conditions not only serves as a method
to detect seed viability, but it also provides knowl-
edge for their future use in any restoration activities.
In germination testing, several environmental condi-
tions are imitated like different moisture availability,
(alternating or constant) temperature, light (quantity,
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daily distribution and spectral quality), availability
of oxygen and chemicals (e.g. ethylene, karrikins, ni-
trates) that affect dormancy alleviation and germina-
tion (Finch-Savage & Leubner-Metzger, 2006; Bewley
etal., 2013).

The process of germination begins with water up-
take by the seed (imbibition) and is terminated with
the emergence of the embryonic axis (mainly the
radicle) (Bewley et al., 2013). A mature dry seed is qui-
escent, in a metabolical rest, until imbibition and me-
tabolism activating conditions initiate germination
(Baskin & Baskin, 2004; Bewley et al., 2013). Dormant
seeds however do not germinate although imbibed
and metabolically active. In other words, seed dor-
mancy is defined as an intrinsic block to the comple-
tion of germination of a viable seed under favourable
conditions for germination of the corresponding non-
dormant seed (Baskin & Baskin, 2004; Finch-Savage
& Leubner-Metzger, 2006; Linkies et al., 2010). Based
on Nikolaeva (1967, 1977) and Baskin & Baskin (1998,
2004) the most applied classification of seed dor-
mancy differentiates physiological (PD), morpholog-
ical (MD), morphophysiological (MPD), physical (PHY)
and combinational (PY +PD) dormancy from non-dor-
mancy (ND). Physical dormancy (PHY) is broken when
a seed coat disruption (e.g. scarification) allows imbi-
bition (Baskin et al., 2000; Baskin, 2003). Seeds with
MD need no special dormancy breaking treatment
but time for embryo growth and germination. De-
pending on the level of MPD, seeds require more or
less complicated (temperature sequence) pretreat-
ments to break physiological dormancy (Baskin &
Baskin, 2004). PD can be divided into three different
types which are broken by after-ripening, scarifica-
tion, cold or warm stratification (Baskin & Baskin,
2004). Furtheremore, seeds with PD are able to adapt
their depth of dormancy on seasonal changes by dor-
mancy cycling (Baskin & Baskin, 1998; Finch-Savage &
Leubner-Metzger, 2006; Finch-Savage & Footitt, 2012,
2017; Long et al., 2015).

Seed viability

Besides seed collection and supply, a major task of
seed storage facilities is to store seeds with high in-
itial quality and viability and to maximize their lon-
gevity. In order to avoid storage of seeds with un-
known viability, an assessment of viability should
be performed. Several methods for viability testing
are described by international rules and handbooks
(ISTA, 1999, 2003; AOSA, 2010a): Preliminary viability
assessments via cutting test, excised embryo test,
Topographical Tetrazolium test and germination test
provide useful evaluation before storage. Although a
germination test is the most reliable test to determine

seed viability, supposing the best germination condi-
tion of the species or accession is known, it is still very
time-consuming (usually several weeks up to months
for seeds requiring pre-treatments). The quicker test
methods like cutting test or Tetrazolium testing are
destructive and either imprecise or difficult to inter-
pret. Because of that, mainly small seed banks fore-
go these examinations and store seeds uncontrolled.
ISTA (1999) accepts the X-ray method to distinguish
full, empty, insect infested and physically damaged
seeds. Despite being a promising and fast-forward
method for viability detection, X-ray analysis is not
yet recognized for testing viability (Elias et al., 2012).

Longevity and ageing ability
The inherent longevity of a seed can be described as
“the lifespan of a seed after maturity, determined by
a complex expression of physiological traits includ-
ing cellular mobility, internal protective compounds
and the ability of cells to resist and repair damage*
(Long et al., 2015) and is strongly related to desicca-
tion ability. It is the basis for seed persistence which
itself may be influenced by abiotic and biotic factors
(Kochanek et al., 2011; Abedi et al., 2014; Long et al,,
2015). Aquired insights into longevity and seed age-
ing enables storage facilities to produce conditions
that extend the viability of seeds up to hundreds of
years (Walters et al., 2005a; Van Treuren et al., 2012):
adry and cold environment considerably slows down
seed ageing (Walters, 1998; Smith et al., 2003; Kran-
ner et al., 2011). Accelerated ageing methods (Smith
etal.,2003; Probert et al., 2009) contribute significant
knowledge to seed ageing.
Seed longevity is a quantitative plant trait that can
vary between different populations within the same
species based on genetic and environmental factors
(Hay et al., 1997; Schoeman et al., 2010; Kochanek et
al., 2011), whereas wild plant species are considered
to have greater variation in longevity between dif-
ferent seed collections than crop species (Ellis et al.,
1989; Hay et al., 1997; Kochanek et al., 2011)
Geographically large-scale examinations on seed
longevity have been performed using artificial age-
ing to answer the question about prediction of seed
longevity by phylogeny, seed traits and climate (Long
et al., 2008; Probert et al., 2009; Mondoni et al., 2011;
Merritt et al., 2014). The results show that seeds origi-
nating from warmer and dryer environments possess
a greater longevity than those from cool, wet climates
(Walters et al., 2005b; Long et al., 2008; Probert et al.,
2009; Mondoni et al., 2011). While seed longevity de-
pended at most slightly on seed size (Probert et al.,
2009; Merritt et al., 2014), phylogeny (Walters et al.,
2005b; Probert et al., 2009; Merritt et al., 2014), en-



dosperm proportion (Walters et al., 2005b; Probert
et al., 2009; Mondoni et al., 2011; Merritt et al., 2014)
and physical dormancy (Merritt et al., 2014) emerged
as indicators for seed longevity. Gained knowledge
has great implications for re-collection and re-testing
strategies in ex situ conservation.

AIM OF THE THESIS AND EXPERI-
MENTAL APPROACH

The key elements that are addressed in this thesis are:
(A) Phylogeography of calcareous grassland species
on the example of Sanguisorba minor Scop. (B) Im-
portance of seed traits on viability detection as well
as ex situ and in situ seed survival and (C) prospects
of seeds for conservation of calcareous grasslands.
(D) Significance of X-ray analysis as a tool for reliable
non-destructive viability detection. (E) Combining
these topics, the aim of this thesis is to elucidate the
origin of species of rare and threatened calcareous
grasslands and to provide tools for a successful pres-
ervation of diversity via seeds.

To answer the issues of this thesis following scien-
tific approaches were made: Phylogeographic study
using AFLP (Chapter 2), X-ray analysis and tetrazolium
test (Chapter 3 and 5), artificial ageing (Chapter 3),
seed germination (Chapter 3 and 5), seed trait anal-
ysis (Chapter 2, 3, 4 and 5), phylogenetic constraints
(Chapter 3) and soil seed bank persistence analysis
(Chapter 4).

PHYLOGEOGRAPHIC STUDY

Phylogeographic studies can survey assumptions of
genetic differentiation below as well as above species
level without being restricted to taxonomic precon-
ceptions based on morphological divergence (Schaal
et al., 1998; Hewitt, 2001). The dominant marker
AFLP (Vos et al., 1995) method was selected to study
Sanguisorba minor as it produces many loci over the
whole genome and it is a highly preferable meth-
od for the assignment of individuals to populations
(Gaudeul et al., 2004). Furthermore, it has been suc-
cessfully used to determine the postglacial history of
plants (Schonswetter et al., 2005; Bylebyl et al., 2008;
Reisch, 2008).

To identify potential glacial refugia, besides ge-
netic variation (Comes & Kadereit, 1998; Taberlet et
al., 1998; Tzedakis et al., 2013), we calculated the ge-
netic divergence (frequency-down-weighted marker
values, DW) (Schonswetter & Tribsch, 2005) as the
rarity of markers has become an important criteri-
on (Schonswetter et al., 2005; Paun et al., 2008). To
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survey genetic structures within all collected popu-
lations of S. minor, we performed a Bayesian cluster
analysis (Pritchard et al., 2000; Pritchard et al., 2009)
and a cluster analysis using Cavalli-Sforza & Edwards
chord distances and Neighbour Joining (Schlueter
& Harris, 2006). Geographic patterns in the data set
were examined and displayed with a spatial Principal
Component Analysis (sPCA) (Jombart et al., 2008).

SOIL SEED BANK ANALYSIS

From an ecological perspective, persistence allows
seeds to disperse through time (Poschlod et al.,
2005b; Poschlod et al., 2013). Soil seed persistence
is important for community ecology as well as for
conservation practices and management (Fischer et
al., 1996; Maurer et al., 2003; Long et al., 2015). The
survival of seeds in the soil is either determined by
taking soil samples and examination of seed content
(Thompson & Grime, 1979; Poschlod, 1993; Poschlod
& Jackel, 1993; Bekker et al., 1998a; Poschlod et al.,
1998; Waldchen et al., 2005) or by seed burial trials
under natural conditions (Telewski & Zeevaart, 2002;
Long et al., 2008; Saatkamp et al., 2009; Abedi et al.,
2014).

Soil seed bank persistence data were extracted from
a compilation of Poschlod et al. (1998) that includes
study results of calcareous grasslands studies (Kiefer,
1997), burial experiments (Poschlod, 1993) and the
seasonal dynamics of diaspore bank and diaspore
rain (Poschlod & Jackel, 1993). All these studies al-
lowed a differentiated assignment into different cat-
egories from transient to persistent (Thompson et al.,
1997; Poschlod et al., 1998). Additional persistence
data was provided by the longevity index (LI) values
(Thompson et al., 1997), which integrate a series of
soil seed bank observations which, however, has to
be carefully interpreted (Saatkamp et al., 2009).

ARTIFICIAL AGEING

To investigate seed survival under storage conditions
we applied an artificial ageing test using hermetical-
ly sealed boxes with high humidity (40 %) at elevated
temperature, according to the standardized protocol
of Newton et al. (2009). Probert’s (2009) screening of
195 species indicated a correlation between survival
under rapid ageing and under gene bank conditions.
Seed viability equations of rapid artificial ageing (Ellis
& Roberts, 1980; Liu et al., 2008; Probert et al., 2009)
are good approaches to predict the decline of seed
viability.
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SEED TRAITS

All chapters are connected to each other via seed
traits: seed shape, seed mass, internal morphology
(anatomy), seed dormancy, seed coat thickness and
longevity index (LI). Seed shape and seed mass were
measured and calculated (Bekker et al., 1998a) by
hand, seed dormancy was determined via germina-
tion tests, anatomy and seed coat thickness were as-
sessed by X-ray examination. As the embryo (shape,
development and size) and the storage tissues (pres-
ence, absence and size of endosperm and/or perisp-
erm) influenced the applicability of viability detection
in both, X-ray and Tetrazolium testing, two seed clas-
sifications were used to group the species, based on
Martin (1946), revised and extended by Finch-Savage
& Leubner-Metzger (2006) and Meyer (2005). Longev-
ity index data (Thompson et al., 1997) were sourced
from the LEDA trait data base (Kleyer et al., 2008).
Moreover, external seed morphology played a cru-
cial role for subspecies identification in Sanguisorba
minor, which was investigated and compared with
results from an excessive treatise of Nordborg (1967).

PHYLOGENETIC CONSTRAINTS

To correctly assess the influence of seed traits on the
longevity of calcareous grassland species (Chapter 3),
we used three phylogenetic comparative methods,
to avoid misinterpretation of the results due to relat-
edness of species (Chapter 3). Pagel’s A (Pagel, 1999),
Blomberg’s K (Blomberg et al., 2003) and Fritz & Pur-
vis’ D (Fritz & Purvis, 2010) were calculated to reveal
and account for phylogenetic signals.

VIABILITY DETECTION

To evaluate seed viability detection via X-ray, we
compared the results with two accepted methods for
viability detection, germination test and Topographi-
cal Tetrazolium test (ISTA, 2003; AOSA, 2010a).

Seeds were germinated in climate chambers on
moist filter paper, at different germination conditions
(constant or alternating temperatures, with or with-
out pre-treatments like stratification or scarification).

The Tetrazolium test is based on a chemical stain-
ing reaction of seeds (Moore, 1973; Elias et al., 2012).
Due to the activity of dehydrogenase enzymes during
respiration, in viable seed tissues, colourless tetra-
zolium changes into a red dye known as formazan. To
make viability determinations, the intensity and pat-
tern of the staining as well as the physical condition
of associated seed structures are evaluated. For this
evaluation a certain knowledge of seed and seedling
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structures (e.g. shape and location of the embryo,
type of storage tissues, nature of seed coats) and
experience in differentiating normal and abnormal
seeds is required.

The principle of X-ray testing is that X-rays are ab-
sorbed differently depending on the thickness and/
or density of the seed tissue. The internal structures
were subsequently digitally visualized as mono-
chrome images and interpreted. Like the Tetrazolium
test the X-ray test demands a certain expertise to in-
terpret the results accurately. We differentiated the
surveyed seeds as viable and non-viable, adopting
ISTA rules on Tetrazolium testing (ISTA, 1999).

THESIS OUTLINE

Central Europe has to counter rapid habitat and spe-
cies decline and still the spatial origin of many spe-
ciesis unexplored. The importance of seeds and their
storage in ex situ facilities has become an object for
threatened and endangered plant species. This thesis
was compiled simultaneously to the establishment
of the Genbank Bayern Arche (Tausch et al., 2015), a
federal state ex situ seed bank project for threatened
and endangered plant species. It comprises various
aspects that are related to basic phylogeographic
research and the preservation of endangered plant
species and habitats on the example of species from
calcareous grasslands.

Chapter 2 deals with the postglacial spread of a
common calcareous grassland species, Sanguisor-
ba minor. By means of molecular analysis (AFLP) a
survey across the whole species range provides the
opportunity to reveal migration routes after the last
glaciation. Seed morphology, the main determinant
of subspecies of the morphologically extremely varia-
ble species was combined with the genetic structure.

Compared to seeds of domestic plants, seeds of
wild plant species are poorly explored. In particular,
they possess more complicated germination charac-
teristics than breeds of cultivated species. We were
interested in the practical use of seeds for conserva-
tion purposes of calcareous grasslands. Using an arti-
ficial ageing approach, in Chapter 3 we attempted to
identify seed traits that can be associated with seed
ageing and ex situ storage. By investigating in a single
habitat, influences like climate differences that may
occur and mask the significant traits, were eliminat-
ed.

Chapter 4 addresses the question whether ageing
in soil and in ex situ storage of calcareous grassland
species are correlated. We used longevity measures,



the soil seed bank persistence categories of Poschlod
et al. (1998) and LI to elucidate the relationships. In
addition, we attempted to illuminate the prospect of
in situ and ex situ conservation under consideration
of seed traits.

Due to uncontrolled environmental conditions,
wild plant species produce seeds with strongly differ-
ing seed qualities and widely unknown storage ability
(Gardarin et al., 2010). Therefore, besides the investi-
gation of suitable germination conditions, a reliable
and preferably non-destructive detection of initial
seed viability is necessary for successful storage. In
Chapter 5 we investigated the performance of X-ray
analysis to provide a tool for viability detection with-
out destroying seeds. Comparative combined germi-
nation-Tetrazolium tests were conducted for approv-
al and seed traits were used to examine the efficiency
of X-ray analysis to detect viability and germinability
of fresh seeds.

Finally, Chapter 6 summarizes the importance of
seeds considering plant origin and conservation of
calcareous grasslands.

General introduction
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CHAPTER 2

Towards the origin of Central European grasslands:
clacial and postglacial history of the Salad Burnet
(Sanguisorba minor Scop.)

ABSTRACT

Calcareous grasslands belong to the most species rich and endangered habitats in
Europe. However, little is known about the origin of the species typically occurringin
these grasslands. To identify the postglacial recolonization of the widespread calcar-
eous grassland species Sanguisorba minor (Scop.) in Central Europe, we investigated
the spatial genetic structure of 38 populations via AFLP. Moreover, we considered the
correlation of subspecies distribution (seed morphology) and spatial genetic pat-
terns with regard to the two subspecies minor and balearica.

Our study revealed significant differences in the level of genetic variation and the
occurrence of rare fragments within populations of S. minor from different regions
of the distribution range and a distinct separation of eastern and western lineages.
The analyses uncovered traditional southern but also cryptic northern refugia and
point towards a broad fronted postglacial recolonization. The geographic distribu-
tion of the investigated subspecies corresponded to known references of Nordborg
(1967), but not entirely reflected the genetic patterns. Genetic similarity between
south-eastern and south-western subsp. balearica populations was lower than be-
tween northern subsp. minor and south-western subsp. balearica populations.

Based on the spatial genetic pattern we conclude that after the last glacial maxi-
mum (LGM) S. minor recolonized Central Europe either from Iberia or northern glacial
refugia in France, Belgium or Germany. The current situation of S. minor subspecies
depicts eitherincomplete lineage sorting or the existence of secondary hybrid zones,
which is differently expressed in neutral marker and morphological differentiation.
Our results highlight the importance of refugial areas for conservation of intraspecif-
ic variation in calcareous grassland species.

KEYWORDS

AFLP, LGM, phylogeography, plant, rare markers, recolonization, refugia, seed mor-
phology
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2.1 INTRODUCTION

Apart from contemporary genetic exchange, histori-
cal processes have strongly affected species’ current
ranges as well as the genetic variation and structure
of their populations (Comes & Kadereit, 1998; Schaal
et al., 1998; Hewitt, 2000; Soubani et al., 2014).
Regarding the landscape history of Europe, paly-
nological and pedoanthracological studies have con-
tributed great knowledge about the history of grass-
lands, but mostly by focusing on reforestation (e.g.
LoZek & Cilek, 1995; Poschlod et al., 2008; Dutoit et
al., 2009; Hajkova et al., 2011). Due to low availabili-
ty of pollen records for herbaceous plants (Poschlod
& Baumann, 2010), the limited taxonomic power of
pollen and the non-uniform processes of pollen dep-
osition, such studies are only of indirect value for the
reconstruction of the post-glacial distribution, abun-
dance and history for many grassland species. It is
known from several studies that small-scale natural
grasslands have existed at preferable sites in the for-
est-dominated landscape of the post-glacial period
(Ellenberg, 1996; Svenning, 2002; Karlik & Poschlod,
2009; Hajkova et al., 2011; JaniSova et al., 2011; Poko-
rny et al., 2015; Poschlod, 2015) and semi-natural
grasslands have expanded at least since the Mesolith-
ic-Neolithic transition, associated with (agricultural)
activity of man (Hejcman et al., 2013; Poschlod, 2015).
Whereas most agricultural species are expected to
have originated and spread by man from the Fertile
Crescent and the Mediterranean region (Poschlod,
2015), the origin of temperate grassland species,
whether dependent orindependent of man, has been
analysed in fewer studies, mainly focusing on steppe
species (Hensen et al., 2010; Harter et al., 2015; Ka-
jtoch et al., 2016; Meindl et al., 2016). By the use of
molecular markers, comprehensive phylogeographic
studies (Avise et al., 1987; Avise et al., 1998) have pro-
vided knowledge about glacial refugia, long distance
colonisations, fragmentations and isolations (Taber-
let et al., 1998; Hewitt, 2001; Kadereit et al., 2004).
The Pleistocene was probably the most influential
era for the composition of the present floras of the
northern hemisphere. Advancing and receding ice
sheets, changing temperatures and water availabili-
ty caused retractions (during glacials) or expansions
(during interglacials) of temperate plants and animals
to areas with climatically favourable conditions. Es-
pecially during the last glacial maximum (LGM), when
Northern and Central Europe were covered either
by a large ice shield or permafrost soil (Lang, 1994;
Ruddiman & Thomson, 2001). The vegetation of the
interglacials may have resembled today’s flora com-
position as at least the climate during interglacial
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periods was similar to the present Holocene (Frogley
& Tzedakis, 1999). Temperate species in the western
Palearctic are commonly regarded to have survived
the glacials in refugia on southern Peninsulas, where
the alleviated influence of the glacial cycles allowed
long-term survival (Taberlet et al., 1998; Hewitt,
2000; Tzedakis et al., 2002; Hewitt, 2004). But recent
phylogeographic studies have suggested additional
northerly located microrefugia for temperate species
within the steppe-tundra vegetation (Stewart & Lis-
ter, 2001; Magri et al., 2006; Bhagwat & Willis, 2008;
Bylebyl et al., 2008; Tzedakis et al., 2013; Daneck et
al., 2015). Climate modelling has supported these
results (Ohlemiiller et al., 2012; Boston et al., 2015).
Altogether, species have shown individual responses
to climate change, depending on different dispersal
abilities, refugia locations and post-glacial migra-
tion trajectories (Stewart et al., 2010; Normand et al.,
2011; Triponez et al., 2015).

It has been subject of debate, whether the time
frames of the Quaternary climate oscillations were
long enough to cause (allopatric) speciation or if
they merely caused repeated range shifts and at
most differentiation of isolated populations (Comes
& Kadereit, 1998; Kadereit et al., 2004). Potentially,
a secondary contact of divergent populations might
have caused a loss of beginning differentiation or
speciation, resulting in stasis (Kadereit et al., 2004),
or sympatric speciation due to hybridisation as out-
come of secondary contact (Stebbins, 1984; Comes &
Kadereit, 1998). Moreover, it is often difficult to distin-
guish between hybridization and incomplete lineage
sorting in sympatrically distributed lineages (Sang
& Zhong, 2000), as these processes show very simi-
lar phylogenetic signatures (Wendel & Doyle, 1998).
Incomplete lineage sorting is mainly observed in re-
cently diverged populations that have retained and
stochastically sorted ancestral polymorphisms (Mad-
dison & Knowles, 2006). Especially due to a shorter
life cycles of herbaceous plant species, more gener-
ations have passed since recolonization started, they
are expected to have responded more quickly to cli-
mate changes than long-lived tree species (Comes &
Kadereit, 1998).

To date, phylogeographic studies on plants mainly
focused on trees (e.g. Petit et al., 2003; Tzedakis et al.,
2013; Havrdova et al., 2015), the majority of available
studies on herbaceous plants were conducted either
on forest or on (arctic-) alpine plant species. Only a
limited set of recent studies have demonstrated the
colonisation history and the origin of Central Europe-
an calcareous grassland species after the LGM (Fjell-
heim et al., 2006; Bylebyl et al., 2008; Meindl, 2012,
Sutkowska et al., 2013; Harter et al., 2015). This is sur-
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prising, since the Central European calcareous grass-
lands are among the most species-rich and highly
endangered ecosystems (Poschlod & WallisDeVries,
2002; WallisDeVries et al., 2002). One reason for the
high biodiversity lies in the fact that these grasslands
are characterized by a transitional climate containing
phytogeographic elements of continental, Mediterra-
nean, Atlantic and Pannonian regions (Hejcman et al.,
2013). While for sub-oceanic Festuca pratensis (Fjell-
heim et al., 2006) and (sub-) Mediterranean Eryngi-
um campestre (Bylebyl et al., 2008) a re-colonisation
of Central Europe originating from south-western
and (south-) eastern glacial refugia was proposed,
continental steppe plants in Central Europe like
Scorzonera purpurea (Meindl, 2012) are supposed to
have originated only from south-eastern European
regions. However, for sub-oceanic-subcontinental
Corynephorus canescens (Harter et al., 2015) and oce-
anic Hippocrepis comosa (Leipold et al., 2017) a mi-
gration route from Western Europe to Central Europe
was presumed. Some of these studies also supported
the possibility of “cryptic” northern refugia (Stewart
& Lister, 2001) contributing to the explanation of con-
temporary genetic structures and variations of these
grassland species.

To detect the glacial and post-glacial history of the
widespread Central European grassland species San-
guisorba minor Scop. (Salad Burnet, Rosaceae), the
present study investigates the genetic composition
and structure of populations across Europe via AFLP
(amplified fragment length polymorphism), which
have been successfully used before to identify taxo-
nomic relationships on different taxonomic levels (El
Rabey et al., 2014; Wietsma et al., 2014; Reisch et al.,
2015) and (post-)glacial history (Schonswetter et al.,
2005; Bylebyl et al., 2008; Reisch, 2008; Daneck et al.,
2015).

Phylogeographic studies analyse genetic differen-
tiation both below and above species level without
being restricted to taxonomic preconceptions based
on morphological divergence (Schaal et al., 1998; He-
witt, 2001). Yet genetic variation and differentiation
can be reflected in morphological characters and
molecular markers (Bateman et al., 2006; Kadereit
& Yaprak, 2008; Kropf, 2008; Scheepens et al., 2013).
Thus we additionally investigated the connection of
phylogeographic pattern of neutral marker and mor-
phological differentiation of the challenging morpho-
logically variable plant species (Nordborg, 1967; Tutin
et al., 1968; Dahlgren, 1995). Our study considers the
two of three subspecies with distribution in Central
and Southern Europe, subsp. minor (Scop.) and sub-
sp. balearica (Bourg. ex Nyman) Mufioz Garm. & C.
Navarro, that can in fact be differentiated via seed
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(hypanthia) morphology, but of which inhomoge-
neous hybrid swarms and intermediate individuals
due to hybridization have frequently been described
(Nordborg, 1967; Tutin et al., 1968; Mufioz Garmendia
& Navarro, 1999).

We aimed to answer the following questions: (1)
Where were putative glacial refugia of S. minor lo-
cated and what were the post-glacial recolonization
routes? (2) Does the genetic structure of S. minor re-
flect its intraspecific morphological descriptions and
the geographical distribution of the subspecies?

2.2 MATERIALS AND METHODS

SPECIES DESCRIPTION AND FIELD SAMPLING

The Salad Burnet, Sanguisorba minor (Rosaceae), is
a regular element in dry, semi-dry grasslands or low-
land hay meadows. It grows on waysides, railroad
embankments, gravel, steep slopes and rocks up to
2200 m. The speciesis described as a suboceanic-sub-
continental floristic element, which is widely distrib-
uted in the Western, Central and Southern European,
the Western Asian and the Northern African flora and
has been introduced to large parts of Northern Amer-
ica (Dahlgren, 1995).

For the genetic analysis of S. minor, due to finan-
cial limitations, we decided in favour of collecting
a high number of populations in place of high sam-
ple size within population. Fresh leaf material from
5 plant individuals of 38 populations in 14 countries
(see Figure 2.1) was collected and immediately dried
with silica gel. Where available, seeds (nutlets) were
collected for a proper delimitation of subspecies.

S. minor subspecies are morphologically extreme-
ly variable considering vegetative and generative
traits (Tutin et al., 1968; Dahlgren, 1995; Mufioz Gar-
mendia & Navarro, 1999). Along with the absence of
reproductive barriers, taxon delimitation is difficult
(Dahlgren, 1995) and the low correspondence of traits
within a single plant or population has led to incon-
sistent taxonomic designations. For instance, accord-
ing to the online data base of Flora Iberica (2015), 36
heterotypic synonyms had been assigned alone to
the subspecies S. minor subsp. minor.

In her extensive treatise, Nordborg (1967) differ-
entiated five subspecies of S. minor: subsp. minor
(Scop.), subsp. lasiocarpa (Boiss. & Hausskn.) Nord-
borg, subsp. magnolii (Spach) Nordborg, subsp. mu-
ricata (Spach) Nordborg and subsp. rupicola (Boiss.
&Reut.) Nordborg. The more recent classification in
the Flora Iberica (Munoz Garmendia & Navarro, 1999)



considers subsp. magnolii and subsp. rupicola as dis-
tinct species S. verrucosa (Link ex G. Don) Ces. and S.
rupicola (Boiss. & Reut.) A. Braun & C.D. Bouché. and
subsp. muricata as subsp. balearica (Bourg. ex Nyman)
Mufioz Garm. & C. Navarro. In the investigated area of
this study, covering the latitude from 8 °W to 22 °E and
the longitude from 38 to 55°N (see Table 2.1), two sub-
species have been described (Nordborg, 1967; Tutin
et al., 1968): subsp. minor and subsp. balearica. The
remaining subsp. lasiocarpa occurs in temperate Asia
was not investigated in this study. Moreover, as the
subspecies possess no sterility barriers, intermediate
forms that may be attributed to hybridization, can be
observed between subsp. balearica and subsp. minor
or subsp. balearica and S. verrucosa, which makes de-
limitation partially difficult (Nordborg, 1967; Tutin et
al., 1968; Dahlgren, 1995).

The investigated subspecies were differentiat-
ed based on hypanthium morphology according to
Nordborg (1967) and (Mufioz Garmendia & Navar-
ro, 1999):1. S. minor subsp. minor: hypanthium with
ridges, faces reticulate. 2. S. minor subsp. balearica:
hypanthium winged, faces with irregular sculptures.
We moreover differentiated two form series of subsp.
balearica according to the form series of subsp. mu-
ricata of Nordborg (1967): A. platylopha-series: dis-
tinctly winged hypanthia with irregularly structured
faces, referred to as subsp. balearica (platylopha). B.
stenolopha-series: wings ridge-like and faces with
reticulate sculptures, referred to as subsp. balearica
(stenolopha). Co-occurring S. verrucosa can mainly
be differentiated by its strongly verrucose or brain
like hypanthium without ridges or wings. S. rupicola
occurs beyond our study area in south-eastern Iberia
and northern Morocco and is distinguished by habi-
tus and ellipsoid hypanthium.

Based on this identification key, six populations (1,
2,3,5,15and 17) with available seeds were identified
as subsp. minor (Table 2.1). Seven populations (25, 27,
29, 31, 35, 38) were assigned to as subsp. balearica
(platylopha) and two populations (24 and 33) to sub-
sp. balearica (stenolopha). Populations 21, 22 and 23
were composed of seeds assigned to subsp. baleari-
ca (stenolopha) and to subsp. balearica (platylopha).
Population 26 contained subsp. balearica (stenolo-
pha) and subsp. balearica (platylopha) individuals
as well as individuals with wingless verrucose seeds
assigned to S. verrucosa. Population 20 contained
strongly intermediate verrucose winged seeds, which
were referred to as balearica x verrucosa and S. verru-
cosa-individuals.

S. minor subsp. minor occurs throughout most
of the species’ range, mainly present in Central and
Northern Europe. Subsp. balearica is native to South-
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ern Europe and according to Tutin et al. (1968) nat-
uralised in Central Europe. According to Nordborg
(1967), in overlapping regions these subspecies are
isolated either by altitude or ecological niche. In
Southern Europe, subsp. minor is confined to alti-
tudes above 1,000 m and replaced by subsp. balearica
in altitudes below 1,000 m. Growing within one habi-
tat, subsp. minor and subsp. balearica occupy differ-
ent ecological niches but they occasionally occur to-
gether (Nordborg, 1967). While subsp. minor grows on
stony slopes with relatively few other species, subsp.
balearica grows in dense meadow vegetation. S. ver-
rucosa can be found in the Mediterranean region and
commonly occurs in macchia, garigue and phrygana
(Nordborg, 1967).

DNA ISOLATION AND AFLP FINGERPRINTING

Genomic DNA was extracted from 15-20 mg dry leaf
samples using the CTAB-method (Rogers & Bendich,
1994) following an adapted protocol outlined in Re-
isch & Kellermeier (2007). The DNA contents of each
sample were measured photometrically and adjusted
at 7.8 ng/ul.

The dominant marker AFLP (Vos et al., 1995)
method was selected as it produces many loci over
the whole genome and it is a highly preferable meth-
od for the assignment of individuals to populations
(Gaudeul et al., 2004). The AFLPs were conducted
adopting the protocol from Beckmann Coulter as de-
scribed previously (Bylebyl et al., 2008; Reisch, 2008).
Following a wider pre-screening, for the subsequent
selective DNA amplification two primer pairs pro-
duced clear band patterns (M-CAC/D2-E-ACC, M-CAA/
D3-E-AGG, Beckman Coulter, Krefeld).The selective
PCR products were appropriately diluted with 1x
TEO.1 buffer for AFLP to receive optimal results with
fluorescent dyes of the selective primers. Pelleted
DNA was re-dissolved in a mixture of 24.8 ul sample
loading solution and 0.2ul CEQ Size Standard 400
(both Beckman Coulter). The fluorescence-labelled
selective amplification products were separated by
capillary gel electrophoresis on an automated se-
quencer (CEQ 8000, Beckman Coulter). Raw data
were collected and analysed with the CEQ Size Stand-
ard 400 using the CEQ 8000 software (Beckman Coul-
ter). Results were analysed in Bionumerics 6.6 (Ap-
plied Maths). After manually scoring AFLP profiles,
the presence or absence of bands for every particular
fragment size and individual was transformed into
a binary (1-0) matrix, serving as basis for all further
analysis. Forindividuals with no clear banding signals
AFLPs were repeated.
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DATA ANALYSIS

Refugia are expected to possess higher genetic var-
iation and can therefore be distinguished from sur-
rounding recolonized regions, where recent disper-
sal might have led to genetic depauperation due to
founder effects (Hewitt, 1996; Comes & Kadereit,
1998; Taberlet et al., 1998; Tzedakis et al., 2013).
Therefore, within-population genetic variation as
Nei’s Gene Diversity He (Nei, 1972), Shannon’s Infor-
mation Index (Sl) and the number and percentage of
polymorphic loci (PL and PPL) were calculated using
POPGENE v. 1.31 (Yeh et al., 1999).

Besides higher genetic variation, rare fragments
have become an important criterion for identifying
refugia (Schonswetter et al., 2005; Paun et al., 2008).
As measure of divergence, the rarity of markers by
frequency-down-weighted marker values (DW) was
calculated (Schonswetter & Tribsch, 2005) with the
r-script AFLPdat (Ehrich, 2006) in R v.3.1.1 (Develop-
ment Core Team, 2014). The value of DW is expected
to be high in long-term isolated populations (Paun et
al., 2008) where rare markers should accumulate due
to mutations whereas newly established populations
are expected to exhibit low values, thus DW values as-
sist in distinction between old vicariance from recent
dispersal (Schonswetter & Tribsch, 2005). According
to Paun et al. (2008) rare fragments (DW values) are
better indicators for locating glacial refugia than pat-
terns of genetic diversity, which rather mirror con-
temporary processes like connectivity of populations
and population sizes. He and DW values were plotted
onto the geographic coordinates of the sample loca-
tions.

Single He, SI, PPL and DW values of each popula-
tion were opposed to the average of all populations
using alternative one sample t-tests in order to cate-
gorize them as below (V) or above average (1) in R (R
Core Team, 2013).

To survey the existence of a genetic structure
within all collected populations of Sanguisorba mi-
nor, a Bayesian cluster analysis in STRUCTURE v 2.3
was performed (Pritchard et al., 2000, 2009). Assum-
ing that all individuals originate from one population
and based on the band frequencies in multiple loci,
the program calculates a k value by multiple Markov
chain Monte Carlo (MCMC) algorithm, an estimate of
the number of genetically related groups in the data
set. Individuals are assigned to one or several groups,
unbiased by their original population. The no admix-
ture ancestry and correlated allele frequency model
was used to investigate k from 2 to 40, performing a
burn-in period of 10,000 followed by 10,000 iterations
with 10 replicate runs. Ak was calculated to assess the
most likely number of groups following the method
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of Evanno et al. (2005). The results were plotted onto
the geographic coordinates of the sample locations.

To identify geographic patterns in our data set we
performed a spatial Principal Component Analysis
(sPCA) using the package adegenet (Jombart et al,,
2008) in Rv.3.1.1 (Development Core Team, 2014). Ge-
ographical coordinates of each population originally
recorded in the reference system WGS 1984 were pro-
jected to ETRS 1989 LCC. In order to avoid identical
coordinates of individuals belonging to one popula-
tion, the coordinates were modified by random shifts
by the smallest possible factor of 0.5. Geographical
data were used to generate a spatial weighting ma-
trix that contains all spatial proximity information,
derived from Delaunay triangulation as connection
network. Moran’s | (Moran, 1948) was then calculat-
ed to measure the spatial structure in the band fre-
quencies of AFLP data. Moran’s | ranges from+1to -1,
indicating a strong positive or negative spatial auto-
correlation, respectively. In case of a positive spatial
autocorrelation, a global structure in the data can
be assumed, whereas negative values indicate a lo-
cal structure and zero a totally random pattern. For
the assessment and interpretation of local and glob-
al structures, a screeplot was drawn by plotting the
variance of the SPCA against Moran’s |. To statistically
test for presence of spatial structures, Monte Carlo
tests were performed using 9999 permutations. The
sPCA-screeplot revealed an apparent differentiation
of the eigenvalues of the first and the second global
scores Al and A2 in terms of geographical and genet-
ic variance and a significant global (p<0.001) but no
local (p=1) spatial structure (Monte-Carlo test struc-
ture).The genetic differentiation of the principal com-
ponents was therefore plotted for the first two global
scores Al and A2 against geographical coordinates.

Moreover, we performed a cluster analysis based
on the 38 studied populations of S. minor in FAMD
v.1.30 (Schlueter & Harris, 2006) using Cavalli-Sforza
& Edwards chord distances and Neighbour Joining
(NJ). The unrooted tree was displayed with Tree View
(Page, 1996).

To investigate the variation within and between
the surveyed populations and to quantify the differ-
entiation between regions, we performed analyses
of molecular variance (AMOVA, Excoffier et al., 1992),
using GENALEX v6.5 (Peakall & Smouse, 2012), using
resultant sPCA-groups and NJ-clusters as regions.
Based on Euclidean pairwise genetic distances be-
tween the individuals (®PR), populations (®PT) and
regions (PRT), the sums of squares were calculated
(SSWP) and divided by the degrees of freedom (SS-
WP/n-1).He and DW values within detected regions



were additionally compared using ANOVAs and sub-
sequent Tukey-HSD-tests in R (R Core Team, 2013).

CORRELATION BETWEEN GENETIC PAT-
TERNS AND HYPANTHIUM MORPHOLOGY

To combine the genetic patterns with the morphol-
ogy of hypanthia (subspecies delimitation), the sub-
species (subsp. minor, subsp. balearica and balearica
x verrucosa) were presented graphically on the un-
rooted NJ tree.

2.3 RESULTS

The AFLP analysis of 190 individuals with two prim-
er combinations resulted in 166 fragments (D2: 97,
D3: 69 fragments), ranging between 60 and 420bp,
of which 94.58% were polymorphic. Nei’'s Gene Di-
versity (He) ranged between 0.06 and 0.22 (mean
0.16+0.01), Shannon Index (SI) between 0.09 and 0.33
(mean 0.23+0.01) and the percentage of polymor-
phic loci (PPL) between 16.87% and 57.83% (mean
41.47+1.56, Table 2.1, Figure 2.1). Firstly, some of
the most diverse populations were located north of
the southern peninsulas in Belgium (population 08:
PPL=57.8%, He=0.22+0.21, SI=0.33+0.30), the Pyr-
enees (population 03: PPL=51.8%, He=0.19+0.21,
S1=0.29+0.30), western France (population 04:
PPL=51.2%, He=0.22+0.22,  SI=0.31+0.31),
Southern Germany (population 13: PPL=48.2%,
He=0.19+0.21, SI=0.28+0.31) and Switzerland
(population  11: PPL=48.8%, He=0.19+0.21,
S1=0.28+0.30). Similar high levels of genetic diversity
were also found in Southern France (population 26:
PPL=53.0%, He=0.19+0.20, SI=0.29+0.29) and on
the southern peninsulas in Croatia (population 31:
PPL=48.2%,He=0.19+0.22,S1=0.28+0.31),Gulfof La
Spezia (population 27: PPL=46.4%, He=0.19+0.22,
S1=0.2740.31) and northern Spain (population 21:
PPL=50.0%, He=0.18+0.21, SI=0.27+0.29). Accord-
ingly, populations with the lowest diversity were
located as well north of as on the southern penin-
sulas, e.g. in Germany (population 16: PPL=17.5%,
He=0.06+0.14, SI=0.09+0.21 and population 17:
PPL=16.9%,He=0.06+0.15,S1=0.09+0.21),theCzech
Republic (population 18: PPL=28.9%, He=0.10+0.17,
S1=0.15+0.25) or in central Spain (population 22:
PPL=25.9%, He=0.10+0.18, SI=0.15+0.26).

DW values ranged between 3.07 and 7.15 (mean
4.66+0.14). The lowest DW values were located in
Greece (population 37: DW=3.07) and in the Czech
Republic (population 18: DW=3.32), the highest in
Belgium (population 08: DW=7.15) and in northern
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Spain (population 01: DW=7.12). Significantly high-
er DW values than on average were found in Atlantic
regions of northern Spain and western France (popu-
lation 01: DW=7.12 and population 04: DW=4.97), in
Mediterranean regions at the Gulf of La Spezia (popu-
lation 27: DW=5.10, Italy), Central Italy (population 29:
DW=5.85) and north-western Croatia (population31:
DW=5.71), in the Continental region of south-eastern
Serbia (population 38: DW=6.13) and in Sub-ocean-
ic-subcontinental regions of Wallonia (population 08:
DW=7.15, Belgium), North Rhine-Westphalia (popula-
tion 12: DW=5.14, Germany), Lower Franconia (popu-
lation 14: DW=5.31, Germany) and Upper Palatinate
(population 16: DW=5.13, Germany).

The results with spatial reference indicated a
strong separation of the investigated area in an east-
ern and western lineage or a north-western (NW),
south-western (SW) and south-eastern (SE) lineage
(see Figure 2.2, Figure 2.3). Bayesian cluster analysis
conducted with STRUCTURE assigned the investigat-
ed individuals to three distinct genetic groups (k=3,
appendix Figure 2.5). Figure 2.2 shows an unambig-
uous placement of group 1 individuals into popu-
lations of the south-eastern study area and a com-
bination of group 2 and 3 genotypes in the centre,
northwest and southwest of the study area. Popula-
tions involving only group 1 genotypes were located
in Southeast Europe (Greece, Republic of Macedonia,
Serbia), southeast Central Europe (Croatia, Hunga-
ry, Slovenia), the Apennines and southern Alps in It-
aly. Exceptions from the almost genetically uniform
south-eastern study area were population 27 (ltaly),
containing additional genotypes assorted to group 2,
populations 32 (Croatia), 36 (Republic of Macedonia),
37 (Greece), containing also genotypes assorted to
group 3 and population 19 (Slovenia) with genotypes
assorted to all three groups. Group 2 and 3 individu-
als occurred in varying proportions in populations of
the Iberian Peninsula (Spain), north-western Europe
(South England, France, Belgium) and Central Europe
(Germany, Switzerland, Czech Republic).

An even clearer east-west division appeared in the
sPCA analysis (first global score Al, Figure 2.3A, ap-
pendix Figure 2.6). Populations in the south-western
(Iberian Peninsula) and the central study area (France,
Great Britain, Belgium, Germany, Switzerland and
Czech Republic) were separated from populations
located south-east of the Alps in the eastern study
area (Italy, Balkan Peninsula, Greece, Hungary). The
weaker second global score A2 presented a distinc-
tion between most Mediterranean populations (all
populations on the Iberian Peninsula and in Southern
France, population 27 and 30 in Italy, population 37
in Greece and population 36 in the Republic of Mac-

17



Chapter 2

edonia and population 32 in Croatia) and all popula-
tions north and east of the Mediterranean region plus
populations 29 (Italy), 31 and 33 (both Croatia; Figure
2.3B).

The neighbour joining tree generated by FAMD
revealed three distinct clusters, corresponding
their spatial distribution, embracing populations
in the north-western (NW), south-western (SW) or
south-eastern (SE) study area (Figure 2.4). Popula-
tions mainly originating from north-western and Cen-
tral Europe (England, France excluding Mediterranean
but including Pyrenees, Belgium, Germany, Switzer-
land, Czech Republic and Slovenia) were assigned to
cluster NW. Cluster SW represents populations from
the western Mediterranean region (Southern France,
North-western Italy and Iberia excluding the north-
ernmost populations) and cluster SE eastern Mediter-
ranean and eastern European populations. It was dif-
ficult to assign population 27 (Italy) and 19 (Slovenia)
to either cluster.

The distinct south-eastern populations of the
sPCA (first global score A1) were entirely congruent
with the cluster SE of the NJ tree, except from pop-
ulation 26 (Italy). Regarding the second global score
A2 of the sPCA, the NJ tree and sPCA produced slight-
ly different results concerning the affiliation of the
Iberian Peninsula. While in the NJ tree, the northern
Spanish and Pyrenean populations were assigned
to the northern cluster (NW), the sPCA separated all
populations located on the Iberian Peninsula and the
Pyrenees from all northern populations.

FIGURE 2.1
(He) and frequency-down-weight-

Nei’s gene diversity

ed marker values (DW) of San-
guisorba minor populations in Eu-
rope surveyed via AFLP. Different
circle sizes indicate different abso-
lute values.
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The analysis of molecular variance (AMOVA) en-
compassing all populations without further classi-
fication revealed a total molecular variance of 65%
within and 35% among populations (Table 2.2). Con-
sidering the sPCA-groups, the molecular variation be-
tween northern and southern populations was 6%,
whereas the variation between eastern and western
populations was 10%. The highest genetic variation
of 16 % was detected between the three NJ clusters,
NW, SW and SE, with a differentiation between the
clusters SE and SW of 19% and a lower differentiation
between NW and SE as well as between NW and SW
of 15 and 14 %, respectively. The mean genetic varia-
tion (He) was not significantly different between the
NJ clusters (NW, SW and SE; F=0.499,N=38,p=0.611)
and the sPCA-regions north-south (F=0.377, N=38,
p=0.543) or east-west (F=1.532, N=38, p=0.224).
Equally, the mean DW values did not differ significant-
ly between the NJ clusters (F=0.089, n=38, p=0.915)
and the sPCA-regions north-south (F=2.249, n=38,
p=0.142) or east-west (F=0.028,n=38, p=0.867).

Comparing phylogeographic patterns with sub-
species assignment of S. minor, Figure 2.4 shows that
all six populations of subsp. minor (populations 1, 2,
3,5, 15 and 17) were placed within the NJ cluster NW.
Homogenous subsp. balearica (platylopha) popula-
tions were found in cluster SW (populations 25) and
in cluster SE (populations 27, 29,31 ,35,38). The two
subsp. balearica (stenolopha) populations (popula-
tion 24 and 33) occurred in the two southern clusters
SE and SW. Inhomogeneous populations composed
of the subspecies subsp. balearica (stenolopha) and
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subsp. balearica (platylopha; populations 21,22 and  (stenolopha) population 24. At the same time, the
23) were only found in cluster SW and were placedon  only subsp. balearica (stenolopha) population 33
the same branch together with the subsp. balearica  within the cluster SE was placed on the same branch

TABLE 2.1 Genetic variation within populations of Sanguisorba minor based on AFLP fragments. ID (population identifier), Cnty
(country code according to I1SO 3166), Ssp (Subspecies assignment of 19 S. minor populations based on hypanthium morphology. A:
subsp. minor, B: subsp. balearica (stenolopha), C: subsp. balearica (platylopha), D: S. verrucosa. He (Nei’s gene diversity), SI (Shan-
non-Index), PL (number of polymorphic loci), PPL (Percentage of polymorphic loci) and DW (rarity value), v (values below average),
1 (values above average). Significance levels: *: p<0.05, **: p<0.01, ***: p<0.001. Sample size of each population 5, total number of
sampled individuals 190 and total number of loci 166.

ID Latitude Longitude Cnty Ssp He HeSD | ISD PL PPL DW

1 2741516 1960198 ES A 0.156 0.202 0.230 0.289 69 4157 = 712
2 2871155 1984391 ES A 0.157 0.191 = 0.239 0.275 ~» 78 4699 Y 376 V*
3 3169159 1898007 FR A 0.195 0.209 a*** 0.288 0.297 4*** 86 51.81 *** 417 V¥
4 3203281 2077812 FR 0.215 0.223 a*** 0311 0.315 +*** 85 51.20 A*** 497 4
5 3274552 1870185 FR A 0.119 0.186 v*** 0.178 0.268 *** 55 33.13 Y 3563 V7
6 3315581 2728755 UK 0.184 0.214 2*** 0.268 0.304 +** 76 4578 ™ 4.89

7 3370234 2550604 FR 0.113 0.186 *** 0.167 0.267 ¥*** 50 30.12 V*** 456

8 3641322 2629779 BE 0.223  0.210 4*** 0.328 0.298 2*** 96 57.83 A*** 715 4**
9 3750301 2532697 FR 0.187 0.218 4*** 0.270 0.309 a*** 75 4518 4 4.82
10 3812006 2308901 CH 0.133  0.196 v*** 0.196 0.281 4*** 58 3494 V*** 446
11 3924404 2155997 CH 0.189 0.210 2*** 0.278 0.300 ~*** 81 48.80 ** 432 V*
12 3945726 2744271 DE 0.182 0.210 4*** 0.267 0.299 *** 78 46.99 a*** 514 4
13 4018618 2306096 DE 0.192  0.217 a*** 0.279 0.307 a*** 80 48.19 2*** 4.66

14 4009876 2609473 DE 0.109 0.185 v*** 0.161 0.266 *** 47 2831 Y 531 A4
15 4074132 2732207 DE A 0.121  0.185 *** 0.181 0.268 V*** 56 3373 VY 3.67 VT
16 4139951 2498091 DE 0.060 0.143 ¥*** 0.090 0.207 *** 29 17.47  V*** 513 a**
17 4221974 2444927 DE A 0.063 0.151 v*** 0.093 0.216 V*** 28 16.87 V*** 443 o

18 4239679 2560361 Ccz 0.099 0.172 v*** 0.149 0.249 *** 48 28.92 V*** 332 W
19 4378267 2190396 SL 0.163 0.205 ~ 0.240 0.293 ~» 71 42707 4.13 W
20 2645308 1789442 ES D,CxD  0.157 0.200 0.233  0.287 ~ 71 4277 o~ 436
21 2913028 1827554 ES B,C 0.184 0.205 a*** 0.273 0.293 4*** 83 50.00 +*** 4.83 2
22 2980194 1658641 ES B,C 0.103 0.184 4*** 0.150 0.264 V*** 43 25.9 V** 490 2
23 3143957 1617416 ES B,C 0.115 0.186 v*** 0171 0.268 *** 51 3072 Y 3.88 T
24 3244727 1781566 ES B 0.177  0.217 a** 0.257 0.306 " 73 4398 2 473 »
25 3643963 1942374 FR C 0.184 0.204 a*** 0.273 0.291 *** 83 50.00 *** 4.09 v
26 3734857 1884488 FR B,C,D 0.193 0.200 ~*** 0.287 0.288 A*** 88 53.01 1** 4.62
27 3963289 1967082 IT C 0.188 0.216 a*** 0.274 0.307 A** 77 46.39 4" 510 2"
28 4117431 2227780 IT 0.167 0.203 0.246  0.292 = 73 4398 » 465 L
29 4168674 1855975 IT C 0.161 0.201 ~ 0.239 0.288 ~ 72 4337 » 5.85 ¥
30 4283470 1775774 IT 0.168 0.199 2 0.250  0.287 2" 76 4578 ' 3.94 W7
31 4294181 2064660 HR C 0.194 0.216 a*** 0.282 0.307 4*** 80 48.19 A*** 572 **
32 4459280 1954615 HR 0.184 0.204 ~*** 0.273 0.293 +*** 81 48.80 A*** 423 ¥
33 4606595 1846122 HR B 0.143 0.205 v~ 0.208 0.292 v** 59 3554 VY 460
34 4650717 2352434 HU 0.181 0.210 +*** 0.266 0.299 2*** 78 46.99 A*** 489 ~»
35 4728781 2108665 RS C 0.163 0.191 ~ 0.246 0277 ~ 79 4759 Y 371 VF
36 4928849 1692140 MK 0.166 0.195 ~ 0.249 0.283 2 77 46.39 4 4.15
37 4976423 1551289 GR 0.138 0.188 v** 0.207 0.272 V** 66 3976 3.07 vt
38 4988778 1927190 RS C 0.137 0.197 v** 0.202 0282 ** 60 36.14 7Y 613 AT

19



Chapter 2

FIGURE 2.2 Results from the
STRUCTURE analysis plotted onto
geographic coordinates of the sur-
veyed populations of Sanguisorba
minor for K=3.

with subsp. balearica (platylopha)-populations 29,
31,35 and 38. Two populations in the NW cluster were
intermingled with individuals of S. verrucosa as in-
homogeneous hybrid swarms either together with a
potential hybrid (balearica (platylopha) x verrucosa;
population 20) or with individuals of subsp. balearica
(stenolopha) and subsp. balearica (platylopha; pop-
ulation 26). These populations showed close genetic
relationship in the NJ tree and were located on the
same branch together with the homogenous subsp.
balearica (platylopha) population 25.

From the morphology of available seeds it became
apparent that the south-eastern study area, domi-
nated by group 1 genotypes (sPCA), was mainly com-
posed of subsp. balearica (platylopha)-populations
(27, 29, 31, 35, 38) with the exception of population
33, which was assigned to subsp. balearica (stenol-
opha). At the same time, populations with different
proportions of group 2 and group 3 genotypes in the
south-western and north-western study area were
not associated with morphological differentiation of
subspecies. For instance, population 26, containing a
mixture subsp. balearica (stenolopha), subsp. baleari-
ca (platylopha) and S. verrucosa, as well as population
25, which only included subsp. balearica (platylopha)
individuals, exhibited only group 3 genotype.
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2.4 DISCUSSION

We were able to reconstruct patterns of postglacial
colonisations of the widespread grassland species S.
minor compiling a phylogeographic study, the most
effective way to gain insights into the origin of spe-
cies and of the composition of present floras (Avise et
al., 1987). We found evidence that S. minor may have
survived the last glacial maximum (LGM) in both,
northern and southern glacial refugia by analysing
genetic divergence (rarity index DW) as well as genet-
ic diversity. Moreover, spatial analyses and graphical
representations of genetic differentiation revealed
genetic differences between populations in the west
and east of the study area. Despite the complicated
subspecies delimitation of S. minor, we were able to
contribute to the understanding of the correspond-
ence of genetic, geographic and morphologic pat-
terns.

POTENTIAL GLACIAL REFUGIA OF S. MINOR

Granted that north-western and Central European
lineages of S. minor have derived from southern gla-
cial refugia, they are expected to exhibit reduced di-
versity (Hewitt, 1996; Hallatschek & Nelson, 2008). In
contrast to many previous studies, we observed no
latitudinal decline of genetic diversity within popu-
lations. Such a geographical gradient of genetic di-
versity from south to north is normally ascribed to
continuous founder effects and the related genetic
drift during the postglacial range expansion (Sebasky



et al,, 2016). The underlying mechanism of reduced
genetic diversity in recently colonized habitats is
described as “gene surfing” (Edmonds et al., 2004;
Klopfstein et al., 2006), which means that founder in-
dividuals at the leading front are more successful in
passing their genes to the new habitat. Consequently,
their progeny will be advantaged and pioneer genes
attain high frequencies. Due to random effects, some
of these lineages might go extinct or not be able to
keep up with the wave front, which causes the num-
ber of leading lineages to decline until one remaining
lineage dominates the colonization process.

Glacial and postglacial history of the Salad Burnet

FIGURE 2.3 Spatial distribu-
tion of all surveyed populations
of Sanguisorba minor with values
of the A) first (A1) and the B) sec-
ond (A2) positive (global) sPCA
scores. Different square sizes in-
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sPCA eigenvalues

dicate different absolute values.
Large black squares are distinct
from large white ones, while
small squares show less differen-
tiation. Grey lines show the used
connection network based on
Delaunay triangulation. On the
top right position of the maps,
the first 25 sPCA positive scores
are given.
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Albeit populations of S. minor with high genetic di-
versity were located on the southern peninsulas, e.g.
on the Istrian peninsula (population 31, Croatia), in
the Gulf of La Spezia (population 27, Italy) and in the
north of the Iberian Peninsula (population 21, Spain),
further diverse populations were located in Southern
France (population 26) and far from the Mediterra-
nean region, the Pyrenees (population 03), Southern
Germany (population 13) and Switzerland (popula-
tion 11). Even the two most diverse populations were
found beyond these southern peninsulas, in Belgium
(population 08) and western France (population 04).
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A — FIGURE 2.4 Unrooted cluster
_ A~ 1 ~ analysis of 38 Sanguisorba minor
NW A e 2 12 \ populations based on 166 ampli-
/ 17 3 13 \ fied fragment length polymorphism
10 4 (AFLP) fragments using Cavalli
14 \ -Sforza & Edwards chord distances
/ 16 8 18 \ and the neighbour-joining (NJ) algo-
A 1 rithm. Broken lines indicate the sep-
\ 15’ A aration of regions in the north-west-
7 A~ ern (NW), south-western (SW) or
001 \ 6 /5 Lo south-eastern (SE) study area.
9 — 19 .- 38q A: subsp. minor,
C 27 ~ — ‘__—" H B: subsp. balearica (stenolopha),
P ! C: subsp. balearica (platylopha),
Yo Pt - 35 (.: D: S. verrucosa
D,CxD 20 K i '
g 33 B
B,C,D 26 ;
25 ! '
% 21 29 ¢
\ 3 28
SW B,C 23" 24 ':' ','
“B.C._ 22//: 3,
~ ’
B—B,C 36 30 32 ..C
3 34 .-
’ PRd
" 37 ______ P e S E

Highly variable populations both in the southern
and northern regions of the distribution range sug-
gest a fast and broad fronted post glacial recoloni-
zation as previously reported for other plant species
(Alsos et al., 2009; Jadwiszczak et al., 2011; Jimén-
ez-Mejias et al., 2012; WindmaiRer et al., 2016). The
fact that northerly populations partially possess
higher genetic diversity than expected may on the
other hand determine them as “cryptic” northern
refugia (Stewart & Lister, 2001). However, these pop-
ulations could also be considered secondary contact
zones of southerly derived lineages meeting post-
glacially in the north, where hybridisation may also
have caused a higher genetic diversity (see Petit et
al., 2003; Havrdova et al., 2015). As genetic diversity is
also dependent on contemporary processes like ge-
netic exchange (Paun et al., 2008), identifying refugia
solely based on genetic diversity is delicate. There-
fore, we additionally consulted the rarity of markers
by frequency-down-weighted marker values (DW), as
the detection of rare marker accumulation facilitates
the location of putative glacial refugia (Hewitt, 1996;
Petitetal.,2003; Paun et al.,2008; Daneck et al.,2015).
Because of their continuous existence, glacial refugia
have maintained more private haplotypes and were
more divergent (Stewart & Lister, 2001; Ohlemiiller et
al., 2012). Half of the S. minor populations with signif-
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icantly higher DW values than average were placed in
periglacial northern locations like Guyenne (popula-
tion 04, France), Wallonia (population 08, Belgium),
North Rhine-Westphalia, Lower Franconia and Upper
Palatinate (populations 12, 14 and 16, Germany). High
DW values of populations beyond the southern refu-
gia emphasise their continuous persistence in north-
erly Europe rather than a colonization from southern
refugia. Significantly higher DW values indicating ref-
ugia on the southern peninsulas, applying the tradi-
tional view of southern refugia (Taberlet et al., 1998),
were detected in northern Spain (population 01), at
the Gulf of La Spezia, Umbria (populations 27 and 29,
Italy), the Istrian peninsula (population 31, Croatia)
and south-eastern Serbia (population 38).
Considering divergence and diversity, putative
glacial refugia possessing both high DW- and diversi-
ty values, which indicate continuous persistence and
sufficient population size were located in southern
Europe at the Gulf of La Spezia (population 27, Italy)
or on the Istrian peninsula (population 31, Croatia)
but definitely also northerly in western France (popu-
lation 04), Belgium (population 08) or Germany (pop-
ulation 12). Other potential refugia that may have
recently lost genetic diversity e.g. due to isolation of
populations (Paun et al., 2008) occurred in northern
Spain (population 01), Umbria (population 29, Italy),
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TABLE 2.2 Geneticvariation within and between studied populations and regions of Sanguisorba minor detected

by analysis of molecular variance (AMOVA). df (degree of freedom), SS (sum of squares), MS (mean squares), Est.

Var. (estimated variation), % (proportion of genetic variation). NW (north-western study region), SE (south-eastern

study region), SW (south-western study region). Significance levels: *: p<0.05, **: p<0.01, ***: p<0.001.

Molecular variation Df SS

MS  Est.Var. % OPT ORT PR p

A. Between and within populations- without regions

Between pop. 37 2338.3 63.20 9.24 35 0.352 el
Within pop. 152 2586.8 17.02 17.02 65

B. Between and within sPCA-regions east-west (first global score A1)

Between reg. 1 297.1  297.10 2.81 10 0.101 e
Between pop. within reg. 36 2041.2 56.70 7.94 29  0.387 e
Within pop. 152 2586.8 17.02 17.02 61 0.318 ***
C. Between and within sPCA-regions north-south (second global score A2)

Between reg. 1 206.2  206.19 1.59 6 0.059 e
Between pop. within reg. 36 2132.2 59.23 8.44 31 0371 e
Within pop. 152 2586.8 17.02 17.02 63 0.332 ***
D. Between and within NJ clusters NW, SE, SW

Between clusters 2 606.6 304.31 4.28 16 0.154 o
Between pop. within clusters 35 1731.7 49.48 6.49 23 0.388 e
Within pop. 152 2586.8 17.02 17.02 61 0.276  ***
E. Between and within NJ clusters NW, SE

Between clusters 1 364.9 364.93 4.12 15 0.149 e
Between pop. within clusters 29 1480.7 51.06 6.82 24 0.39 e
Within pop. 124 21048 1697 1697 61 0.287 ***
F. Between and within NJ clusters NW, SW

Between clusters 1 236.8 236.76 3.70 14 0.138 e
Between pop. within clusters 23 1162.6 50.55 6.85 26 0.393 e
Within pop. 100 1628.8 16.29 16.29 61 0.296 ***
G. Between and within NJ clusters SE, SW

Between clusters 1 290.99  290.99 5.39 19 0.187 e
Between pop. within clusters 18 820.02 45.56 5.51 19  0.337 e
Within pop. 90 1440.0 18.00 18.00 62 0.234 ***

eastern Serbia (population 38) and Upper Palati-
nate (populations 14 and 16, Germany). Populations
with high genetic diversity but relatively low DW val-
ues might not represent glacial refugia but meeting
points of different lineages (Havrdova et al., 2015),
for instance in the southern Pyrenees (population
03), Southern France (population 26), Switzerland
(population 11) and in Istria (population 31, Croatia).
Several authors have already proposed that besides

temperate-boreal species of the steppe-tundra (Ka-
jtoch et al., 2016), also temperate trees (Stewart &
Lister, 2001; Tzedakis et al., 2013) and temperate or
sub-Mediterranean grassland species (Bylebyl et al.,
2008) may have survived in Central Europe or the
French Atlantic coast (Pfeifer et al., 2009; Harter et
al., 2015) in small-scaled climatically sheltered areas
with sufficient water supply (Dobrowski, 2011).
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COLONIZATION PATTERNS OF S. MINOR

Our study showed a clear phylogeographic differenti-
ation between the investigated eastern and western
populations of S. minor, which most likely represents
the genetic structure and variation that has resulted
from particular glacial refugia and glacial-interglacial
migration histories. The genetic east-west delimita-
tion was unambiguously demonstrated by sPCA (first
global score A1, Figure 2.3) and STRUCTURE analysis
(Figure 2.2) and partially by the distinct north-east-
ern cluster in the NJ tree (Figure 2.4). Genetic differ-
entiation between eastern and western regions is
typical for Mediterranean species (Escudero et al.,
2010; Santiso et al., 2016) but similar patterns of east-
west differentiation have recently been reported for
species with a distribution range reaching Central or
even Northern Europe such as the calcareous grass-
land species Hippocrepis comosa (Leipold et al., 2017),
the sandy grassland species Corynephorus canescens
(Harteretal.,2015), the meadow grass Festuca praten-
sis (Fjellheim et al., 2006) or the weed Silene vulgaris
(Sebasky et al., 2016). Differentiation between east-
ern and western lineages and homologous patterns
of recolonization have also been reported for the red
deer (Meiri et al., 2013). The observed separation of
eastern and western lineages in temperate species
can clearly be attributed to the postglacial recolo-
nization from different eastern and western refugia
located in southern Europe on the Iberian, Appen-
nine and Balkan Peninsulas (Comes & Kadereit, 1998;
Taberlet et al., 1998; Hewitt, 2004).

As geographic borders such as mountain ranges
play a significant role as physical barriers for genetic
exchange (Hewitt, 2004), the Alps and the Carpathi-
an Mountains (Cieslak, 2014) as well as the Mediter-
ranean Sea most likely have until today prevented a
notable gene flow between the eastern and the west-
ern populations of S. minor. Thus, the south-eastern
study area encompassed almost exclusively group 1
genotypes. At the same time, genetic exchange be-
tween the Italian and Balkan Peninsula may have oc-
curred due to a lower sea level during the LGM (Rud-
diman & Thomson, 2001). Populations in the Gulf of
La Spezia (population 27, Italy) and Slovenia (popula-
tion 19) could hardly be assigned to any group in the
NJ analysis (Figure 2.4) and showed concurrent group
2 and group 3 genotypes in the STRUCTURE analysis
(Figure 2.2), therefore representing potential meeting
points with lineages of the western study area. While
we furthermore considered population 27 as glacial
refugia due to its high divergence and diversity val-
ues, population 19 possibly represents a classical
meeting point showing gene flow within the Pannoni-
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an Basin along the Danube River through the Vienna
Basin.

The Pyrenees seemed to have less impact. Al-
though we found evidence for genetic differentiation
between S. minor populations in the south-western
and north-western study area in the NJ and in the
sPCA (second global score A2), STRUCTURE analysis
as well as the first global score Alof the sPCA and the
AMOVA results indicated a significantly lower differ-
entiation than between eastern and western popula-
tions. However, we cannot exclude that south-eastern
population have contributed to the re-colonization of
the northern study area.

Notwithstanding, we conceive two plausible sce-
narios for the revealed phylogeographic pattern of S.
minor. While the eastern populations have originated
from populations that outlasted the Pleistocene on
the Italian or Balkan Peninsulas, all western popu-
lations have descended from refugia on the Iberian
Peninsula or alternative northern refugia. According
to this, genotype 2 and 3 groups represent separate
lineages that have either derived from Iberian refu-
gia or each from northern and southern refugia and
have contributed to the founding of new populations.
Western populations with sympatric distribution of
different genotype 2 and 3 proportions therefore in-
dicate (1.) hybrid zones of post-glacially spreading
south-western or south-western and north-west-
ern lineages. This secondary contact may have pre-
vented significant differentiation of south-western
and north-western populations. At the same time it
would be expected to have caused populations with
higher genetic diversity (see Petit et al., 2003; Havr-
dova et al., 2015). However, these potential meeting
points do not consistently inhibit high genetic diver-
sity even tough genetic diversity is not the optimal
basis for discussion as mentioned above. Moreover,
as these meeting points seem to be unlikely frequent,
we consider another scenario, in which (2.) incom-
plete lineage sorting (Maddison & Knowles, 2006) has
contributed to the presented phylogenetic pattern.
Refugial populations on the Iberian Peninsula as well
as in France, Belgium or Germany, may have retained
ancestral polymorphisms and stochastically sort-
ed these, resulting in populations sharing genotype
groups 2 and 3 and variable genotype proportions.
Yet, we would not exclude that additionally, after the
LGM, northern and south-eastern populations may
have expanded in all directions, causing close genetic
relationship of the north-western and south-western
study area due to secondary contact (Kadereit et al.,
2004).

As mentioned above, highly variable populations
both in the southern and northern regions of the dis-



tribution range suggest a fast and broad fronted post
glacial recolonization, which is moreover supported
by the fact that S. minor is well dispersed by animals
via ectozoochory (Fischer et al., 1996) and endozoo-
chory (Poschlod et al., 2003). It has already been pos-
tulated before that especially the postglacial recolo-
nization of grassland species may be related to the
migration of hoofed animals (Leipold et al., 2017).
Interestingly, the phylogeography of Cervus elaphus
strongly resembles the pattern of S. minor. European
red deer was restricted to southern refugia and recol-
onized Western and Northern Europe originating
from Iberia (Meiri et al., 2013). Moreover, exchange
between human populations might as well have af-
fected the recolonization speed, routes and genetic
exchange of S. minor. Using simulated climate and
archaeological population patterns, Tallavaara et al.
(2015) have shown, that although human population
dynamics was also driven by major climate fluctua-
tions, even during the peak of the LGM, contiguous
European human populations extended from cen-
tral France to the lowlands in southern Germany and
to Eastern Europe. At least the La Hoguette culture
(~7,500 y.a.) started nomadic goat and sheep breed-
ing (Gronenborn, 2003) and could, therefore, have
affected the zoochorous dispersal of S. minor from
southern France to Germany. It should, however, not
be concealed that the observed pattern of genetic
variation could have been obscured in historic times
by the transport of seeds via large scale sheep flock
migrations within the so-called Southwest German
transhumance covering the eastern part of France
and Germany since the medieval times (Hornberger,
1959).

MORPHOLOGICAL AND GENETIC VARIATION

We further investigated whether the detected phylo-
geographic patterns of S. minor were also reflected in
morphological seed characters and molecular mark-
ers of the two subspecies subsp. minor and subsp.
balearica. Firstly, the geographical distribution of the
investigated subspecies was in accordance with the
descriptions of Nordborg (1967; see also appendix
Figure 2.8).

In the treatise of Nordborg (1967) and in the Flo-
ra Europaea (Tutin et al., 1968) it was stated that
subsp. balearica (stenolopha) has resulted from hy-
bridization with subsp. minor, which has also been
confirmed by inspection of pollen morphology. To
complicate the intraspecific relationships, intermedi-
ate populations that we delimited as subsp. balearica
(stenolopha) might also have resulted from hybridiza-
tion of subsp. minor and subsp. balearica (platylopha;
Tutin et al., 1968). We are therefore not entirely sure

Glacial and postglacial history of the Salad Burnet

about the correct assignment of subspecies or in-
termediates in our study, but can safely assume that
the populations of subsp. balearica (stenolopha) are
strongly liaised with subsp. minor.

Homogenousintermediate populations of S. minor
have commonly been observed by Nordborg (1967)
not only between subsp. minor and subsp. balearica
but also between subsp. balearica and S. verrucosa,
which was then considered as another subspecies
of S. minor, subsp. magnolii (but not between subsp.
minor and S. verrucosa). We found obvious inhomo-
geneous hybrid swarms containing S. verrucosa with
potential hybrid individuals (balearica (platylopha) x
verrucosa; population 20) or with individuals of subsp.
balearica (stenolopha) and subsp. balearica (platylo-
pha; population 26) in the south-western study area
(Figure 2.4). At least the hybrid swarm in Southern
France (population 26) was congruent with observa-
tions of Nordborg (1967). Genetic evidence for a hy-
brid swarm might be given for this population by its
high genetic diversity and relatively low divergence,
(but it only exhibited group 3 genotype).

Considering only the NJ results (Figure 2.4), the
distribution of genetic lineages of S. minor was mir-
rored in the distribution of the subspecies. We could
easily conclude that populations of subsp. minor have
emerged from distinct refugia in the north-western
study area, subsp. balearica (platylopha) from the
south-eastern and subsp. balearica (stenolopha)
from the south-western study area, as they predom-
inate these clusters. Alternatively, S. minor has only
survived in southern refugia and a south-western lin-
eage has given rise to subsp. minor during the recolo-
nization of north-western Europe or southern popu-
lations on higher altitudes (see Nordborg, 1967).

These clear results become more complex as only
the south-eastern study area was almost entirely ge-
netically delimited in all remaining analyses, STRUC-
TURE, sPCA and AMOVA. The exclusive range of group
1 genotype in the south-eastern study area and the
finding that it was predominated by subsp. balearica
(platylopha) may be connected with bounded migra-
tion options and restricted genetic exchange due to
geographic and climatic limitations. However, these
relations present no compelling evidence that seed
morphology differentiation is congruent with genetic
differentiation. This became evident as although sub-
sp. minor clearly dominated the north-western area,
group 2 and group 3 genotypes occurred over the
entire western study area. Additionally, variable pro-
portions of these genotypes were not associated with
subspecies delimitation or the occurrence of inter-
mediate populations (see Figure 2.2 and Figure 2.4).
Moreover, the differentiation between north-western
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and south-western populations was lower than be-
tween south-western and south-eastern population
(Table 2.1), which were both mainly identified as sub-
sp. balearica.

We assume that the visible phenotypic divergence
in seed morphology of S. minor resulted from varia-
tion in only a small number of genes (Gottlieb, 1984;
Bradshaw et al., 1995) and therefore was only mar-
ginally reflected in neutral marker differentiation.
By contrast, the older division between the (south-)
western and south-eastern lineages of S. minor ex-
hibited stronger neutral differentiation but did not re-
flect differentiation in seed morphology (see Schaal
etal., 1998).

Yet, secondary contact of postglacially spread-
ing north-western (subsp. minor) and south-western
(subsp. balearica) lineages might explain the occur-
rence of intermediates and the reduced genetic dif-
ferentiation between north-western and south-west-
ern. But again, the sympatric distribution of two
genetic lineages might depict incomplete lineage
sorting.

Adaptive radiation can cause rapid speciation
and morphological evolution given their suspected
time of origin (Schaal et al., 1998) without showing
strong genetic divergence (e.g. Witter & Carr, 1988)
and or reproductive barriers to hybridization (Berry &
Calvo, 1994). The morphology of subsp. minor seeds
(wingless and even reticulate faces), may somehow
represent adaptions to northerly refugia as well as
refugia at higher altitudes on the southern peninsu-
las (see Nordborg, 1967). Given that S. minor has only
survived in southern refugia and that a south-west-
ern lineage has recolonized north-western Europe or
southern populations on higher altitudes, the subsp.
minor morphology may represent adaption to en-
hancement of seed propagation.

2.5 CONCLUSION AND PERSPECTIVES

To our knowledge, this study presents the first com-
prehensive phylogeographic analysis of Sanguisorba
minor that encompasses the genetic structure over
most of the native range and concurrently consider-
ing the correspondence of hypanthia morphology of
its subspecies.

The presence of high DW values suggests the oc-
currence of putative northern refugia for this typical
calcareous grassland species in western France, Bel-
gium and Germany as well as southern glacial refugia
on the Iberian Peninsula, in the Gulf of La Spezia or
on the Istrian peninsula. We assume that older vicari-
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ance has led to a separation between the western and
south-eastern populations investigated, observed in
a strong neutral marker differentiation, which was
not reflected in seed morphology. We could reveal
that the visible phenotypic divergence in seed mor-
phology of S. minor is only marginally reflected in
neutral marker differentiation. Therefore, the cur-
rent situation of S. minor depicts either incomplete
lineage sorting or the existence of secondary hybrid
zones, which is differently expressed in genetic and
morphological characteristics.

We conclude that investigating multiple genet-
ic markers with different mode of inheritance (and
an increased number of individuals) might help to
detect the visible phenotypic divergence and at the
same time enable distinguishing between recent ad-
mixture and incomplete lineage sorting (Maddison &
Knowles, 2006; Twyford & Ennos, 2012) revealed by
sympatric distribution of two genetic lineages in the
western clusters. To improve our understanding of
the complex intraspecific relations within the S. mi-
nor complex, the investigations should be widened
on further species, subspecies and populations with
available seeds. Especially to extend collections into
the range of S. verrucosa (southern Iberian Peninsula
and southern Greece) should allow a comprehensive
discussion of the relations of this (sub-)species con-
cerning the location of glacial refugia and of postgla-
cial re-colonization as well as the degree of (sub-)spe-
ciation and hybridization with other (sub-)species.
Nonetheless, we support the utility of using along
morphological characters and molecular markers for
supporting phylogeographic reconstructions.

The study at hand provides further evidence for
climatically sheltered northern glacial refugia for a
temperate grassland species (e.g. Bylebyl et al., 2008;
Harter et al., 2015, Leipold et al., 2017). Due to their
likely long history, these highly divergent and diverse
populations possess a high conservation value and
may point to periglacial origin of other calcareous
grassland species. We therefore emphasise the need
for further investigations on additional calcareous
grassland species especially under consideration
of these potential northern refugia to identify cal-
careous grassland areas with conservation priority.
Provided that these northern areas have facilitated
long-term persistence throughout climatic oscilla-
tions, they could also ensure survival in future cli-
mate change, unless the potential localities and pop-
ulations have not been destroyed (Bhagwat & Willis,
2008).
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FIGURE 2.5 Results from STRUCTURE analysis. Relationship be-
tween the number of proposed groups k and Ak respectively. The
most likely number of groups with highest Ak = 238.9 was found with
k=3.
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FIGURE 2.6 Screeplot of the total data set. The eigenvalues of the
sPCA are arranged by its variance (x-axis) and Moran’s | (spatial auto-
correlation, y-axis). As the y-axis represents Moran’s |, positive scores
indicate global structures. Due to its positive eigenvalues A1 and A2
can be clearly distinguished from all other values and therefore were
chosen for further interpretation. The maximum attainable variance
froman ordinary PCAis shown as the dashed vertical line on the right
side of the graph. The range of variation of Moran’s | is limited by the
horizontal dashed lines.
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CHAPTER 3

A habitat-scale study of seed lifespan in artificial con-
ditions examining seed traits

ABSTRACT

We investigated the seed longevity of 39 calcareous grassland species in order to as-
sess the prospects of ex situ storage of seeds originating from a single habitat. Seed
longevity (p,,) was determined by artificially ageing the seeds under rapid ageing
conditions (45°C and 60% eRH), testing for germinability and calculating survival
curves. We consulted seed and germination traits that are expected to be related to
seed longevity.

P50 values strongly varied within calcareous grassland species. The p, values
ranged between 3.4 and 290.2 days. We discovered significantly positive effects of
physical dormancy and endosperm absence on p, . Physiological dormancy was
negatively correlated with longevity. Seed mass, seed shape and seed coat thickness
were not associated with longevity. These relationships remained significant when
accounting for phylogenetic effects.

We therefore recommend more frequent viability assessments of stored en-

dospermic, non-physically and physiologically dormant seeds.

KEYWORDS

Ageing, calcareous grassland, LiCl, longevity, seed, trait

3.1 INTRODUCTION

The awareness of the importance of seed banks as a
tool for ex situ conservation of rare and endangered
plant species is increasing (Hay & Probert, 2013). Its
subsequent use for landscape and restoration man-
agement is becoming apparent, regionally (Tausch
et al., 2015) as well as globally (Godefroid et al., 2011;
Merritt & Dixon, 2011).

Besides the initial viability of a seed lot (see Chap-
ter 5), knowledge about seed lifespan in storage is
essential, as viability decline may not only result in
a reduced seedling amount but also in a loss of ge-
netic diversity. In ex situ storage facilities seeds are
being preserved under conditions that can extend
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seed persistence considerably up to hundreds of
years (Walters et al., 2005a; Van Treuren et al., 2012).
More precisely, freezing seeds with low water content
(Smith et al., 2003) reduces metabolic activity, delays
degenerative processes and therefore slows down
seed ageing (Walters, 1998; Kranner et al., 2011). This
is valid for orthodox seeds, which are prevalent in the
Central European flora (Hay & Probert, 2013), while
recalcitrant seeds are not resistant to drying. Desic-
cation tolerant seeds possess intrinsic mechanisms
to preserve cellular components as water is removed,
like non-reducing sugars, oligosaccharides and LEA
proteins (Bewley et al., 2013). However, also orthodox
seeds cannot endure infinitely in these preferable
conditions (Walters et al., 2005b). As well as seeds of



different species persist different time spans in the
soil (Kiefer & Poschlod, 1996; Bekker et al., 1998a;
Saatkamp et al., 2009), banked seeds strongly differ
in their storage longevity (Pritchard & Dickie, 2003;
Walters et al., 2005b; Long et al., 2008; Probert et al.,
2009; Mondoni et al., 2011; Merritt et al., 2014). There-
fore, prioritising species is not only a matter for the
selection of target species for collection (Godefroid et
al., 2011; Griffiths et al., 2015) but also for choosing
species for regeneration and re-collection in certain
time intervals (Hay & Probert, 2013).

Information about seed bank longevity can be
gathered by monitoring and detecting viability de-
crease of stored seeds over decades (Crawford et al.,
2007; Probert et al., 2009; Godefroid et al., 2010) or,
more timesaving, by using artificial ageing methods
(Newton et al., 2009). Another method is a statistical
modelling approach (Ellis & Roberts, 1980) that incor-
porates species constants that are, however, mainly
known for crop species (Hay & Probert, 2013), which
makes this approach less feasible for wild species.
The artificial ageing method induces accelerated
seed death by the use of warm and moist conditions,
which are virtually inverse to life extending condi-
tions utilized in ex situ facilities. Germinability and
viability loss is measured in regular intervals and the
P, Value (time until viability has reached 50 % of the
initial viability) is determined to enable comparabil-
ity of seed longevity data (Long et al., 2008; Probert
et al., 2009). The method was validated by Probert et
al. (2009) showing a highly significant correlation be-
tween viability decline of seeds after 20 years in seed
bank storage and the mean p, in artificial ageing.

Therefore, the accelerated ageing method is ap-
plied to gain a better understanding of the underly-
ing physiological and biochemical mechanisms of
deterioration and repair in plant cells during ageing,
which are complex and still not fully understood
(Nagel et al., 2014). Higher temperature, humidity and
oxygen concentration increase the amount of free
radicals and reactive oxidative species (ROS), which
accumulate during seed ageing (Bailly, 2004). These
molecules lead to damages of macromolecules such
as nucleic acids, lipids, enzymatic and structure pro-
teins, especially in combination with a lowered anti-
oxidant enzyme activity due to ageing (Walters, 1998;
Bernal-Lugo et al., 2000; Bailly, 2004; Kranner et al.,
2011; Nagel et al., 2014). Such detailed cellular exam-
inations of viability loss are mainly performed by re-
search departments of plant breeding industry or ag-
ricultural seed banks, on one or different genotypes
of one (model) species (Walters, 1998; Bailly, 2004;
Kranner et al., 2011; Nagel et al., 2014).

Artificial seed ageing of calcareous grassland species

Recently published large comparative longevity
studies on wild plant species focus on the influence of
the climate of the provenance and seed or plant traits
on seed longevity (Long et al., 2008; Probert et al.,
2009; Mondoni et al., 2011; Merritt et al., 2014). These
characteristics are used to predict seed longevity and
assess the prospects of storing seeds in seed banks. It
was found that seeds sourced from plants of warmer
and drier environments were more long-lived in dry
storage (Walters et al., 2005b; Probert et al., 2009)
and rapid ageing (Long et al., 2008; Probert et al.,
2009; Mondoni et al., 2011) than those from cooler
and wetter climates. For example seeds collected
from alpine populations (with cool wet conditions)
were short lived in comparison to seeds from (related
taxa of) lowland populations (Mondoni et al., 2011).
Merritt et al. (2014) confirmed a weak correlation of
temperature and p,, for Australian species, but they
also found a contradictory result in form of a nega-
tive correlation of annual precipitation and p, . As
in addition, the correlations of Mondoni et al. (2011)
and Probert et al. (2009) were relatively weak, rainfall
appears to be an unsuitable predictor so far (Merritt
et al., 2014). Regarding the influence of seed traits on
seed persistence, seed size and shape as well as dor-
mancy and seed coat thickness have turned out to be
promising predictors for soil seed bank persistence
(Thompson et al., 1993; Bekker et al., 1998a; Hodkin-
son et al., 1998; Funes et al., 1999; Peco et al., 2003;
Thompson et al., 2003; Moles & Westoby, 2006; Garda-
rin et al., 2010; Schwienbacher et al., 2010; Saatkamp
et al., 2011; Zhao et al., 2011). However, longevity in
ex situ facilities did not depend on seed size (Prob-
ert et al., 2009), or only a slightly positive correlation
was found (Merritt et al., 2014). Moreover, Arabidopsis
thaliana showed a negative correlation of dormancy
and longevity (Nguyen et al., 2012). Additional seed
traits, endosperm presence or embryo-endosperm
ratio, emerged as indicators for ex situ seed longevity
(Walters et al., 2005b; Probert et al., 2009; Mondoni
et al., 2011; Merritt et al., 2014) and also phylogeny
proofed to be of significance (Walters et al., 2005b;
Probert et al., 2009; Merritt et al., 2014).

The missing influence of seed morphological traits
such as seed size on ex situ storage may be explained
by the huge geographic range of the investigated spe-
cies which might cover the effect and alter the signif-
icance of these seed traits on longevity (Long et al.,
2015). Other traits like seed coat thickness and seed
shape have not been investigated yet, although they
have shown to be correlated with soil seed bank per-
sistence. To eliminate climatic effects, a study of seed
persistence in a single habitat might reveal the main
drivers for exsitu seed persistence. To our knowledge,
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Chapter 3

comparative studies on the longevity of seeds in a
single habitat, as performed by Tuckett et al. (2010)
for temporal wet grasslands, are quite rare.

In the present study we explored the seed longev-
ity of 39 calcareous grassland species. We aimed to
reveal information about the influence of seed traits
(mass, shape, seed coat thickness, endosperm pres-
ence and dormancy) on seed longevity. As recent
studies showed no correlation with oil content and
carbohydrate composition (Pritchard & Dickie, 2003;
Walters et al., 2005b; Probert et al., 2009) and the
availability of appropriate data is sparse for wild plant
species, we neglected these potential correlates in
our analyses. Furthermore, we considered phyloge-
netic influences on the investigated data to account
for relatedness of species.

Considering this background, our study focuses
on following questions: (1) Is there a basic characteri-
sation of seed longevity of calcareous grassland spe-
cies? (2) Which seed traits influence seed longevity
and do significant effects remain when statistically
testing and accounting for phylogenetic relation-
ships?
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3.2 MATERIAL AND METHODS

SEEDS OF CALCAREOUS GRASSLAND SPE-
CIES OF CENTRAL EUROPE

Seeds of 39 calcareous grassland species were col-
lected in 2012 in the area of the Jurassic Mountains
of the Franconian Alb (Bavaria, southern Germany).
The climate can be characterised as a transition cli-
mate, with intermediate conditions between mild
oceanic climate of western Germany and subconti-
nental climate in the east (Herbst et al., 2014). Mean
annual precipitation is 648 mm with summer and
winter rains, including heavy snowfalls. Annual mean
temperature with 8.4 °C can be described as mild but
events like freezing or cold air blockage may take
place in winter and significantly reduce temperature
(Herbst et al., 2014).

Species were selected to represent both, the hab-
itat and a broad variation in German plant families.
Most seeds were stored for 3 months at 4°C before
testing and seed viability was assessed via X-ray pri-
or to the ageing experiments. Table 3.1 provides an
overview of the 39 species from 18 plant families and
13 orders and their origin. Additionally, we used seeds
of Ranunculus sceleratus L. as a marker species for
short lived seeds (Newton et al., 2009), with a known
p,, published by Probert et al. (2009).

CONTROLLED AGEING TEST

Controlled ageing tests were conducted according
to the protocol for comparative seed longevity test-
ing (Newton et al., 2009; Probert et al., 2009). Firstly,
for rehydration and humidity adjustment, seeds were
placed in glass vials in a thermoplastic enclosure box
(30 x 40 x 10.2 cm; Ensto, Finland) at 20°C for 14 days
over a non-saturated solution of LiCl (EMSURE® ACS,
Reag. Ph Eur, Merck, Germany) of 47 % RH (1l distilled
water and 385g LiCl). Secondly, a controlled ageing
environment was arranged by placing the seeds in
another box in a drying oven at 45+1°C over a Li-
Cl-solution with 60% RH (1 | distilled water and 300
g LiCl). Asample of 50 seeds was regularly withdrawn
and used for germination experiments.

The eRH of a dummy sample and the solutions
were regularly controlled via hygrometer (Hy-
gropalm-AW1 - AW-DIO, Rotronic, Germany). If nec-
essary, the LiCl-solution was adjusted by adding dis-
tilled water.



GERMINATION TESTING

Prior to germination testing seeds were X-rayed (Fax-
itron MX 20, Faxitron Bioptics, LLC, Tucson, USA) to
guarantee that none of the seeds were empty or in-
fested. Two replicates of 25 seeds each were germi-
nated under appropriate conditions (see Table 3.1)
sown on two layers of moist (deionised water) filter
paper in petri dishes and placed in climate cham-
bers (Rumed, type 1301, Rubarth Apperate GmbH,
Laatzen, Germany) or in a cooling room (4°C), when
pre-chilling was required. The incubators were run
with a photoperiod of 14h light (cool white fluores-
cent tubes,+10 000lux; approx.+250umol-m-2-s-1
PPFD) and 10h darkness. The particular alternating
temperatures are shown in Table 3.1. Light was pro-
vided during the warm temperature phase. Four spe-
ciesrequired additional treatment with GA, (250 mg:-
1; Sigma-Aldrich Company Ltd, Dorset, UK) and 11
species with physically dormant seeds were scarified
with a scalpel before germination. Seeds were reg-
ularly checked for germination and considered via-
ble when germinated - e.g. a radicle protrusion of =
2mm occurred and a development of “normal seed-
lings” was ascertained (Black et al., 2006; Bewley et
al., 2013). Germination run time was at least 42 days,
tests were finished after a 14 days period without ger-
mination. At the end of the germination tests Tetra-
zolium tests were performed to confirm that the re-
maining seeds were dead.

SEED TRAITS

Seed mass was determined as thousand seed weight
(TSW) by averaging the weights of eight samples of
100 seeds each. Seed dimensions were measured on
five replicate seeds per species. Seed shape (VS) was
used as the variance of seed dimensions, which was
calculated according to Bekker et al. (1998a):

v = ¥ (x; — %)? (1)
n

where x1=length/length, x2=height/length and
x3=width/length, n=3. Seed shape is a dimension-
less trait that varies between 0 in perfectly rounded
and 0.2 in disk- or needle-shaped seeds.

Endosperm presence/absence was determined
by X-ray analysis, dissection and the classification
according to Martin (1946), revised and extended by
Finch-Savage & Leubner-Metzger (2006). Seeds with
peripheral embryo were assorted to non-endosper-
mic seeds, as they had a higher embryo to seed ratio
than seeds with abundant endosperm (endospermic
basal embryo types Bl, B3 and B4, phylogenetical-
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ly more advanced endospermic seeds LA, MA). Pri-
or germination tests allowed us to identify whether
seeds possessed physical or physiological dormancy
(see Table 3.1).

Seed coat thickness was determined as mean
seed coat thickness (MCT) of five seeds using X-ray
photographs in an image processing program. We
were not able to measure seed coat thickness of four
species (Dianthus carthusianorum, Bromus erectus,
Melica ciliata and Phleum phleoides), as the seed coat
or testa plus pericarp were not visible. These species
therefore had to be excluded from some statistical
analyses.

DATA ANALYSIS

When not specified differently, all statistical analyses
were performed in R version 3.1.1 (R Development
core team).

VIABILITY CURVES AND ASSESSMENT OF
P., VALUES

For the calculation of the time taken for seed viabili-
ty to fall to 50% (p,,) two different approaches were
made. The first was a probit analysis that fits the seed
viability equation of Ellis & Roberts (1980):

v=K;—p/o (2)

where v is the viability in normal equivalent deviates
(NED) at time p (days); Ki is the initial viability (NED)
and o is the standard deviation of the normal distri-
bution of seed deaths in time. The probit analysis was
performed using both the statistics software Genstat
11th edition (Payne et al., 2008) and the drc package
in R (Ritz & Streibig, 2005), especially for drawing the
viability curves.

As a second approach we fitted curves using the
formula (3) of Long et al. (2008), that provides the fit-
ted initial germination percentage (100-a), the rate
of viability loss in the rapidly declining section of the
curve (B), the accumulated time in the ageing envi-
ronment (t) and the p,, value (c). Not for all species
negative logistic (sigmoidal) curves were suitable but
exponential curves with the formula (4) gave a good
fit, where a is the initial germination percentage and
b is the rate of viability loss.

o (100-a)
Germination (%) = T3 o Fco (3)
Germination (%) = ae ?* (4)
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PHYLOGENY

The phylogenetic tree required for the phylogenetic
analysis was constructed using Phylomatic v3 (Webb
&Donoghue, 2005) based on the megatree R20120829
APG IIl (2009). Nodes of the phylogeny were then dat-
ed according to Wikstrom et al. (2001) and attached
to the phylogeny using BLADJ, returning a new phy-
logeny with adjusted branch lengths (Webb et al.,,
2008).

TRANSFORMATIONS AND PHYLOGENETIC
SIGNALS OF SEED TRAITS AND P,

Due to non-normality (Shapiro-Wilk-tests), p,,, seed
mass (TSW), seed shape (VS) and mean seed coat
thickness (MCT) were logl0- transformed in order to
gain normal distributed data.

As closely related species tend to share phenotyp-
ic similarities, which they inherited from ancestors,
direct correlation studies that treat each species as
an independent data point may increase the risk of
Type | errors and thus lead to incorrect rejection of
the null hypothesis (Freckleton et al., 2002). There-
fore, it is advised to account for dependencies due to
relatedness of species by using phylogenetic compar-
ative methods (Garland & Ives, 2000; Freckleton et al.,
2002; Garland et al., 2005).

To quantify for phylogenetic signals in our contin-
uous variables, we used two alternative parameters:
Pagel’s A (Pagel, 1999) and Blomberg’s K (Blomberg et
al., 2003). In addition, for the binary traits endosperm
presence, physical dormancy and physiological dor-
mancy, we used Fritz & Purvis’ D (Fritz & Purvis, 2010).
All three phylogenetic parameters evaluate the signal
in a trait against a Brownian motion model of trait
evolution. In the Brownian motion model, trait evo-
lution follows a random walk along the branches of
the phylogenetic tree, with time being represented
by branch lengths and the trait being directly propor-
tional to the branch length/time (Revell et al., 2008).
For continuous valued traits under a pure Brownian
motion evolution, the expected covariance between
the trait values of species at the tips of the phylog-
eny is proportional to the lengths of shared branch
lengths (off-diagonals, Ives & Garland, 2010).

For A and K a value of 0 reveals that the variation
of a trait is modelled as a function of independent
evolution (star phylogeny, no phylogenetic signal),
while values of 1 show that the variation of a trait is
as expected under the Brownian model (strong phy-
logenetic signal). K can exceed 1, which indicates a
greater degree of trait similarity among related taxa
than expected under Brownian motion. K and A were
calculated using the phylosig function in the phytools
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package (Revell, 2012) and A was additionally estimat-
ed using the pgls function in the caper package (Orme
et al., 2012) with a maximum likelihood approach.

D statistic was carried out with the phylo.d func-
tion in caper. Here, 0 indicates that a trait evolves on
a tree following the Brownian model and 1 indicates
that the trait evolves following a star phylogeny. A
negative D indicates a trait that is more conserved
than predicted by the Brownian model. Additionally
we conducted a simulation (1000 permutations) to
test whether an estimated D was significantly differ-
ent from the predictions of a random or a Brownian
evolution.

CONVENTIONAL STATISTICAL ANALYSIS
OF SEED TRAIT CORRELATES OF P,

For our first set of analyses, we used non-phylogenet-
ic methods that assume species to be related by a star
phylogeny e.g. that there is no phylogenetic structure
and all species being equally related (Felsenstein,
1985; Perry & Garland, 2002; Blomberg et al., 2003).
Relationships between p_, and the seed traits seed
mass, seed shape, mean coat thickness, endosperm
presence/absence, physical dormancy presence/ab-
sence and physiological dormancy presence/absence
were examined through generalized least-squares
regression analyses, using maximum likelihood esti-
mation. Models were compared using the small un-
biased Akaike Information Criterion (AIC) and the
Akaike weight (w). Finally, we computed the mod-
el-averaged predictions as weighted means, where w,
served as model probabilities (Burnham & Anderson,
2002). We also compared p, values of non-dormant,
physically and physiologically dormant seeds, using
two one-way ANOVAs and subsequent Tukey’s HSD
post hoc analyses.

PHYLOGENETIC ANALYSIS OF SEED TRAIT
CORRELATES OF P,,

Hence we have found phylogenetic signals, we used
a phylogenetic generalized least squares model,
(Grafen, 1989; Pagel, 1999; PGLS; Freckleton et al.,
2002) to correct for phylogenetic non-independence.
PGLS is capable of evaluating multiple predictor var-
iables and incorporating polytomies (Pagel, 1992)
and is regarded as the most general robust way of
correcting for non-independence in data (Freckleton
et al., 2002). Here, estimated A was used not only for
measuring strength of phylogenetic signal, but also
for optimising internal branch length transformation
using maximum likelihood. Model comparison was
conducted likewise the non-phylogenetic models.



3.3 RESULTS

SEED VIABILITY DECLINE OF CALCAREOUS
GRASSLAND SPECIES IN CONTROLLED AG-
EING

Seed viability loss curves by time of the examined
species showed different curve progressions, as
shown in Figure 3.1. 24 species were best fitted (low-
est AIC ) using sigmoidal curves from probit function
while for 13 species the alternative sidmoidal func-
tion was the best approach. For 2 species a exponen-
tial function gave the best fit (Figure 3.1, Table 3.1).
The variation in p, of calcareous grassland species
ranged from 3.4%0.2 days for Rhinanthus minor to
290.2+26.6 for Trifolium arvense. In general, seeds
that were scarified prior to germination ranked high-
er than non-scarified seeds (Table 3.1). Three Fabace-
ae species, Anthyllis vulneraria, Medicago lupulina and
Trifolium arvense had not yet reached p,; when the
experiment ended after 210 days (Figure 3.1). In these
cases extrapolated p,, values resulting from curve fit-
ting served as approximations. Some species showed
perfect sigmoidal curves like Arenaria serpyllifolia
(54.2+1.5) and Dianthus carthusianorum (42.4+1.2),
other species such as Seseli annuum (5.3+0.6) and
Thymus pulegioides (13.9+1.6) showed very steep vi-
ability losses (Figure 3.1).

Plant orders can be assorted following increas-
ing seed longevity (p, ): Gentianales (14.4+0.6, n=2),
Dipsacales (18.3+00, n=1), Apiales (20.5+15.4, n=3),
Poales (21.5+3.1, n=5), Lamiales (27.4+6.6, n=8),
Ranunculales (31.6+0, n=1), Malpigiales (37.1+7.0,
n=2), Liliales (40.6+0, n=1), Asterales (47.0+13.7,
n=5), Caryophyllales (51.3+4.6, n=3), Brassicales
(71.3+£0, n=1), Malvales (154.9+0, n=1) to Fabales
(176.4£34.0, n=6). Within the Apiaceae (n=3) a large
variation of p, was observed, with Daucus carota be-
ing relatively long-lived (51.3+4.2), Pimpinella saxifra-
ga and Seseli annuum being very short-lived (4.8+0.4
and 5.3+0.6). In contrast, there was a low variation
within the Caryophyllales (n=3) with relatively con-
sistent values for Arenaria serpyllifolia (54.2+1.5),
Cerastium arvense (57.4+0.8) and Dianthus carthusi-
anorum (42.4+1.2). The reference species Ranunculus
sceleratus possessed a p, of 10.4£6 days.

PYLOGENETIC SIGNALS

The survey of phylogenetic signals revealed phyloge-
netic influencesin both, dependent and independent
variables. All binary traits showed significant phy-
logenetic signals. Except from seed coat thickness,
all continuous seed traits showed relatively high phy-
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logenetic signals although the outputs were signifi-
cantly different from a Brownian motion model and
not significantly different from a star phylogeny con-
sidering A (Table 3.2).

INFLUENCE OF SEED TRAITS ON P, OF
CALCAREOUS GRASSLAND SPECIES

The comparison of all non-phylogenetic models to
analyse the influence of seed traits on p, revealed
the best fit for the model including all seed traits
(AICc=25.5, wi=0.93, Table 3.3). The average model
of the non-phylogenetic analysis showed significant
effects of endosperm presence/absence, physiologi-
cal dormancy and physical dormancy on p,  (see Ta-
ble 3.4). With a mean p,, of 20.25+3.77 days (n=14)
endospermic seeds were significantly shorter-lived
than non-endospermic seeds which had a mean p,  of
78.83+14.67 days (n=25; one-way ANOVA, F=20.25,
p<0.001). Even after removing physically dormant
seeds the p, -values remained significantly different
(one-way ANOVA F=7.937, p=0.009) with 18.58 +4.70
days (n=11) in endospermic and 42.07+5.24 days
(n=17) in non-endospermic seeds. Within non-en-
dospermic seeds dormancy had a highly significant
influence on p,, (one-way ANOVA F=15.87, p<0.001,
Figure 3.2 A): physically dormant seeds were sig-
nificantly longer-lived than non-dormant or physi-
ologically dormant seeds (post-ANOVA Tukey HSD,
p<0.001 for both comparisons) but there was no sig-
nificant difference between physiologically dormant
and non-dormant seeds (post-ANOVA Tukey HSD,
p=0.502). Within endospermic seeds non-dormant
seeds were significantly longer-lived than physio-
logically dormant seeds (one-way ANOVA F=5.45,
p=0.038, Figure 3.2 B).

Seed shape differed between 0.019 in Lotus cor-
niculatus and 0.179 in Bromus erectus. Seed mass var-
ied between 0.053 mg in Campanula rotundifolia and
5.132 mg in Bromus erectus and seed coat thickness
between 0.021 mm in Thymus pulegioides and 0.173
mm in Teucrium chamaedrys. P, was influenced nei-
ther by seed mass or shape nor by seed coat thick-
ness (Table 3.4).

AIC_comparison of all phylogenetic models ranked
the modelincluding all seed traits highest (AIC_=22.1,
w,=0.79) but it was not significantly different from the
model only including endosperm presence/absence
(see Table 3.3). Consideration of phylogeny in the av-
erage model showed no significant difference to the
non-phylogenetic model (see Table 3.4).
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FIGURE 3.1 Seed survival curves of calcareous grassland species in controlled ageing at 60 % relative humidity and 45°C. Curves were fitted
by probit analysis (dashed lines) or by sigmoidal or exponential curve fitting (continuous lines).
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TABLE 3.1 Calcareous grassland species used for controlled ageing. Plant families, orders and endosperm presence/absence (N =little or

non-endospermic (embryo types FA1-FA4, P); E=abundant endosperm (MA, LA, B1-B4), following Finch-Savage and Leubner-Metzger (2006))

are given. Seed longevity is expressed as p, (the time to 50 % viability loss) for seeds aged at 45°C and 60 % RH. Seed longevity for each species

is ranked as 1-39, with 1 being the longest-lived species. Pre-treatment refers to the treatment used to break dormancy. SCAR=scarification,

STRAT =stratification for 6 weeks at 4°C. Germination temperature (Germ. Temp.) refers to the constant or daily alternating (14/10 h) temper-

ature regime and parallel light/darkness fluctuations used for germination testing.

Species Family Order Endo-  pre- Germ. P, tSE P, Rank
(-aceae) (-ales) sperm treatm. Temp (days) Model
Achillea millefolium Aster- Aster- N - 22/22 46.7+1.3 Probit 15
Acinos arvensis Lami- Lami- N - 22/14 28.6+1.0 Probit 25
Anthericum ramosum Asparag- Lili- E STRAT  22/14 40.0£2.0 Probit 18
Anthyllis vulneraria Fab- Fab- N SCAR 22/14 191.2+5.9 Probit 4
Arabis hirsuta Brassic- Brassic- N - 22/14 71.3+2.6 sigmoidal 8
Arenaria serpyllifolia Caryophyll-  Caryophyll- N - 22/14 54.2+1.5 Probit 11
Asperula cynanchica Rubi- Gentian- E STRAT  22/14 13.80+0.7 Probit 34
Briza media Po- Po- E - 22/14 14.6+0.7 Probit 30
Bromus erectus Po- Po- E - 22/14 28.9+1.0 Probit 24
Buphthalmum salicifolium Aster- Aster- N - 26/18 92.8+2.4 sigmoidal 7
Campanula rotundifolia Campanul- Aster- E - 22/14 10.8+0.5 Probit 35
Carduus nutans Aster- Aster- N - 22/14 30.4+1.4 sigmoidal 21
Carex flacca Cyper- Po- E STRAT 22/14 13.8+0.9 Probit 32
Centaurea stoebe Aster- Aster- N - 22/22 54.1+3.8 sigmoidal 12
Cerastium arvense Caryophyll-  Caryophyll- N - 14/6 57.4+0.8 sigmoidal 9
Daucus carota Api- Api- E - 22/14 51.3+4.2 sigmoidal 13
Dianthus carthusianorum Caryophyll-  Caryophyll- N - 22/14 42.4+1.2 Probit 17
Galium verum Rubi- Gentian- E STRAT 22/14 14.9+1.0 Probit 33
Genista tinctoria Fab- Fab- N SCAR  22/14 36.7£54.80 sigmoidal 19
Globularia bisnagarica Plantagin- Lami- N STRAT  22/14 14.8+1.10 Probit 29
Helianthemum nummularium Cist- Malv- N SCAR  22/14 154.9+4.70 sigmoidal 5
Hypericum perforatum Clusi- Malpighi- N - 22/14 30.1+£1.0 Probit 22
Linum catharticum Lin- Malpighi- N GA, 22/14 44.1+1.9 exponential 16
Lotus corniculatus Fab- Fab- N SCAR 22/14 200.1+6.2 Probit 2
Medicago lupulina Fab- Fab- N SCAR 22/14 194.8+29562.6 Probit 3
Melica ciliata Po- Po- E - 22/14 23.8+0.6 Probit 27
Phleum phleoides Po- Po- E - 22/14 26.4+0.8 sigmoidal 26
Pimpinella saxifraga Api- Api- E STRAT 22/14 4.8+0.4 Probit 38
Prunella grandiflora Lami- Lami- N - 18/10 57.3+1.6 Probit 10
Pulsatilla vulgaris Ranuncul- Ranuncul- E - 26/18 31.6+1.4 Probit 20
Rhinanthus minor Scrophulari-  Lami- E STRAT 22/14 3.40+0.2 Probit 39
Scabiosa columbaria Dipsac- Dipsac- N - 22/14 18.3+0.9 Probit 36
Seseli annuum Api- Api- E STRAT 22/14 5.3+0.6 Probit 37
Stachys recta Lami- Lami- N GA, 22/14 50.9+1.5 sigmoidal 14
Teucrium chamaedrys Lami- Lami- N GA, 22/14 29.5+1.2 sigmoidal 23
Teucrium montanum Lami- Lami- N GA, 22/14 20.7+1.0 exponential 28
Thymus pulegioides Lami- Lami- N - 22/14 13.9+1.6 sigmoidal 31
Trifolium arvense Fab- Fab- N SCAR 18/10 290.2+26.6 Probit 1
Trifolium montanum Fab- Fab- N SCAR  22/14 145.1+20.8 sigmoidal 6
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TABLE 3.2 Tests of the phylogenetic signals in seed traits and seed longevity for 35 species. Values of A and K
close to 1 indicate a strong phylogenetic signal; values close to 0 indicate absence of phylogenetic signal in the
trait. Values of D close to 0 indicate a strong phylogenetic signal, negative values show a stronger conservation
than predicted by the Brownian model.

Pagel‘s lambda Blomberg’s K Fritz & Purvis’ D
Difference from p
Trait n A 0 1 K P D star BM
Seed shape 35 0.633 0.143  0.002 0.497  0.076
Seed mass 35 0.837 0.152 0.051 0.568 0.038
Seed coat thickness 35 0.000 1.000  0.001 0.447  0.165
p50 35 0.693  <0.001  0.005 0.675  0.005
Endosperm presence 35 -0.946  0.000 0.928
Non-dormancy 35 0.233  0.021  0.345
Physical dormancy 35 -2.185  0.000 0.999
Physiologicaldormancy 35 -1.422  0.000  0.970
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FIGURE 3.2 Boxplots of p, values of (A) non-endospermic seeds (non-dormant N, n=13; physically dormant PY,
n=5; physiologically dormant PD, n=7) and (B) endospermic seeds (non-dormant N, n=7; physiologically dormant
PD, n=T7). Boxplots show the 25-75th percentiles, whiskers span the 10 and 90th percentiles and circles span the 5
and 95th percentiles.
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TABLE 3.3 Non-phylogenetic and phylogenetic candidate models
to explain variation for the p,; values of 35 calcareous grassland spe-
cies by seed traits compared to the null model (i.e. no explanatory
variables). In the phylogenetic analysis, A was used for optimising in-
ternal branch length transformation using maximum likelihood. The
number of estimated parameters in each model (K), AIC_values for
each model, differences in AIC_between each model and the best-fit
model (Ai) and the Akaike weight (w)) are displayed. Seed shape (V,),
seed mass (TSW) and mean coat thickness (MCT) were log10-trans-
formed. Endo=endosperm presence/absence, PY=physical dorman-
cy, PD=physiological dormancy.

candidate model A K loglik  AIC_ Ai w.

non-phylogenetic analysis

Vg, TSW, MCT, 8 -1.96 25.5 0.00 0.93
endo, PD, PY

PY 3 -12.28 31.3 5.88 0.05
MCT, PY 4 -12.27 33.9 842 0.01
endo 3 -14.62 36.0 10.56 0.01
PD 3 -16.44 39.7 1420 0.00
A 3 -20.89  48.6 23.10 0.00
Null model 2 -22.91 50.2 2474 0.00
V,, TSW 4 -20.86 51.0 25.59 0.00
MCT 3 -22.83 524 2698 0.00
TSW 3 -22.88 52.5 27.08 0.00

phylogenetic analysis

Vg, TSW, MCT, 0.000 7 -1.96 22.1 0.00 0.79
endo, PD, PY

endo 0.502 2 -10.44 25.3 3.19 0.16
PY 0.000 2 -12.28 289  6.87 0.03
PD 0.668 2 -12.90 30.2 8.12 0.01
MCT, PY 0.000 3 -12.27 31.3 9.25 0.01
A 0.658 2 -15.57 355 1345 0.00
Null model 0.693 1 -16.73 35.6 13.52 0.00
MCT 0.688 2 -16.49 374 15.29 0.00
TSW 0.693 2 -16.73  37.8 1577 0.00
Vg, TSW 0.660 3 -15.56 379 15.82 0.00
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TABLE 3.4 Regression results for the non-phylogenetic and phy-
logenetic general least squares models for p, of 35 calcareous grass-
land species computed by model averaging. The estimates, standard
errors of the estimates, z values and estimated p values (Pr(>|z|)) are
given. Seed shape (V,), seed mass (TSW) and mean coat thickness
(MCT) were log10- transformed. In the phylogenetic analysis, A was
used for optimising internal branch length transformation using
maximum likelihood.

model averaged Estimate SE  zvalue Pr(>|z|)
coefficients

non-phylogenetic analysis

(Intercept) 1.077  0.559 1.847 0.065
Vg -0.380  0.275 1.323 0.186
TSW 0.028  0.149 0.181 0.856
MCT 0.120 0.291 0.394 0.694
non-endo- 0.324  0.130 2.389 0.017 *
spermic

PY 0.419 0.212 1.908 0.056
PD -0.355 0.140 2.432 0.015 *
phylogenetic analysis

(Intercept) 1.100 0.523 2.106 0.035 *
Vg -0.380  0.275 1.383 0.167
TSW 0.028  0.149 0.189 0.850
MCT 0.120 0.291 0.413 0.680
non-endo- 0.365 0.162 2.251 0.024 *
spermic

PY 0.410  0.205 1.998 0.046 *
PD -0.356  0.140 2.546 0.011 *




3.4 DISCUSSION

In artificial ageing conditions, seed longevity (p,) of
calcareous grassland species varied from 3.4 to 92.77
days (290.2 days including hard-coated seeds). Our re-
sults were consistent with the longevity p, values of
Northern Italian species from different habitats that
ranged from 4.7 to 95.4 days (Mondoni et al., 2011).
However, in two large studies with Australian species
(Merritt et al., 2014) or with a global scope (Probert
et al., 2009), species’ longevities reached p,, values
of 588.6 and 771 days, respectively. Also Long et al.
(2008) discovered higher longevities for Australian
than for Western European species. Obviously, warm-
er and drier climates are bearing larger proportions
of long-lived seeds (Walters et al., 2005b; Long et al.,
2008; Probert et al., 2009; Mondoni et al., 2011). Like-
wise, on a smaller geographic scale, climatic traits
(precipitation and temperature) influence seed lon-
gevity, e.g. alpine populations possessed more short-
lived seeds than lowland populations (Mondoni et
al., 2011). As our results have shown, this cannot be
transferred to an even smaller scale, in such way that
species originating from a single habitat comprise the
same seed longevities. Based on a logarithmic scale
to categorize species according to their relative lon-
gevity, the majority of 30 species could be classified
as having medium-lived seeds in artificial ageing,
three as short-lived and six as long-lived (Mondoni
et al. (2011): ‘very short™ p, <1, ‘short 1<p, <10,
‘medium’: 10<p, <100, ‘long™ 100<p, <1000, ‘very
long’: p,,>1000). However, within the group of medi-
um-lived seeds, p,, values differed strikingly, which
indicates that these species do not rely solely upon
long-lived seeds for persistence, as complementary
mechanisms for regeneration in plant communities
arethebasisformaintainingspeciesrichness (Thomp-
son & Grime, 1979). Habitats with a high disturbance
frequency or an unpredictable environment can lead
to the formation of persistent seed banks (Hodkinson
et al., 1998; Saatkamp et al., 2014). Calcareous grass-
lands are exposed to fluctuations of temperature and
moisture, especially in the upper layer of the soil, but
these are more of predictable character (Saatkamp
et al., 2014). On the other hand, this grazed habitat
is frequently disturbed and therefore at least some
species should be adapted by forming long-lived
soil seed banks. As only persistent seeds can be
dispersed through time, enabling germination at fa-
vourable conditions, these mostly non-competitive
calcareous grassland species depend on germination
niches provided by disturbance (Venable & Brown,
1988; von Blanckenhagen & Poschlod, 2005). In fact,
the majority of typical calcareous grassland species

Artificial seed ageing of calcareous grassland species

were shown to be transient and short-term persistent
in the soil (Bekker et al., 1998b; Poschlod et al., 1998).

Regarding plant families or orders, our p_, val-
ues confirmed the descriptions of other studies for
Apiaceae (Walters et al., 2005b; Merritt et al., 2014),
Campanulaceae and Poales (Probert et al., 2009;
Mondoni et al., 2011) possessing relatively short lived
and Caryophyllaceae or Fabales (Probert et al., 2009;
Merritt et al., 2014) possessing long-lived seeds. Nev-
ertheless, most other families produced species with
wide-ranging longevities. These studies imply a phy-
logenetic basis of seed persistence and capture also
the well-known variations in seed persistence ac-
cording to the pre-harvest environment of the prove-
nance (Ooi et al., 2009; Probert et al., 2009; Kochanek
et al,, 2011; Mondoni et al., 2011; Walck et al., 2011).
This can lead to the phenomenon, that even seeds of
the same species possess variable seed longevities
when growing in different environments (Kochanek
et al,, 2011; Mondoni et al., 2011). Therefore, on ac-
count of the differences in seed longevity of species
originating from one habitat, potential explanatory
factors can become clearer by reducing the influence
of climate.

We herein investigated the influence of seed mass,
seed shape, seed coat thickness, seed dormancy,
endosperm presence/absence and additionally con-
sidered phylogenetic constraints on p.. P, itself
showed a strong phylogenetic signal, indicating that
seed longevity is determined by traits that possess a
high phylogenetic signal themselves. This applied to
seed endosperm presence, physical and physiologi-
cal dormancy, seed mass and seed shape, which all
showed dependencies due to relatedness of species.
While endosperm is more abundant in basal plant
groups, Finch-Savage & Leubner-Metzger (2006)
showed that gain and loss of physiological dorman-
cy occurred several times and at several levels of
seed evolution. The strong influences of endosperm,
physiological dormancy and physical dormancy on
p,, were still existent when we corrected for phyloge-
netic non-independence. This again indicates that
although these traits exhibit phylogenetic signals,
they can also be highly variable in shared clades. It
becomes evident, as abundant endosperm is existent
as well in basal endospermic plant families such as
Poaceae and Ranunculaceae as in more advanced en-
dospermic plant families like Apiaceae and Scrophu-
lariacae. Probert et al. (2009) and Merritt et al. (2014)
also considered the role of endosperm showing that
non-endospermic seeds persist longer. Seeds with
small embryos and endosperm are basal among an-
giosperms (Forbis et al., 2002; Finch-Savage & Leub-
ner-Metzger, 2006) which led Probert et al. (2009) to
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the assumption that the moist environment of the
early angiosperms accounts for the poor longevity of
endospermic seeds as seeds did not have to rely on
long-term survival in a dry state. As a consequence
of increasing seasonality and aridity or invasion into
hotter and drier environments, competitive seeds
with larger embryos and an orthodox (dessication
tolerant) behaviour might have evolved (Kranner et
al., 2010). Surprisingly, this strong effect has not been
reported for the 69 species set of alpine and lowland
species in the study of Mondoni et al. (2011).

Unlike shown for soil seed banks (Gardarin et
al., 2010), seed coat thickness did not influence p, ,
whereas physically dormant seeds stood out due
to their high p,, values. Merritt et al. (2014) even
showed that not water impermeability of the seed
coat itself contributed to high longevity of physical-
ly dormant seeds, as in their study the investigated
seeds were scarified prior to artificial ageing. These
findings support the assumption of the evolution of
non-endospermic seeds together with hard water
impermeable seed coats and a high intrinsic longev-
ity. Whereas physical dormancy proofed to be effec-
tive in extending seeds’ longevity, physiologically
dormant seeds possessed reduced longevity, which
was significant for endospermic seeds. This result
is contradictory to the results of soil seed bank per-
sistence studies, which showed prolonged germi-
nation time of dormant seeds extends persistence
(Saatkamp et al., 2011). However, our results are in
agreement with a recent QTL-study on Arabidopsis
thaliana, which demonstrated that seed dormancy
and seed longevity QTLs were co-located and nega-
tively correlated, using both, artificially and naturally
aged seeds (Nguyen et al., 2012). In accelerated age-
ing, seed water contents of 75 to 100 % RH enable en-
zyme activity and metabolism (Bewley et al., 2013).
But as antioxidant and regeneration mechanisms are
only sufficiently active in fully imbibed seeds, reac-
tive oxygen species (ROS) accumulate uncontrolledly
as byproducts of aerobic metabolism (Bailly, 2004;
Bailly et al., 2008). When imbibed for germination, ex-
cessive ROS amounts lead to oxidative damages and
finally death in aged seeds (Bailly et al., 2008; Bewley
et al., 2013). In seeds that have not been exposed to
ageing, a balanced increasing ROS level is correlat-
ed with germination and dormancy release, which is
ascribed to an interaction with dormancy releasing
hormones (Bailly et al., 2008). Moreover, simultane-
ously, cell repair is activated (Bewley et al., 2013) and
germinating (non-dormant) seeds produce protec-
tive antioxidants that counteract this excessive ROS
activity (Haslekas et al., 2003). Dormant seeds do not
produce these germination specific antioxidants. In
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dormant aged seeds, where ROS is already elevated,
this may be fatal even before germination is initiated.
These findings may not obligatorily affect all dormant
seeds stored in seed banks as it has repeatedly been
shown that some seeds may overcome dormancy by
cold storage temperatures (Perez-Garcia et al., 2007;
Mira et al., 2011; Van Treuren et al., 2012). Although
in stored dry seeds integrated cellular processes like
respiration, ATP generation, transcription, transla-
tion and enzyme activity are at least reduced or com-
pletely halted (Bewley et al., 2013), ROS accumulates
as a main factor of seed ageing in stored seeds (Bailly,
2004). As seeds with deep dormancy need prolonged
time to gradually overcome dormancy and germi-
nate, we would suspect these seeds to be transient
in the soil (survival<1 year). On the other hand, in na-
ture, dormancy cycling (Nguyen et al., 2012) and wet-
dry cycling (Long et al., 2011) may extend the life span
of seeds by enabling repair mechanisms.

Considering seed size measures, seed mass and
seed shape, we found no influence on seed longev-
ity. While in context of ex situ longevity seed shape
has not been studied so far, the lack of influence of
seed mass was consistent with findings of Probert et
al. (2009) and Walters et al. (2005b). However, Merri-
tt et al. (2014) found a significant slight correlation of
seed mass and p, and speculated that their evidence
was found due to their greater sample of species with
larger seeds compared to other studies. In soil seed
banks seed shape as well as seed mass have been
proofed to be of significance (e.g. Bekker et al., 1998a,
b). Seed mass may play a role in the soil as predation
is more likely and additionally, the trade-off between
seed size and seed number may reduce the detection
of bigger seeds and therefore causes misinterpreta-
tion (Saatkamp et al., 2009). These factors are irrel-
evant in artificial ageing conditions, although one
might assume that oxidative damage may be higher
in large, flattened seeds (Kranner et al., 2010) due to
stressful conditions of high temperature and humid-
ity and may additionally overburden repair mecha-
nisms during imbibition.

3.5 CONCLUSIONS

As p,, values differed strongly within one habitat,
there is no potential for a general advice to curators
of storage facilities for an adequate storage of spe-
cies of calcareous grasslands. By investigating in a
single habitat, calcareous grasslands, we attempted
to eliminate the potential influence of climate dif-
ferences that may have masked the significance of



traits in other studies. However, we showed that at
least two seed traits can provide guidance: physical
dormancy (e.g. Fabaceae) and endosperm absence
significantly promote storage ability. We therefore
confirmed previous results of geographically more
large-scale studies (Walters et al., 2005b; Probert et
al., 2009; Mondoni et al., 2011; Merritt et al., 2014),
implicating the major influence of intrinsic seed char-
acters exceeding the importance of climate. Although
physiologically dormant seeds were shorter-lived
than non-dormant seeds, this trait may be less rele-
vant as seeds may overcome dormancy in prolonged
storage. Viability assessment and recollection of
stored seeds possessing one or more of these char-
acteristics can be postponed in favour of species with
different features. According to FAO (2013) viability
should be checked regularly in 5-year intervals to en-
able regeneration or recollection of seeds. Seeds that
are expected to have rapid deterioration rates should
also be considered for cryostorage. In face of our re-
sults seed bank curators must be aware of the fact,
that longevity of different accessions of one species
can be variable due to the predispersal environment
(Kochanek et al., 2011).

Artificial seed ageing of calcareous grassland species
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CHAPTER 4

Seed survival in the soil and at artificial storage: Impli-
cations for the conservation of calcareous grassland
species

4.1

ABSTRACT

Calcareous grassland plants exhibit a relatively low potential for regeneration from
the soil seed bank. In order to comprehensively investigate seed survival of 39 cal-
careous grassland species in the soil and at artificial storage, we consulted longevity
information gained from artificial ageing trials and two soil seed bank persistence
measures, the soil seed bank persistence categories of Poschlod et al. (1998) and the
longevity index LI of Thompson et al. (1998). We moreover investigated seed and ger-
mination traits that may be advantageous or disadvantageous for seed survival. For
¥ of the surveyed species soil seed bank persistence and survival at artificial ageing
were correlated, what we assigned to an inherent species-specific seed longevity.
Remaining contradictory results of species with long-lived soil seed banks but low
survival at artificial ageing and vice versa revealed the complexity of seed decline. We
interpret inconsistencies with unpredictable effects that operate on seeds in the soil
like germination, regeneration of buried seeds by wet-dry and dormancy cycling, pre-
dation and the seed size-seed number trade-off, which may cover the actual inher-
ent longevity. While soil seed bank persistence has mainly been associated with seed
mass, we found evidence for an additional correlation with endosperm presence and
dormancy traits that were mainly connected with ex situ longevity. The apparent cor-
relation of seed survival has a strong implication for conservation and increases the
pressure of safeguarding healthy plant populations of species with short-lived seeds
but it also demands proper ex situ storage as it nonetheless extends the life span.

KEYWORDS
Ageing, calcareous grassland, LiCl, longevity seed, soil seed persistence, trait

INTRODUCTION many rare plant taxa (WallisDeVries et al., 2002; Den-
gler, 2005). Due to change of land use, calcareous

grasslands have been decreasing during the last dec-

CALCAREOUS GRASSLANDS AND THEIR  ades(Poschlod etal.,2005). Soil seed banks of former
SOIL SEED BANKS calcareous grasslands showed low ability to buffer

Semi-dry calcareous grasslands are among the most
species-rich habitats in Central Europe, comprising
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species extinctions by serving as donor for re-coloni-
zation, as the seeds of most species were proven to
be short-lived in the soil (Thompson et al., 1997; Bek-



ker et al., 1998a; Kalamees & Zobel, 1998; Poschlod et
al., 1998; Stocklin & Fischer, 1999; Karlik & Poschlod,
2014). One approach to re-introduce species is sow-
ing of seed mixtures (Kiehl & Pfadenhauer, 2007; Hed-
berg & Kotowski, 2010; Walker et al., 2015). Such man-
agement tools can become crucial as besides the low
soil seed bank persistence, seed dispersal is strongly
limited in a fragmented landscape (Poschlod et al.,
1996; Poschlod et al., 1998). Long-term ex situ storage
of seeds is therefore regarded as a valuable tool for
plant conservation and reintroduction (Merritt et al.,
2014; Walters, 2015). At the same time, the success re-
introduction strongly depends on the quality of the
seed material (Walker et al., 2015).

IN SITU SURVIVAL MECHANISMS

Seed persistence in the soil defines the survival of
seeds until germination, predation, pathogen attack,
ageing or death occur (Long et al., 2015). It is associ-
ated with seed traits like dormancy and germination
characteristics, inherent longevity, defence mecha-
nisms and extrinsic factors such as climate and soil
conditions (Kochanek et al., 2011; Pakeman et al.,
2012; Crawley, 2013; Abedi et al., 2014; Colbach, 2014;
Long et al., 2015). Accordingly, oceanic humid climate
was linked to higher soil seed bank densities than a
continental dry climate (Karlik & Poschlod, 2014) and
fen meadows contained higher numbers of seeds
in the seed bank than dry-mesophilous meadows
(Valko et al., 2011). Disturbance intensities within the
habitat can also influence the formation of persistent
soil seed banks (Saatkamp et al., 2014). Seeds in the
soil seed bank of wetter habitats are exposed to wet-
dry cycling, which enables re-instating antioxidant
capacity and therefore extends persistence, as it was
exemplarily shown for seeds of Avena sterilis (Long et
al., 2011). In the long time, dry soil does not allow fre-
quent regeneration in the imbibed state, moreover,
oxidative damages accumulate and gradually over-
burden antioxidative rescue and therefore reduce
persistence in the soil.

EX SITU SURVIVAL MECHANISMS

Seed longevity in exsitu storage facilities is mainly de-
termined by physiological traits such as cellular mo-
bility, internal protective components, cell damage
resistance and repair mechanisms (Long et al., 2015).
Under ex situ conditions, the influence of extrinsic
factors of the environment (predation, pathogen at-
tack, soil properties, water availability) are reduced
and the ageing ability of seeds become crucial. It was
found that seeds sourced from warmer and drier en-
vironments were more long-lived in ex situ storage
then those from cooler and wetter climates (Walters

Seed storage survival and soil persistence

et al., 2005b; Long et al., 2008; Probert et al., 2009;
Mondoni et al., 2011). In ex situ storage, seeds are pre-
vented from germination by dehydration, whereas in
the soil seeds may acquire or lose dormancy and exit
the soil seed bank by successful or fatal germination.
In storage, seeds are frozen with low water content,
which generally lowers metabolic activity, delays
degenerative processes and therefore reduces seed
ageing of orthodox seeds (Walters, 1998; Kranner et
al., 2011). Desiccation tolerant seeds possess intrin-
sic mechanisms to preserve cellular components as
water is removed, like non-reducing sugars, oligosac-
charides and LEA proteins (Bewley et al., 2013). None-
theless, oxidative and peroxidative damage gradual-
ly accumulate during storage (Bailly et al., 2008). As
soon as seeds become imbibed, repair processes and
antioxidant reactions can compensate accumulated
oxidative and peroxidative damage - as long as a cer-
tain level has not been passed (Bewley et al., 2013).
Ex situ storage conditions are highly effective in ex-
tending seed longevity for orthodox seeds especially
when stored under reduced oxygen concentrations.

IN SITU AND EX SITU SEED SURVIVAL DE-
TECTION METHODS

One way to determine soil seed bank persistence
is based on taking soil samples and identifying the
included seeds visually or via seedling emergence
(Thompson & Grime, 1979; Poschlod, 1993; Poschlod
& Jackel, 1993; Bekker et al., 1998a; Poschlod et al.,
1998; Waldchen et al., 2005). For this method, the
vertical distribution of the seeds in the soil plays a
crucial role (Bekker et al., 1998a). Another more pre-
cise but time-consuming and therefore rarely used
approach to access seed survival of a known seed
amount are burial experiments under natural con-
ditions (Telewski & Zeevaart, 2002; Long et al., 2008;
Long et al., 2009; Saatkamp et al., 2009; Abedi et al.,
2014). Seed persistence is usually categorized in three
groups: transient (<1 year), short-lived (1 to 5 years)
and long-lived (>5 years, Thompson et al., 1998).
Poschlod et al. (1998) used a more detailed classi-
fication with four categories: transient seeds (soil
seed bank persistence category=1) are seeds which
survived less than 2 years and persistent seeds are
splitted into three groups (soil seed bank persistence
categories=2, 3 and 4) with 2-5 years, 6-20 years and
over 20 years. Thompson et al. (1997) introduced a
longevity index which comprises the results of vari-
ous longevity studies carried out by different meth-
ods. Saatkamp et al. (2009) criticized the longevity
index for pooling results of different methods, since
soil seed bank sampling methods are correlated with
seed production and seed burial studies are not (seed

43



Chapter 4

size- seed number trade-off), consequently leading to
misinterpretations of seed persistence.

Due to the brief history of seed banking of wild
plant species the number of publications describ-
ing ex situ long term survival is still low (Walsh et al.,
2003; Probert et al., 2009) compared to those of culti-
vated species (Walters et al., 2005b; Niedzielski et al.,
2009; Van Treuren et al., 2012). A time-efficient meth-
od is the meanwhile established method of seed lon-
gevity assessment by artificial ageing following the
standardized protocol of Newton et al. (2009). Seed
death is accelerated by warm and moist conditions,
the primary factors that reduce seed viability and en-
hance ageing (Smith et al., 2003). Probert et al. (2009)
showed in a large study that the time of the viability
to drop to 50% (p,,) correlates with the longevity of
seeds stored under dry and cold conditions.

IN SITU AND EX SITU SEED SURVIVAL-
TRAITS

Besides extrinsic factors, several seed anatomi-
cal and morphological adaptations may contribute
to seed survival. It is still unsolved if seed size and/
or seed shape influence seed persistence in the soil
(Thompson et al., 1993; Bekker et al., 1998a; Hodkin-
son et al., 1998; Leishman & Westoby, 1998; Funes et
al., 1999; Moles et al., 2000; Peco et al., 2003; Holzel &
Otte, 2004; Traba et al., 2006; Zhao et al., 2011). More-
over, seed longevity in ex situ facilities also proofed
to be independent of seed size or shape (see chapter
3, Probert et al., 2009) or only a slightly positive cor-
relation was found (Merritt et al. 2014). These latter
studies however showed a significant influence of the
embryo-endosperm ratio or endosperm presence/
absence and longevity traits that have not been ex-
amined for soil seed banks so far. Other parameters
that influenced persistence in soil seed banks such as
seed coat thickness (Gardarin et al., 2010; Saatkamp
et al., 2011) or concentration of aromatic alcohols in
the coats (Hendry et al., 1994) did not correlate with
ex situ longevity in the surveys in this thesis (Chapter
3) or of Walters et al (2005b). Decreasing amounts of
seeds in the soil are not only a result of seed death,
decay or predation but also of germination, which
is another important aspect of soil seed bank per-
sistence (Saatkamp et al., 2011). Seeds germinating
quickly, at dark and/or constant temperatures do not
contribute to the soil seed bank. However, investiga-
tions of seed dormancy and germination traits yield-
ed differing results (Grime, 1989; Noronha et al., 1997;
Thompson et al., 2003; Baskin & Baskin, 2006; Saat-
kamp etal., 2011).
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CORRELATION OF /N SITU AND EX SITU
SEED SURVIVAL

Two previous studies found either no correlation be-
tween soil seed bank persistence and longevity in
storage (Walters et al., 2005b) or significant correla-
tions between in situ persistence and p, (Bekker et
al., 2003; Long et al., 2008). The comparatively low
soil seed bank potential of dry calcareous grasslands
emphasises the need for ex situ storage but simulta-
neously gives reason to further investigate the rela-
tionship of seed survival in situ and ex situ.

Using a dataset of 39 species originating from a
single habitat we aimed to (1) summarize information
about seed survival of calcareous grassland species
in order to provide recommendations for conserva-
tion of single species or groups of species and (2) pro-
vide a better understanding of mechanisms and seed
traits that contribute to seed survival.

4.2 MATERIAL AND METHODS

SEED LONGEVITY DATA OF 39 CALCA-
REOUS GRASSLAND SPECIES

Seed longevity values (p, ) for 39 calcareous grass-
land species were available from a previous exami-
nation of artificial seed ageing behaviour (Chapter 3).
The seeds were collected in the Jurassic Mountains
of the Franconian Alb (Bavaria, southern Germany).
Soil seed bank persistence data were extracted from
a compilation of Poschlod et al. (1998) that includes
study results of fallow and afforested calcareous
grasslands studies (Kiefer, 1997), burial experiments
(Poschlod, 1993) and diaspore bank-diaspore rain
comparisons (Poschlod & Jackel, 1993). Soil seed
bank persistence was therein categorized as followed:
1=generative diaspore population transient;<2 yrs;
2=persistent over ca. 2-5 yrs; 3=persistent over ca.
6-20 (25) yrs; 4=persistent over>20 yrs.

As additional persistence data, we used the lon-
gevity index values of Thompson et al. (1997). The LI
integrates a series of soil seed bank observations, in
which seeds were categorized in transient (<1 year),
short-term persistent (1-4 years) and long-term per-
sistent (>4 year). The ratio of the counts of persis-
tent seeds (short-term and long-term) and all seed
bank records is generated to build the overall mean
of mainly heterogeneous data. Values close to 1 im-
ply a strictly persistent and values close to 0 a strictly
transient soil seed bank. This rough grouping is an
approach to account for heterogeneity of data and
to prevent underestimation of persistence (Bekker



et al., 1998a). Data were sourced from the LEDA trait
data base (Kleyer et al., 2008) and the longevity index
(LI) was calculated via the formula:

L = (Rsp + Ryp)
(Rt + Rsp + Rpp)

where R is the number of records of short-term per-
sistent (SP), long-term persistent (LP) and transient
(T) seeds. For Globularia bisnagarica and Centaurea
stoebe no LI value was available, consequently all
analyses considering Ll are lacking these two species.

GERMINATION DATA

As soil seed bank persistence can be evaluated by the
potential of seeds to germinate in the soil, we com-
piled germination results from literature (Grime et
al., 1981; Kew, 2015), unpublished germination data
(Beier 1991 and own data see appendix Table 4.6) and
results from an unpublished seed burial study (Hahn,
1993) to assess the germinability at darkness and at
constant or fluctuating temperatures.

SEED TRAITS

Seed mass was determined as thousand seed weight
(TSW) by averaging the weights of eight samples of
100 seeds each. Seed shape (V) was calculated with
five replicate seeds according to the formula de-
scribed by Bekker et al. (1998a):

L L=

4 (2)
n

where x1=length/length,
x3=width/length, n=3.

Seed coat thickness was determined as mean
seed coat thickness (MCT) of five seeds using X-ray
photographs in an image processing program. We
were not able to measure seed coat thickness of four
species (Dianthus carthusianorum, Bromus erectus,
Melica ciliata and Phleum phleoides), as the seed coat
or testa plus pericarp were not visible. These species
therefore had to be excluded from some statistical
analyses.

Endosperm presence/absence was determined
using X-ray analysis, dissection and classification
according to Martin (1946), revised and extended by
Finch-Savage and Leubner-Metzger (2006). Seeds
with peripheral embryo were assorted to non-en-
dospermic seeds, as they had higher embryo to seed

x2=height/length and
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ratio than seeds with abundant endosperm (en-
dospermic basal embryo types B1, B3 and B4, phy-
logenetically more advanced endospermic seeds LA,
MA; see Table 4.1). Prior germination tests allowed us
to identify whether seeds possessed physical (PY) or
physiological dormancy (PD).

DATA ANALYSIS

An overview table was generated to compile seed
survival data for the 39 investigated calcareous grass-
land species, including longevity at artificial ageing
(p,,), soil seed bank persistence categories, LI, germi-
nation and seed trait data. The species were assort-
ed in two soil seed persistence groups, “short-lived”
(soil seed bank persistence categories 1+2, 0-5 years)
and “long-lived” (categories 3+4,>5 years). Seeds
that possessed lower p,, values than average were
categorized as “short-lived” (<34 days) and seeds
with higher longevities than average as “long-lived”
(>34 days). LI, seed mass (TSW), mean coat thickness
(MCT) and seed shape (V) were opposed to the aver-
age of all species using alternative one sample t-tests
in order to categorize them as below (v) or above av-
erage (1).

We furthermore performed statistical tests to in-
vestigate the correlation of seed survival in the soil
and at artificial ageing and the influence of seed traits
on seed survival. All statistical analyses were per-
formed in R version 3.1.1 (R Development core team).

SOIL SEED BANK PERSISTENCE AND EX
SITU LONGEVITY

We statistically compared survival at artificial ageing
(p,,), longevity index values (LI) and soil seed bank
persistence categories. The two continuous/metric
variables LI and p, were analysed by a Pearson’s
product moment correlation. Two one-way ANOVAs
were used for the examination of the correlation of
seed bank persistence categories with LI and p, re-
spectively. Thereby, non-significant soil seed bank
persistence categories were aggregated, resulting
either in a separation of “0-5 years” (categories 1+2)
and “>5 years” (categories 3+4) or “transient”(cate-
groy 1) and “persistent” (categories 2+3+4).

SOIL SEED BANK PERSISTENCE, SEED AND
GERMINATION TRAITS

We investigated the influence of different seed traits
that may be related to seed survival (TSW, endosperm
presence, seed hard-coatedness, V, MCT) on soil
seed bank persistence (soil seed bank persistence
categories and LI) by comparing a series of models
using the small sample unbiased Akaike Information
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Criterion (AIC ) and the Akaike weight (w; Burnham &
Anderson, 2002). We generated a full model including
all traits and models with only single traits as well as
models that combine traits that are related to seed
size (V_+TSW) or seed coat (MCT +hard-coatedness).
In the analysis of the soil seed bank persistence cat-
egories we used the aggregated levels that proved
to be significantly different in the prior correlations
of soil seed bank persistence and LI (“0-5 years” and
“>5years”) or p,. (“transient” and “persistent”)
as binary responses of a series of single or multiple
logistic regressions. For the investigation of LI, we
calculated generalized least-squares regression anal-
yses, using maximum likelihood estimation. Similar
to the analyses of seed traits we calculated several
models examining the influence of seed germination
traits on soil seed bank persistence. These models
included the binary variables darkness (germination
at darkness), physiological dormancy (PD) and phys-
ical dormancy (PY) as explanatory variables. As most
species germinated similarly at fluctuating or con-
stant temperatures, we excluded this trait from the
analyses. We finally calculated three average models
each to present the results. An additional one-way
ANOVA was performed to check for the correlation of
endosperm presence/absence and TSW.

Due to non-normality (Shapiro-Wilk-tests), p,,,
TSW, V_and MCT were log - transformed and LI was
square root-transformed in order to gain normal dis-
tributed data.

4.3 RESULTS

CORRELATION OF SOIL SEED BANK PER-
SISTENCE AND SEED LONGEVITY

Seed survivalin the soil and in artificial ageing were in
agreementfor25outof 39 species (see Table 4.1). Med-
icago lupulina possessed the most long-lived seeds
(p,,=194.8 days, soil seed bank persistence category
4; mean(p, ) =56.5+10.6), Rhinanthus minor the most
short-lived (p,,=3.4 days, soil seed bank persistence
category 1). Longevity indices varied between 0 for
transient seeds like Anthericum ramosum, Dianthus
carthusianorum, Genista tinctoria, Melica ciliata, Pul-
satilla vulgaris, Seseli annuum and Teucrium monta-
num and 0.45 for Arabis hirsuta (mean(LI)=0.15+0.60,
N=38). Seeds of 11 species were relatively short lived
(in relation to the median) as well in the soil (<5 years)
as at artificial ageing (p,, <34 days), 14 were relatively
long-lived in the soil (>5 years) and in artificial ageing
(p,,>34 days).
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The seeds of five species were short-lived in the
soil but long-lived at artificial ageing and the seeds
of eight species were long-lived in the soil but short-
lived at artificial ageing (Table 4.1). For Globularia bis-
nagarica no soil seed bank data was available.

The statistical analysis showed that the two seed
survival measures, soil seed bank persistence cat-
egories and longevity index (LI) were significant-
ly correlated (one-way ANOVA, F=7.94, p<0.001,
df=22). Seeds included in the aggregated survival
category “0-5 years” (soil seed bank persistence
categories 1 and 2) possessed significantly lower LI
values than seeds within the aggregated category
“>5 years” (Figure 4.1 A, soil seed bank persistence
categories 3 and 4; mean(1+2)=0.079+0.027, n=10,
mean(3+4)=0.332+0.056, n=16; ANOVA F=15.83,
p=<0.001, df=24). Moreover, soil seed bank persis-
tence categories and seed longevities at artificial age-
ing(p,,) weresignificantly correlated (one-way ANOVA,
F=3.66, p=0.040, df=22). Seeds within the aggregat-
ed survival category “persistent” (soil seed bank per-
sistence categories 2, 3 and 4, mean=68.75+14.25,
n=20), were significantly more long-lived than “tran-
sient” seeds (Figure 4.1 B, soil seed bank persistence
category 1, mean=15.85+5.39, n=6, one-way ANO-
VA, F=10.68, p=0.003, df=24).

Additionally, we found aslight correlation between
Lland p,, (Figure 4.2, R=0.339, p=0.040, df=35).

TABLE 4.1 (NEXT PAGE)
calcareous grassland species. p,: seed survival at artificial ageing (a:

Compilation of seed survival data for 39

see chapter 3). Soil: soil seed bank persistence. Cat.: soil seed bank
categories (c: Kiefer 1997: 1=transient, 2=persistent; 3a=perma-
nently unsteady; 3b=permanently steady; b: Poschlod et al. 1998:
l1=generative diaspore population transient;<2 yrs; 2=persistent
over ca. 2-5 yrs; 3=persistent over ca. 6-20 (25) yrs; 4=persistent
over>20 yrs). LI: longevity index (d: Thompson et al. 1997, calculated
from LEDA trait data base, Kleyer et al. 2008). Germination: relations
between germination at fluctuating (f) or constant (c) temperatures,
light (L) or darkness (D). 1) Beier (1991), 2) own germination trials
(Table 4.6); 3) Grime et al. (1981); 4) Baskin & Baskin (1998); 5) Seed
Information Database Kew (2015); 6) Seed burial results of Hahn
(1993). dorm: dormancy type: PD=physiological; PY=physical dor-
mancy and ND=non-dormant. endo: N=little or non-endospermic
(embryo types FA1l-FA4, P); E=abundant endosperm (MA, LA, B1-
B4; e: Finch-Savage & Leubner-Metzger 2006), TSW=thousand seed
weight, V =seed shape index and MCT=mean coat thickness. Rela-
tion of a value to the mean: lower (v) or higher (1). Significance levels
P: ***<0.001, **<0.01, *<0.05, n.s.>0.05.
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TABLE 4.1
Soil Seed traits
P Cat. LI germination endo
species a b [d d f/c L/D dorm e TSW Vv, MCT
I. short-lived in soil and at artificial ageing
Rhinanthus minor 34 1 1 ! f>c® PD E ¥ TrEx
Pimpinella saxifraga 4.8 1 2 el f=c¢ L>D"% PD E T™ns. Tns.  1***
Seseli annuum 5.3 - - el PD E I* 1* ik
Asperula cynanchica 13.8 1 2 1 L>D’ PD E Ins. D x*
Briza media 14.6 1 - ik f=c° L > D* ND [ K L Rk A
Scabiosa columbaria 18.3 1 2 1* f=c¢ L>D' ND N Tns.  pxF% xex
Teucrium montanum 20.7 2 1 kol f=c¢ L>D' PD N I [kl TrE*
Melica ciliata 23.8 - - ikl f=c° ND E ¥ TrE*
Bromus erectus 28.9 1 1 ko f=c° L=D" ND [ R R
Carduus nutans 304 - 2 1 L > D* ND N pxsx Rk Rk
Pulsatilla vulgaris 31.6 2 - ke c L=D" ND [ kT Rk
II. long-lived in soil and at artificial ageing
Linum catharticum 441 4 3b f=c2° L > D'246 PD N L Tx* [rxx
Achillea millefolium 46.7 3 2 ik f>c? L> D> ND N Fx* 1* Lrxx
Stachys recta 50.9 3 3a kel c® L=D" PD N 1 Lrxx Lkl
Daucus carota 51.3 4 3a ¥ f=¢ L > D46 ND E Tns. Tns. lns.
Centaurea stoebe 541 4 - f=c2° L >>D? ND N 1 TrE* Rk
Arenaria serpyllifolia 54.2 4 3a R f=c** L>>D* ND N e A A
Prunella grandiflora 57.3 3 1 L. L>D' ND N U* L* T
Cerastium arvense 574 - - Tr* f=c L>D? PD N L [kl Ins.
Arabis hirsuta 713 3 - rEx f=c2° ND N L TrEF Rk
Buphthalmum salicifolium 92.8 3 3a R f=c? L>>D'? ND AV Ak e
Trifolium montanum 1451 - - il f=c¢ PY N lns.  1¥** Ins.
Medicago lupulina 194.8 4 3b 1 f=c»* L=D* PY N 1 lns.  Tns.
Lotus corniculatus 200.1 3 3a 1** f=c L=D'® PY N Ins. ¥ Ins.
Trifolium arvense 290.2 - - THEx f=c» L=D? PY N - Lx=* i i
IIl. short-lived in soil but long-lived at artificial ageing
Genista tinctoria 36.7 - - kel PY N e x Tn.s.
Anthericum ramosum 40 1 1 ke L=D"% PD [ o Ins.
Dianthus carthusianorum 42.4 1 - kel c L=D' ND N Ins.  1***
Helianthemum nummularium 154.9 2 2 ik c L=D' PY N Ins.  lx** n.s.
Anthyllis vulneraria 191.2 2 1 Jrrx f=¢ PY N e o ns,
IV. long-lived in soil but short-lived at artificial ageing
Campanula rotundifolia 10.8 3 3a T f=c23 L >> D?3 ND E Tx* Lrxx
Carex flacca 13.8 4 3b 1* L> D" PD E lns.  *** sk
Thymus pulegioides 13.9 4 3a 1+ c® L>D' ND N e A A
Galium verum 14.9 3 3a x f=c L=D PD [ e
Phleum phleoides 26.4 - - Tr* f=c¢ ND E - IFx* TrE*
Acinos arvensis 28.6 - - rEx f>c? L >>D? ND N L Tn.s.  Ins.
Teucrium chamaedrys 29.5 3 3a  x f=c¢ L>D’ PD N Tns. LFxx g
Hypericum perforatum 301 4 3b R f=c¢ L>D" ND N I¥**  |pns.  x**
V. no soil seed bank data
Globularia bisnagarica 14.8 - - c PD N 1 Tn.s.  L***
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FIGURE 4.1 Box plots of soil seed bank persistence categories and
longevity index LI (A) and soil seed bank persistence categories and
survival at artificial ageing (p,,) (B). Aggregations of soil seed bank
persistence categories: “0-5 years” (1+2; n=10); “>5 years” (3+4;
n=16); “transient” (1; n=6); “persistent” (2+3+4; n=20). p,; was
log10- and LI square root-transformed. Boxplots show the 25-75th
percentiles, whiskers span the 10 and 90th percentiles and circles
span the 5 and 95th percentiles.

SOIL SEED BANK PERSISTENCE AND SEED
TRAITS

Seeds that were long-lived in the soil possessed pre-
dominantly lower seed weights (TSW) than average
(Table 4.1). At the same time, seeds that were short-
lived in the soil were predominantly heavier than the
average. Endospermic seeds were more prevalent
in short-lived seeds than in long-lived seeds. These
results were underpinned by the statistical analysis.
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FIGURE 4.2 Correlation analysis of controlled ageing p,, val-
ues and seed LI (longevity index, Thompson et al., 1997). p=0.040,
R=0.33,df=35.
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FIGURE 4.3 Correlation analysis of longevity index (LI) and
seed mass (TSW). TSW was log10- and LI square root-transformed.
R=-0.553, p<0.001, df=31

Using the aggregated survival categories “0-5 years”
and “>5 years” as dependent binary variables, the
average model showed a significant effect of TSW,
whereas endosperm presence/absence showed to
be influencial using the aggregated survival catego-
ries “transient” and “persistent” (see Table 4.3, for
candidate model comparison see Table 4.2). Heav-
ier seeds (mean=1.851+0.388 g) were more likely
to survive only “0-5 years” in the soil, lighter seeds
(mean=0.672+0.155 g) were more likely to persist



“>5years”. Non-endospermic seeds were more likely
to be found in the “persistent” group and endosper-
mic seeds occurred more frequently in the “tran-
sient” group (Table 4.3).

TABLE 4.2 Candidate models to explain variation for soil seed
bank persistence of calcareous grassland species by seed traits com-
pared to the null model. Soil seed bank persistence was investigated
as soil seed bank persistence categories (Poschlod et al. 1998) and
LI (longevity index, Thompson et al. 1997). Aggregations of soil seed
bank persistence categories: “0-5 years” (1+2); “>5 years” (3+4);
“transient”(1); “persistent” (2+3+4). Number of estimated parame-
tersineach model (K), AIC_value foreach model, the differencein AIC_
between each model and the best-fit model (Ai) and Akaike weight
(w) are displayed. Seed shape (V,), seed mass (TSW) and mean coat
thickness (MCT) were log10-, LI was square root-transformed. endo:
endosperm presence/absence, PY: physical dormancy.

candidate model K logLik AIC, Ai w.

soil seed bank persistence: “0-5 years” and “>5 years” (n=26)

TSW 2 -12.7 30.0 0.00  0.660
V +TSW 3 -12.4 32.0 2.00 0.243
endo 2 -15.7 36.0 5.99  0.033
Null model 1 -17.3 36.8 6.82  0.022
PY 2 -16.7 38.0 8.00 0.012
MCT 2 -16.8 38.1 8.13  0.011
V, TSW 2 -17.3 39.0 9.05  0.007
V,+TSW+MCT+endo+PY 6 -11.4 39.3 9.30  0.006
MCT+ PY 3 -16.3 39.6 9.65 0.005

soil seed bank persistence: “transient” and “persistent” (n=26)

endo 2 -10.7 25.9 0.00  0.557
TSW 2 -12.1 28.8 2.89 0.131
V +TSW 3 -11.0 29.0 3.15 0.115
Null model 1 -14.0 30.3 4.39  0.062
Vg 2 -13.2 31.0 5.14 0.043
V,+TSW+MCT+endo+PY 6 -1.2 30.8 497  0.047
MCT 2 -14.0 32.5 6.61 0.020
PY 2 -14.0 32.6 6.71 0.019
MCT+ PY 3 -14.0 35.0 9.16 0.006
soil seed bank persistence: LI (n=33)

TSW 3 2733 1.4 0.00 0.445
V+TSW+ MCT+endo+PY 7  8.222 2.0 0.67  0.318
V +TSW 4  3.235 3.0 1.60 0.201
endo 3 -0.480 7.8 6.42 0.018
MCT 3  -1.170 9.2 7.80  0.009
Null model 2 -3.290 11.0 9.63  0.004
MCT+ PY 4 -1.100 11.6  10.28 0.003
Vs 3  -2.830 12.5 11.13  0.002
PY 3  -3.270 13.4  12.00 0.001
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The average model for LI showed a highly signif-
icant negative correlation with TSW (see Table 4.3,
Figure 4.3, for candidate model comparison see Table
4.2).

TABLE 4.3 Average models to explain variation for soil seed bank
persistence of calcareous grassland species by seed traits. Persis-
tence was investigated as soil seed bank persistence categories (Po-
schlod et al. 1998) and LI (longevity index, Thompson et al. 1997).
Aggregations of soil seed bank persistence categories: “0-5 years”
(1+2); “>5 years” (3+4); “transient”(1); “persistent” (2+3+4). Esti-
mates, standard errors of the estimates, zvalues and estimated p val-
ues (Pr(>z|)) are given. Seed shape (VS), seed mass (TSW) and mean
coat thickness (MCT) were logl0-, LI was square root-transformed.
Endo: endosperm presence/absence, PY: physical dormancy.

model averaged co- Estimate SE zvalue Pr(>|z])

efficients

soil seed bank persistence: “0-5 years” and “>5 years” (n=26)

(Intercept) -0.284 1.671 0.163  0.870
TSW -3.146 1.410 2.118 0.034 *
Vs -1.416 1.971 0.681 0.496
endo absence 1.471 0.916 1.522  0.128
PY -1.032 1.182 0.825  0.409
MCT -0.885 2.444 0.346  0.729

soil seed bank persistence: “transient” and “persistent” (n=26)

(Intercept) 0.216 2.926 0.072  0.943
TSW -2.517 1.625 1.478  0.139

Vg -2.810 2.662 1.000 0.317
endo absence 2.728 1.248 2.072 0.038 *
PY -0.063 1.697 0.035  0.972
MCT 5.123 5.243 0.941  0.347
soil seed bank persistence: LI (n=33)

(Intercept) 0.597 0.374 1.560 0.119
TSW -0.294 0.092 3.066  0.002 **
Vg 0.314 0.217 1.404  0.160
endo absence 0.142 0.090 1.502 0.133

PY 0.213 0.116 1.753  0.080
MCT 0.144 0.245 0.567  0.571
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SOIL SEED BANK PERSISTENCE AND GER-
MINATION TRAITS

For most species, we found homogenous records
for germination at fluctuating and constant temper-
atures (see Table 4.1). Within the species that were
short lived in the soil but long-lived in artificial age-
ing there was an accumulation of seeds that ger-
minated at higher percentages at darkness than at
light, whereas most other species germinated better
at light (Table 4.1). We found no influence of germi-
nation traits on soil seed bank persistence category
(Table 4.4 and Table 4.5). The average model for the
influence of germination traits on LI showed a slight

TABLE 4.4 Candidate models to explain variation for soil seed
bank persistence of calcareous grassland species by germination
traits compared to the null model. Persistence was investigated as
soil seed bank persistence categories (Poschlod et al. 1998) and LI
(longevity index, Thompson et al. 1997). Aggregations of soil seed
bank persistence categories: “0-5 years” (1+2); “>5 years” (3+4);
“transient”(1); “persistent” (2+3+4). Number of estimated parame-
tersin each model (K), the AIC_value for each model, the differencein
AIC_between each model and the best-fit model (Ai) and the Akaike
weight (w,) are displayed. LI was square root-transformed. d: dark-
ness, PD: physiological dormancy, PY: physical dormancy.

candidate model K logLik AIC, Ai w.

soil seed bank persistence: “0-5 years” and “>5 years” (N=23)

Null model 1 -14.860 31.9 0.00 0.457
PY 2 -14.622 33.8 1.93 0.174
d 2 -14.718 34.0 2.12 0.158
PD 2 -14.754 34.1 2.20 0.152
d+PD 3 -14.608 36.5 4.57 0.047
d+PD+PY 4 -14.419 39.1 7.15 0.013

soil seed bank persistence: “transient” and “persistent” (n=23)

Null model 1 -12.042 26.3 0.00 0.443
PD 2 -11.690 28.0 1.70 0.189
d 2 -11.868 28.3 2.06 0.158
PY 2 -12.028 28.7 2.38 0.135
d+PD 3 -11.514  30.3 4.02 0.059
d+PD+PY 4 -11.350 32.9 6.65 0.016
LI (N=33)

d+PD 4 4.552 0.7 0.00 0.347
d+ PD+PY 5 5.911 1.0 0.32 0.296
PD 3 2.665 17 1.00 0.210
d 3 1.715 3.6 2.90 0.081
Null model 2 -0.055 4.6 3.90 0.049
PY 3 0.083 6.9 6.16 0.016
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negative influence of darkness and a highly signifi-
cant negative influence of physiological dormancy
(Table 4.5, for model comparison see Table 4.4). Phys-
iologically dormant seeds (mean=0.134+0.053, n=9)
were significantly shorter-lived than seeds without
physiological dormancy (mean=0.304+0.047, n=18;
Figure 4.4 A, one-way ANOVA, F=5.579, p=0.026). This
effect remained relevant when removing physically
dormant seeds from the data set (one-way ANOVA,
F=6.678, p=0.017). There was a trend for seeds that
germinated at darkness (mean=0.147+0.063, n=8)
to be more short-lived than seeds only germinating
at light (mean=0.290+0.063, n=19; Figure 4.4 B, one-
way ANOVA, F=3.503, p=0.073).

TABLE 4.5 Average models to explain variation for soil seed bank
persistence of calcareous grassland species by germination traits.
Persistence was investigated as soil seed bank persistence catego-
ries (Poschlod et al. 1998) and LI (longevity index, Thompson et al.
1997). Aggregations of soil seed bank persistence categories: “0-5
years” (1+2); “>5 years” (3+4); “transient”(1); “persistent” (2+3+4).
Estimates, standard errors of the estimates, z values and estimated
p values (Pr(>|z|)) are displayed. LI was square root-transformed. d:
darkness, PD: physiological dormancy, PY: physical dormancy.

model averaged  Estimate SE zvalue  Pr(>|z|)

coefficients

soil seed bank persistence: “0-5 years” and “>5 years” (n=23)

(Intercept) 0.729 0.520 1.324 0.185
PY -0.774 1.127 0.647 0.518
d -0.487 0.946 0.485 0.628
PD -0.415 0.886 0.441 0.659

soil seed bank persistence: “transient” and “persistent” (n=23)

(Intercept) 0.729 0.520 1.324 0.185

PY -0.774 1.127 0.647 0.518

d -0.487 0.946 0.485 0.628

PD -0.415 0.886 0.441 0.659

LI (n=33)

(Intercept) 0.527 0.0648 7.825 <2e-16 ***
PY 0.189 0.1284 1.395 0.163

d -0.211 0.1072 1.885 0.059

PD -0.203 0.0907 2.130 0.033 *
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FIGURE 4.4 Box plots of longevity index (LI) and physiological
dormancy (A) or germination at darkness (B). Seeds without physi-
ological dormancy (1, n=18) were significantly more long-lived than
physiologically dormant seeds (2, n=9; one-way ANOVA, F=5.579,
p=0.026). Seeds that germinated at darkness (1, n=8) were by trend
more short-lived than seeds only germinating at light (0, n=19; one-
way ANOVA, F=3.503, p=0.073). Boxplots show the 25-75th percen-
tiles, whiskers span the 10 and 90th percentiles.

4.4 DISCUSSION

The study at hand revealed that in general, transient
seeds (soil seed bank persistence category 1, sur-
vival<2 years) possessed significantly lower seed
longevity at artificial conditions (p, ) than persistent
seeds (soil seed bank persistence categories 2-4,>2
years). Accordingly, LI and p, values were significant-
ly positively correlated. For almost 2/3 of the inves-
tigated species, survival at artificial ageing and in
the soil seed bank was consistently high or low. Seed
and germination traits relevant for soil seed bank
persistence were seed weight, endosperm presence/
absence, physiological dormancy and germination at
darkness.

CORRELATION BETWEEN EX SITU AND IN
SITU SURVIVAL

The consulted soil seed bank data of Poschlod et al.
(1998) integrate several repeated studies in calcare-
ous grasslands (seed bank studies along successional
series, depth distribution, burial experiments and di-
aspore bank-diaspore rain comparisons), which were
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compared and validated with germination traits, re-
sulting in a very detailed classification of soil seed
banks of calcareous grasslands. With calculation of
the LI (Thompson et al., 1998), we summarized seed
bank persistence and soil seed survival literature
data, without regard of survey methods. That way,
burial survival and LI of annual weeds were not cor-
related (Saatkamp et al., 2009), indicating a limited
reliability of the LI due to the pooling of different
survey methods, especially of seed bank persistence
estimates correlated to seed production. However,
focusing on calcareous grasslands, the quality of the
integrated available literature was apparently high
enough, leading to accordance of the soil seed bank
persistence categories of Poschlod et al. (1998) and
LI, insofar as seeds that survived between 0 and 5
years (categories 1 and 2) possessed significantly
lower LI values than seeds that survived more than
five years (categories 3 and 4).

This shows the complexity and difficulty of esti-
mating seed survival potential of species and its de-
pendence on the source and origin of both, species
and data. Whereas our investigation confirmed the
results of Long et al. (2008), who found corresponding
survival in the soil and at artificial ageing for 13 Aus-
tralian weed species, it contrasted those of Walters et
al. (2005b), who reported no correlation between ex
situ longevity and soil seed persistence (based on Du-
vel’s buried seed experiment in Toole & Brown, 1946)
for 107 crop and wild species originating from differ-
ent provenances. Walters et al. (2005b) explained the
differences by diverse environmental parameters
acting on seeds in situ and ex situ, with seeds from
moist habitats showing low survival rates under
banking conditions (dry conditions) and high persis-
tence in the soil (wet conditions). This indicates that
seeds adapted to arid climates possess enhanced
intrinsic ability to cope with these slowly occurring
damages at dry storage. Likewise it was found that
seeds sourced from warmer and drier environments
were more long-lived in dry storage (Walters et al.,
2005b; Probert et al., 2009) and rapid ageing (Long
et al., 2008; Probert et al., 2009; Mondoni et al., 2011)
than those from cooler and wetter climates.

In artificial ageing, seeds are exposed to humid
and warm conditions that accelerate oxidative as
well as hydrolytic damage in all species, but no in-
terim repair intervals occur until the final imbibition
for germination, where it emerges whether excessive
oxidative damage has already overburdened repair
mechanisms and seeds may germinate or die (Bewley
et al., 2013). Nonetheless, for Australian weed (Long
et al., 2008) and calcareous grassland species, soil
seed bank persistence and survival at artificial ageing
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were correlated. Within single habitats the resistance
of asingle seed against artificial ageing is proportion-
ally related to the ability to regenerate and survive in
the soil, indicating an intrinsic longevity. Conclusions
about the survival ex situ and in situ can therefore
only be made for species originating from one habitat
and a comparison over a large number of habitats is
not useful to find patterns and make predictions.

SEED MORPHOLOGICAL TRAITS RELATED
TO EX SITU AND IN SITU SURVIVAL OF CAL-
CAREOUS GRASSLAND SEEDS

Seed mass showed to be significantly related with
soil seed bank persistence. Whereas long-lived seeds
possessed lower seed mass and by trend lower seed
shape, short-lived seeds had opposite character-
istics. Seed mass and seed shape were considered
the most important traits that can be related to soil
seed bank persistence (e.g. Bekker et al., 1998a), but
showed to be not influential in artificial ageing (Chap-
ter 3). Although there is no consensus whether small
or large seeds are more affected by predation (see
Hulme, 1998; Moles et al., 2003; Traba et al., 2006)
buried seeds are less exposed than seeds on the sur-
face (Crawley, 2013) and as large seeds are less incor-
porated into the soil (Bekker et al., 1998a), they may
be strongly threatened by predators (Hulme, 1998).
Additionally, as small seeds are better incorporat-
ed into the soil and soil water content elevates even
within low depths, small seeds may stronger benefit
from reinitiated repair mechanisms in the imbibed
state. However, this does not exclude long-term sur-
vival of bigger seeds when incorporated into the soil.
A further aspect is the potentially lower detectability
of bigger seeds by soil sampling methods due to the
seed number seed size trade off, which could cause
underestimation of soil persistence (Saatkamp et al.,
2009).

Moreover, endospermic seeds were significantly
associated with a transient soil seed bank (category
1), whereas non-endospermic seeds were predom-
inantly persistent (categories 2-4). Endosperm pres-
ence was previously shown to be of significance for ex
situ longevity (Probert et al., 2009; Merritt et al., 2014).
We therefore assume that endospermic seeds tend to
quicker accumulate damage and/or possess less ef-
ficient repair mechanisms to fight free radical dam-
age- during imbibition in the soil or germination after
artificial ageing. Another important seed trait related
to soil seed bank persistence, seed coat thickness
(Gardarin et al., 2010), showed no significant effect on
seed survival of calcareous grassland species.
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GERMINATION TRAITS RELATED TO EX SITU
AND [N SITU SURVIVAL OF CALCAREOUS
GRASSLAND SEEDS

It is well-known that soil seed bank persistence is
strongly connected to germination behaviour Saat-
kamp et al., 2011). The examination of a correlation
between seed germination traits and soil seed bank
persistence categories showed no effect of darkness,
physiological or physical dormancy on soil seed bank
persistence. However, LIs were significantly lower for
seeds that were physiologically dormant and there
was a trend for lower Lls for seeds that germinat-
ed at darkness. Physiologically dormant seeds also
proofed to be more short-lived at artificial ageing
(see Chapter 3).

In dormant seeds, oxidative damage is not coun-
tervailed by protective germination specific anti-
oxidants, which are produced in germinating seeds
(Haslekas et al., 2003). Due to this absent protection,
dormant seeds may die before germination because
of an accumulation of oxidative damage. This con-
tradicts the general assumption that dormancy is a
requirement for soil seed persistence. Notwithstand-
ing, compared to extremely transient seeds (e.g. re-
calcitrant seeds), with immediate germination (Daws
et al., 2005), dormant seeds are more long-lived as
they need to overcome dormancy first, which delays
germination (Saatkamp et al., 2011).

Inareview, Thompson etal. (2003) already showed
that dormant seeds are not per se long-lived and all
combinations of dormancy and persistence exist. Ac-
cordingly, we found physiologically dormant seeds
in all groups (see Table 4.1). This may be explained
by the ability of some seeds to perform dormancy
cycling (see e.g. Finch-Savage and Footitt 2017) and
thereby repair damage in the non-dormant state,
whereas other species are missing this capability.
Latter is most probably true for the most transient,
all physiologically dormant species (Rhinanthus mi-
nor, Pimpinella saxifraga, Seseli annuum and Asper-
ula cynanchica). Seeds of these species are prone to
death when no germination occurs immediately af-
ter winter stratification (see Donelan and Thompson
(1980).

Another germination behaviour enhancing seed
persistence by preventing fatal germination in deep
soil is the ability to detect light and fluctuating tem-
peratures (Thompson & Grime, 1983). While most
of the investigated species possessed no detection
mechanism for fluctuating temperatures, they ger-
minated to a higher extent at light. Three Fabaceae
species were not dependent on light for germination.
Possibly, these species never developed a light detec-



tion mechanism as these seeds rely on the protective
effect of a hard and water-impermeable seed coat for
persistence. As long as the seed coat remains intact,
seeds exhibit extended longevity and no germination
occurs. As soon as the seed coat becomes permeable
(“natural” scarification), seeds will germinate or if the
conditions are insufficient die. Although not statisti-
cally verifiable, physically dormant seeds were the
most long-lived species in our study. As well, at artifi-
cial ageing physical dormancy was a major parameter
to prolong seed survival (Merritt et al 2014, see Chap-
ter 3), even in scarified seeds (Merritt et al., 2014).

INCONSISTENCIES BETWEEN /N SITU AND
EXSITUSURVIVAL IN CALCAREOUS GRASS-
LANDS

Species that were short-lived in situ but long-lived at
artificial ageing were mainly non-endospermic and
even physically dormant - both factors previously as-
sociated with high intrinsic longevity. Most probably
due to larger seed size and an affinity to germinate
in the dark, these species with high intrinsic longevi-
ty do not exhibit long soil seed bank persistence. We
suggest that considering this group as short-lived
would strongly underestimate the intrinsic longevi-
ty, especially as these findings may also result from
methodological errors in detection. Seven of the in-
vestigated species were considered long-lived in the
soil but short-lived at artificial ageing. At first sight it
is difficult to explain how seeds with low intrinsic lon-
gevity could survive over 6 to over 20 years in the soil
(Poschlod et al., 1991). Nevertheless, this low intrinsic
longevity could be correlated with endosperm pres-
ence or physiological dormancy. Therefore, these
mainly small-sized seeds possibly rely on dormancy
cycling (Nguyen et al., 2012) and/or wet-dry cycling
(Long et al., 2011) in the soil to compensate low in-
trinsic seed longevity and antagonise accumulated
damages, which is impossible at artificial ageing.

4.5 CONCLUSIONS AND IMPLICA-
TIONS FOR CONSERVATION

The present study on seeds of 39 calcareous grass-
land species revealed significant similarities between
soil seed bank persistence and survival at artificial
ageing. We found a correlation between in situ and ex
situ seed survival, based on an intrinsic longevity that
allows at least a placement of single species relatively
to each other. We moreover emphasise the compari-
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son of longevity within single habitats to detect influ-
encing traits.

Endosperm presence/absence was associated
with survival at artificial ageing and could be trans-
ferred on soil seed bank survival for at least 2/3 of the
investigated species. For the remaining species, we
assume that this seed trait was masked by other pa-
rameters. Moreover, we believe that the observation
of a negative correlation of soil seed bank persistence
and seed size does not necessarily indicate reduced
intrinsic longevity of larger seeds, as such relation
has not been detected in artificial ageing of the same
set of species. Larger seeds may possess great intrin-
sic longevity but as they become less incorporated
into the soil, they are more vulnerable to predation,
germination, have less opportunities to repair oxida-
tive damages or these seeds are rarely detected due
to low seed production (Saatkamp et al., 2009).

Non-endospermic seeds seem to possess the
most effective repair mechanisms or a slowed accu-
mulation of oxidative damage. In combination with
smaller seed size, which enables wet-dry cycling in
the soil, long survival in both, the soil seed banks of
abandoned calcareous grasslands and ex situ stor-
age, is very likely. In our opinion, field collection or
retesting and replenishing stored seeds of this group
should be of least priority for seed bank curators and
conservation. In contrast, endospermic seeds prob-
ably inhabit less effective repair mechanisms, which
results in reduced longevity in situ and ex situ. This
group of species eventually never developed mech-
anisms for long-term survival and therefore should
be considered for ex situ storage including frequent
regeneration. Seeds with low soil seed bank persis-
tence but high longevity in artificial ageing must also
be prioritised for ex situ storage as long term survival
in the soil is not guaranteed. When longevity in the
soil was high although low intrinsic longevity was de-
termined by artificial ageing, we consider wet-dry cy-
cling or dormancy cycling as the reason for enhanced
persistence in the soil which do not function at artifi-
cial ageing. The potential of these species for resto-
ration from the soil seed bank was clearly underesti-
mated by artificial ageing in the laboratory. Species
with consistently low survival probably rely naturally
on alternative strategies for persistence like being
long-lived or clonal (Pimpinella saxifraga, grasses like
Bromus erectus). Notwithstanding, even for those
species, habitat loss indicates ex situ storage and be-
sides, longevity can be highly extended by suitable ex
situ storage conditions. SID-database (Liu et al., 2008)
research showed, that for the least long-lived species
Rhinanthus minor, no significant viability decline was
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detected after 14 years of ex situ storage (initialgermi- ~ APPENDIX
nation 94 %, 93 % after 14 years). However, as viability
can decline rapidly after a certain threshold time has
been reached (Walters et al., 2010), short-lived seeds
should be handled with caution.

TABLE 4.6 Germination results (%) for selected calcareous grass-
land species. n=number of seeds used for each trial. Germination
percentage at each trial. c=constant and f=fluctuating tempera-
tures, D=darkness, L=light.

Final germination

percentage
Species n c+D c+L f+D  f+L
Achillea millefolium 100 57 77 54 90
Acinos arvensis 100 13 81 21 100
Arabis hirsuta 50 100 87
Arenaria serpyllifolia 200 41 95 55 85
Buphthalmum salicifolium 100 22 73 0 63
Campanula rotundifolia 100 2 73 39 73
Centaurea stoebe 100 13 86 27 75
Cerastium arvense 100 40 88 44 84
Linum catharticum 100 48 95 51 94
Melica ciliata 100 60 58
Pulsatilla vulgaris 100 68 74
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CHAPTER 5

How precise can X-ray predict the viability of wild

flowering plant seeds?

ABSTRACT

The detection of seed viability is an important procedure step in seed production
industry, as well as in conservation and restoration practice. Due to random natu-
ral events seed quality and viability of wild flowering species vary substantially and
hence a quick and reliable method for seed viability assessment is desirable. X-rays
provide information about the internal structures of a seed and therefore show
promise for detection of viability and germination capacity. In the study at hand plant
seeds of 207 accessions of 176 wild flowering plant species were X-rayed and the via-
bility results were compared with combined germination-TZ tests. Of special interest
was for which plant families X-ray is an appropriate method for viability detection,
considering correlations with seed internal morphological aspects, seed mass and/
or shape. The comparison revealed a strong analogy of viability determination by
combined germination-TZ tests and X-ray analysis. According to the taxonomy and
seed type two main groups could be distinguished, that differed significantly in the
viability detection by X-ray and combined germination-TZ test. Whereas the evalua-
tion of little/non-endospermic seeds gave approximately same results, endospermic
seed evaluation was different for both methods. Especially for non/little endosper-
mic seeds X-ray analysis can provide a useful non-destructive and quick tool for via-

bility detection, whereas for endospermic seeds further research is needed.

KEYWORDS:

Seed, viability, X-ray, germination, tetrazolium, seed banks, ex situ conservation

5.1 INTRODUCTION

The exact determination of seed quality and viability
is essential for crop seed production but also for ex
situ conservation of seeds in seed banks and for res-
toration. Within the framework of the first German
federal seed bank for rare and endangered plant spe-
cies (Genbank Bayern Arche, Tausch et al., 2015), the
research objectives are to improve seed viability test-
ing in terms of resources and time. As rare species’
populations often lack larger quantities of seeds due
to small population sizes or reduced seed production
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(Godefroid et al., 2011), an ideal viability test should
be non-destructive.

Several methods can be used to achieve infor-
mation about seed viability and quality. Their imple-
mentations are described by international rules and
handbooks (ISTA, 2003; AOSA, 2010a, b). The most
direct method for viability assessment is a germina-
tion test. However, conclusions about the viability of
seeds via germination tests can only be drawn when
germination conditions as well as dormancy breaking
treatments are well known. Alternatively, subsequent
chemical Tetrazolium (TZ) tests are commonly used
in order to detect viability of non-germinated mostly



dormant seeds (Baskin & Baskin, 1998; ISTA, 1999).
Both tests are very time-consuming and the interpre-
tation of the TZ test is considered to be partly diffi-
cult and needs a lot of experience regarding different
plant families (Moore, 1973; Copeland & McDonald,
1995).

A quick and non-destructive alternative method
for indirect detection of seed viability is the X-ray
analysis. ISTA acknowledges this method only to de-
tect full, empty, insect infested and physically dam-
aged seeds (Simak & Gustafsson, 1953; ISTA, 1999).
The use of X-rays provides an insight into the internal
structures of a seed. Different attenuation of X-rays
in a seed is determined by the type of the penetrated
tissue (atom composition, density and thickness) and
the energy of the X-rays (tube voltage and filtering).
Since dense and thick tissues attenuate X-rays more
than thin tissues, an image is generated where trans-
mission differences can be seen as different lumines-
cence nuances.

So far, X-ray analyses have already been used with
some success to predict seedling morphology, ger-
mination performance and/or quality, but only on
agricultural crops such as Lycopersicon esculentum
(van der Burg et al., 1994), Zea mays (Carvalho et al.,
1999), Oryza sativa (Menezes et al., 2012), Solanum
melongena (Neumann Silva et al., 2012), Capsicum
annuum (Dell’Aquila, 2007; Gagliardi & Marcos-Filho,
2011), Ricinus communis (Carvalho et al., 2010) and
some tree species (Goodman et al., 2005; Socolowski
et al., 2011; Sturiao et al., 2012). Being aware of the
importance that the seed viability has to be known
for reasonable conservation of seeds in a seed bank
and also for the restoration of plant populations, a
reliable method for quick and non-destructive via-
bility assessment is required. Considering the lack of
information for wild flowering species we surveyed
the X-ray method for viability assessment with 207
fresh wild flowering plant seed accessions. The re-
sults were compared with combined germination-TZ
tests. Of special interest was if the results correspond
to each other or not and if the findings are correlated
to the internal anatomy of seeds, seed mass and/or
shape. The results should provide a quick overview
for which kind of plant species X-ray analysis can be
used for a reliable viability assessment of wild flow-
ering plant seeds.
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5.2 MATERIALS AND METHODS

PLANT MATERIAL

Plant seeds of 207 accessions of 176 wild flowering
plant species were collected throughout Bavaria
(Southeast Germany) between 2009 and 2012 with-
in the framework of the seed bank “Genbank Bayern
Arche” (see Table 5.1). The species were collected
randomly and represent about ten per cent of the
plant species in Bavaria (without microspecies and
hybrids, Scheuerer & Ahlmer, 2003). Seeds were dried
at room temperature and were stored at 4°C until
the examination, which took place in average three
months after collection. 100 seeds were used for each
examination, except for accessions with smaller seed
quantities.

SEED GERMINATION

Seeds were germinated in the laboratory in petri
dishes on moist filter paper, 5 replicates with 20 seeds
at different germination conditions (constant or al-
ternating temperatures, with or without pre-treat-
ments like stratification or scarification). The results
of the best germination conditions for each species
were used for statistical analyses. The trials were
performed in climate chambers (Rumed, type 1301,
Rubarth Apperate GmbH, Laatzen, Germany) and in
a cooling room (4°C), where chilling was required.
Seeds were regularly checked for germination and
were considered to be viable when germinated - e.g.
a radicle protrusion of =2 mm occurred and a devel-
opment of “normal seedlings” was ascertained (Black
etal., 2006; Bewley et al., 2013).

TETRAZOLIUM TESTING

A subsequent topographical Tetrazolium test was
carried out with the non-germinated seeds (Grabe,
1970). The test allows a differentiation between living
and dead seed tissues as in living cells the colourless
2,3,5-triphenyl-tetrazolium chloride is metabolized
into red 1,3,5-triphenylformazan by dehydrogenase
activity (Lakon, 1948). Seeds were prepared and
soakedina 1% Tetrazolium solution for 24 to 48 hours
at 22°C. Depending on the plant family, the embryo
anatomy and presence or absence of endosperm, es-
sential parts had to be stained and firm in order to
be called “viable”. Different staining pattern evalua-
tions were developed for each plant family by adapt-
ing ISTA (1999) and AOSA (2010b) Tetrazolium testing
rules.
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TABLE 5.1 Seed classification of the investigated plant families. Seed type classification and seed type categories

(cat.) according to Martin (1946) and Finch-Savage and Leubner-Metzger (2006). Nutritive storage tissues given by Meyer

(2005).+found in mature seed, - not found in mature seed. Nutritive storage tissue category (cat) defined as follows: UE

for (by Tetrazolium) unstained seeds with significant Endosperm, SE for (by Tetrazolium) stained seeds with significant

endosperm, P for seeds with considerable Perisperm, LE for seeds with medium to little endosperm, VLE for seeds with

very little to no endosperm, N for seeds without nutritive tissue. Differing Meyer (2005) Juncaceae, Iridaceae and Liliace-

ae were classified as endospermic instead of perispermic. Plant families with missing descriptions were classified via

X-ray and Watson and Dallwitz (1992 onwards) (italicized letters). Numbers of used plant families are also given.

family seed type nutritive storage tissue no of ac-
(aceae) cat.  Embryo characterization endosperm  cat. cessions
Junc- B2 broad + UE 5
Cyper- B3 capitate + UE 15
Po- B4 lateral + UE 11
Caryophyll- P peripheral -/very little P 23
Chenopodi- P peripheral —/very little P 1
Papaver- Bl rudimentary + SE 2
Ranuncul- Bl rudimentary + SE 8
Rubi- FA1  spatulate axile, cotyledons thin/thick + SE 1
Cist- FA3  folded axile, cotyledons thin + SE 3
Amaryllid- LA linear axile + SE 1
Api- LA linear axile + SE 12
Asparag- LA linear axile + SE 2
Dipsac- LA linear axile + SE 2
Irid- LA linear axile + SE 3
Plantagin- LA linear axile + SE 2
Primul- LA linear axile + SE 3
Viol- LA linear axile + SE 1
Campanul- MA seed miniature axile, dwarf or micro + SE 13
Gentian- MA seed miniature axile, dwarf or micro + SE 4
Scrophulari- MA seed miniature axile, dwarf or micro + SE 9
Polygon- P peripheral + SE 1
Boragin- FA4  investing axile, cotyledons thick +/- LE 5
Plumbagin- FA4  investing axile, cotyledons thick +/- LE 1
Aster- FA1  spatulate axile, cotyledons thin/thick -/very little  VLE 28
Hyperic- FA1  spatulate axile, cotyledons thin/thick -/very little  VLE

Lin- FA1  spatulate axile, cotyledons thin/thick -/very little  VLE 5
Tamaric- FA1  spatulate axile, cotyledons thin/thick —/very little  VLE 1
Brassic- FA2  bentaxile, cotyledons thick —/very little  VLE 17
Fab- FA2  bentaxile, cotyledons thick -/very little  VLE 10
Betul- FA4  investing axile, cotyledons thick —/very little  VLE 1
Lami- FA4  investing axile, cotyledons thick —/very little  VLE 11
Ros- FA1  spatulate axile, cotyledons thin/thick - N 5
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X-RAY ANALYSES

X-ray analyses were carried out by a digital radiog-
raphy system (Faxitron MX-20, Faxitron X-ray Corpo-
ration, Wheeling, lllinois) with an exposure time of 9
seconds and 26 kV. Likewise the Tetrazolium exami-
nation for the analysis of the X-ray pictures the same
four groups “viable”, “non-viable”, “empty” and “in-
sect infested” were used to categorize the examined
seeds. Seeds were determined as “viable” when no
essential part of the embryo and the nutritive storage
tissue was damaged and the tissue density was high,
e.g.according to ISTA rules (1999), all essential tissues

for germination were present.

SEED CLASSIFICATION AND TRAIT ANALYSIS

Internal anatomy of seeds (as described below) and
two morphological seed traits, seed mass and seed
shape, were used to identify their influence on the
comparability of the two viability assessment meth-
ods. Seed mass was determined as thousand seed
weight. Seed dimensions were measured on five
replicate seeds per species. Seed shape was used as
variance of seed dimension, which was calculated
according to the formula described by Bekker et al.
(1998a):

Xy —x)?

VS n

(1)

with  x1=length/length, x2=height/length and
x3=width/length, n=3. The dimensionless seed
shape had spans from a minimum value 0.0004 in
perfectly spherical seeds (Lathyrus palustris) to a
maximum value of 0.2277 in needle- and disc-shaped
seeds (Betula nana).

As the seed anatomy concerning the embryo
(shape, development and size) and the storage tis-
sues (presence, absence and size of endosperm and/
or perisperm) seemed to influence the applicability
of viability detection in both, X-ray and Tetrazolium
testing, two seed classifications were used to group
the species (see Table 5.1). The first classification
(=seed type classification) is based on Martin (1946)
and has been revised and extended by Finch-Savage
and Leubner-Metzger (2006). Eleven seed types (Bl
to B4, FA1 to FA4, LA, MA and P) can be divided into
basal seeds with abundant endosperm and a tiny em-
bryo (B1 to B4), more advanced endospermic seeds
with linear axile embryos (LA), endospermic minia-
ture or dwarf seeds (MA), seeds with peripheral em-
bryos (P) and little or non-endospermic seeds with
foliate axile embryos (FA1 to FA4). The second classifi-
cation (=nutritive storage tissue type classification),
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which is based on Meyer’s (2005) review, only relates
to the type of nutritive storage tissues (endosperm
or perisperm) and its size in relation to the embryo.
For statistical analysis six categories were assigned to
Meyer’s groups, that reflect the most evident charac-
teristics: UE for seeds with (by Tetrazolium) unstained
significant endosperm, SE for seeds with (by Tetra-
zolium) stained significant endosperm, P for seeds
with considerable perisperm, LE for seeds with medi-
um to little endosperm, VLE for seeds with very little
to no endosperm, N for seeds without any nutritive
storage tissue. Missing families in both classification
systems were classified autonomously via X-ray and/
or Tetrazolium.

DATA ANALYSIS

In order to compare the two viability assessment
methods, X-ray and combined germination-TZ test,
the seed viability difference SVD was calculated:

(2)

SVD = (% viable seedsggrrz — % viable seedsy_qy)

100

SVD was calculated as the percentage of viable seeds
assessed by combined germination-TZ test (% viable
seeds ., .,) minus the percentage of viable seeds as-
sessed by X-ray analysis (% viable seeds__ ), divided
by 100. The closer to zero the value for SVD is the more
equal the results of the two seed viability assessment
methods are.

Firstly, the impact of the three parameters thou-
sand seed weight, seed shape and seed classification
on SVD was analysed. Two ANCOVA maximal models
were fitted. The first model included seed type classi-
fication, thousand seed weight and seed shape as ex-
planatory variables, plus interactions between these
factors and SVD as response variable. In the second
model nutritive storage tissue classification, thou-
sand seed weight and seed shape were used as ex-
planatory variables, plus interactions between these
factors and SVD as response variable. Subsequently,
two minimal adequate models for each classification
system, that contained significant terms only (p val-
ue<0.05) and had minimal AIC, were created by step-
wise model simplification (Crawley, 2007). Before-
hand, inter-correlation of thousand seed weight and
seed shape was excluded by a correlation test (Pear-
son product-moment correlation). The fitted models
were checked for goodness with respect to hetero-
scedasticity, evidence of curvature, temporal correla-
tion and non-normality of errors (Crawley, 2007).
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Secondly, as only the two seed classifications
showed a significant effect on SVD, the factor levels
of the two seed classifications were examined in de-
tail, to see which gave better results for viability dif-
ference SVD. Hence two one-way ANOVAs were cal-
culated and model simplification was conducted by
aggregation of non-significant factor levels of seed
type and nutritive storage tissue type in a stepwise a
posteriori procedure.

Thirdly, the newly aggregated seed type and the
nutritive storage tissue groups were used to carry
out a type Il regressions MA, because in both of the
methods, X-ray and combined germination-TZ analy-
sis, measuring errors might occur (Kéhler et al., 2002).
The percentages of viable seeds from X-ray and com-
bined germination-TZ analysis were tested against
each other for the aggregated seed type and the nu-
tritive storage tissue categories. Homogenous vari-
ances and normal distribution of the residuals were
proved. The R-package Imodel2 (Legendre, 2013) was
used for the statistical data analyses, the MA-residu-
als were gained following the R-script of Bergmann
(2012). All analyses were conducted in Rv.2.14.1.

60

5.3 RESULTS

The seed viability difference (SVD) between the two
compared viability assessment methods for all an-
alysed accessions was distributed as follows: 16%
had a SVD<1%, 39% had a SVD<5%, 57% had a
SVD<10%, 43% had a SVD>10% (cumulative values).
That means that in more than 50 % of the species, the
two viability assessment methods produce identical
or more or less similar results. It must be considered
that these results include all seed types. As following
results show, the correspondence of the two viability
assessment methods strongly depends on the seed
classification types. Table 5.2 shows the detailed re-
sults for single plant families.

The ANCOVA revealed that in both models the
seed classification (seed type or the nutritive stor-
age tissue) was the only parameter that had a highly
significant influence on the viability difference SVD
(see Table 5.3), whereas seed shape and thousand
seed weight did not have a significant effect, as well
as interactions between the factors, which were con-
sequently removed from the maximal model. The be-
forehand Pearson correlation revealed no significant
inter-correlation of thousand seed weight and seed
shape (N=177, t=-1.5319, r=-0.1160, p=0.1274).

In the following one-way ANOVAs the initial eleven
levels of the seed type classification and the six lev-
els of the nutritive storage tissue classification were
aggregated each into two groups by stepwise ag-
gregation (Crawley, 2007). The resulting aggregated
groups for the seed type classification were P.FAL.
FA2.FA3.FA4.B4 and B1.B2.B3.LA.MA and for the nutri-
tive storage tissue classification P.LE.VLE.N and UE.SE
respectively. This means that for both classifications
all seeds with significant endosperm (B1.B2.B3.LA.MA
and UE.SE) and all perispermic, little to non-endosper-
mic seeds (P.FA1.FA2.FA3.FA4.B4 and P.LE.VLE.N) were
aggregated, with the exception of Poaceae seeds (B4),
which were assigned to the group of little/non-en-
dospermic seeds in the seed type classification (P.FAL.
FA2.FA3.FA4.B4). For both seed classifications, the av-
erage SVDs of the two newly aggregated groups were
significantly different from each other (see Figure 5.1
and Table 5.4). The means of SVD over the little/non
endospermic seeds were not significantly different
from zero in each case. In contrast the means of SVD
over the seeds with significant endosperm, just as the
mean of all species showed a significant difference
from zero.

Also, the MA-regressions for each seed classifica-
tion showed a significant relation between combined
germination-TZ test and X-ray analysis (see Figure
5.2, Table 5.5). For perispermic, little/non-endosper-



mic seeds (P.FA1.FA2.FA3.FA4.B4 and P.LE.VLE.N), by
the coefficient of determination (R?), 72% respec-
tively 74% of the total variance could be explained
with regard to a statistical correlation (p<0.001). For
seeds with significant endosperm (B1.B2.B3.LA.MA
and UE.SE) only 25% respectively 28% could be ex-
plained (p<0.001). This weaker correlation lowers

TABLE 5.2 Seed viability differences SVD between combined
germination-TZ and X-ray examinations. Number of analysed acces-
sions, median and standard error of SVD are given.

family N Median (SVD) SE (SVD)
Amaryllidaceae 1 0.002 NA
Apiaceae 12 -0.086 0.082
Asparagaceae 2 -0.018 0.068
Asteraceae 28 -0.023 0.026
Betulaceae 1 -0.002 NA
Boraginaceae 5 -0.031 0.113
Brassicaceae 17 -0.031 0.032
Campanulaceae 13 -0.047 0.059
Caryophyllaceae 23 0 0.027
Chenopodiaceae 1 -0.025 NA
Cistaceae 3 -0.021 0.111
Cyperaceae 15 -0.143 0.092
Dipsacaceae 2 -0.044 0.036
Fabaceae 10 0 0.03
Gentianaceae 4 -0.493 0.182
Hypericaceae 1 0 NA
Iridaceae 3 0.004 0.058
Juncaceae 5 -0.219 0.125
Lamiaceae 11 -0.014 0.048
Linaceae 5 -0.022 0.016
Papaveraceae 2 -0.647 0.303
Plantaginaceae 2 -0.159 0.079
Plumbaginaceae -0.02 NA
Poaceae 11 0 0.06
Polygonaceae 1 0 NA
Primulaceae 3 -0.474 0.138
Ranunculaceae 8 -0.088 0.077
Rosaceae 5 -0.04 0.048
Rubiaceae 1 -0.202 NA
Scrophulariaceae 9 -0.071 0.062
Tamaricaceae 1 -0.19 NA
Violaceae 1 -0.497 NA
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the overall result of the regression model for all ac-
cessions (R?=0.45, p<0.001). The regression lines
given by the model for little/non-endospermic seeds
showed slopes close to 1 and intercepts close to 0,
whereas the regression lines for the model for seeds
with significant endosperm showed weaker slopes
and an intercept more distant from zero.

TABLE 5.3
the nutritive storage tissue classification. Seed type classification

Impact on viability difference SVD for the seed type and

and seed type categories according to Martin (1946) and Finch-Sav-
age and Leubner-Metzger (2006), nutritive storage tissues given by
Meyer (2005). The ANCOVA table (minimal adequate model) includes
degrees of freedom (df), sums of squares (SS), means squares (MS),
F value and corresponding p value for the significant explanatory
variables. Thousand seed weight and seed shape as explanatory var-
iables and all interactions have been removed from the full model.

df SS MS F  pvalue

seed type 10 1.374 0.137 3.186 <0.001 ***
error 196  8.457 0.043

nutritive storage 5 0.937 0.187 4.235 0.001 **
tissue

error 201 8.894 0.044
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FIGURE 5.1 Boxplots of SVD for the different viability assessment
methods combined germination-TZ test and X-ray analysis. A: Seed
type classification after Martin (1946) and Finch-Savage and Leub-
ner-Metzger (2006). B: Nutritive storage tissue classification after
Meyer (2005). Comparison of little/non-endospermic (A: P.FA1-FA2.
FA4.B4 and B: P.LE.VLE.N) with endospermic seeds (A: B1.B2.B3.LA.
MA and B: UE.SE). Boxes and central bars represent the interquartile
range and median, dashed lines represent the range of sample and
dots are outliers.
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TABLE 5.4 Seed classifications influence on vi-
ability difference SVD. Presented are the summary
statistics of the one-way analyses of variance us-
ing SVD as the dependent variable and the factors
of the two seed classifications as explanatory var-
iables. Seed type classification after Martin (1946)
and Finch-Savage and Leubner-Metzger (2006).
Nutritive storage tissue classification after Meyer
(2005). The two respective main groups contain-
ing little/non-endospermic (P.FA1-FA2.FA4.B4 and
P.LE.VLE.N) or endospermic seeds (B1.B2.B3.LA.
MA and UE.SE) had been gained by aggregation
of non-significant factor levels. The table includes
mean percentage, standard error of SVD, number
of accessions for each group and for all acces-
sions, t- and corresponding p values for the differ-
ence to zero. Model statistics for seed type classi-
fication: r2=0.12, adjusted r?=0.12, F value=28.11
on 1 and 205 DF, p value<0.001. Model statistics
for nutritive storage tissue classification: r>=0.08,
adjusted r?=0.08, F value=18.45 on 1 and 205 DF,
p value<0.001.

n  mean SE tval. p val.
All accessions (intercept) 207 -0.086 0.015 -5.644 <0.001 ***
seed type
little/non-endospermic (intercept) 125 -0.024 0.018 -1.329 0.185
endospermic (intercept) 82 -0.179 0.023 -7.899 <0.001 ***
difference little/non-endospermic - 0.155 0.030 5.302 <0.001 ***
endospermic (intercept)
nutritive storage tissue
little/non-endospermic (intercept) 109 -0.026 0.020 -1.310 0.192
endospermic (intercept) 98 -0.152 0.021 -7.162 <0.001 ***
difference little/non-endospermic - 0.125 0.029 4.296 <0.001 ***

endospermic (intercept)

o o
S+ 3 -
Q o
<] ©
s s : 8
x x
3 ol 3 ol
§ v § v
o o
Qo Qo
-2 =
s s
o o
I3 I3
o A R?=0.715, p < 0.001 o A R?=0.736, p < 0.001
T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
’IA viable seeds - germination-TZ test (%) ZA viable seeds - germination-TZ test (%)
little/non-endospermic little/non-endospermic
=3 =]
= =

80

viable seeds - x-ray analysis (%)

viable seeds - x-ray analysis (%)

80

o 4 ° R*=0.252, p < 0.001 o 4 o R*=0.278, p < 0.001
T T T T T T T T T T T T
20 40 60 80 100 0 20 40 60 80 100
'] B viable seeds - germination-TZ test (%) 2 B viable seeds - germination-TZ test (%)

endospermic

62

endospermic

FIGURE 5.2 Relationships of
viability —assessment between
combined germination-TZ tests
and X-ray analysis. 1: Seed type
classification after Martin (1946)
Finch-Savage and Leub-
ner-Metzger (2006). 2: Nutritive
storage tissue classification after
Meyer (2005). Comparison of little/
non-endospermic (1A: P.FA1-FA2.
FA4.B4 and 2A: P.LEVLE.N) with
endospermic seeds (1B: B1.B2.
B3.LA.MA and 2B: UE.SE). R? and

p value of the regression line are

and

given. Regression line is shown as
red, confidence intervals of the
slope are shown as grey lines. Full
results (intercept and slope) are
shown in Table 5.4.
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TABLE 5.5 Comparison of MA relationships of X-ray analysis and combined germination-TZ tests for the two seed classifications.

Seed type classification after Martin (1946) and Finch-Savage and Leubner-Metzger (2006) and nutritive storage tissue classification

after Meyer (2005). The two respective main groups little/non-endospermic (P.FA1-FA2.FA4.B4 and P.LE.VLE.N) or endospermic seeds

(B1.B2.B3.LA.MA and UE.SE) were tested against each other. For each relationship, R?, p values, intercept estimate, upper and lower

confidence interval of the intercept estimate, slope estimate, upper and lower confidence interval of the slope estimate and the one-

tailed permutational propability for the slope estimate are given.

Intercept Slope

N R? p value LowCl UppClI Est.  LowCl  UppCl p perm
All accessions 207  0.446 <0.001 18.928 8.419 28.145 0.86 0.736 1.002 0.01
seed type
little/non-endospermic 125 0.715 <0.001 -3.071 -13.35 6.044 1.069 0.955 1.197 0.01
endospermic 82 0.252 <0.001 41.297 23.04  55.843 0.64 0.416 0.921 0.01
nutritive storage tissue
little/non-endospermic 109 0.736 <0.001 -1.782 -12.12 7.378 1.055 0.795 1.001 0.01
endospermic 98  0.278 <0.001 35.744 18.327 49.774 0.696 0.489 0.953 0.01

5.4 DISCUSSION

The present data reveal a strong analogy of viabili-
ty determination by combined germination-TZ tests
and X-ray analysis in fresh seeds (R? for all species
0.45, p<0.001). Two groups could be distinguished
that differed significantly in their applicability for vi-
ability detection, following the corresponding seed
classification type. In agreement with other studies
on selected agricultural species (van der Burg et al.,
1994; Dell’Aquila, 2007; Neumann Silva et al., 2012),
our findings underline at an extended scale of 179
plant species of 32 different plant families that X-ray-
ing is a very useful method for little or non-endosper-
mic seeds which enables a quick, non-destructive
and thus economic viability determination of seeds.

SEED MASS, SEED SHAPE AND SVD

It was found that thousand seed weight and seed
shape had no significant impact on the viability dif-
ference SVD. This means that both methods, X-ray
and combined germination-TZ test, evaluate seeds
with different weights and shapes analogously. Al-
though Miller (2005) described the evaluation of large
embryos with Tetrazolium as complex because dete-
rioration can be hidden in critical places in the case of
insufficient intersections, this does not apply to the
X-ray analysis. Here it is possible to determine deteri-
orated tissue and exclude damage in essential tissue
areas like radicle, critical juncture or larger areas of

the cotyledons, especially in larger seeds. Neverthe-
less size seems to impact viability detection - not in
terms of seed size, but in terms of the proportion of
the embryo size to the nutritive storage tissue.

SEED TYPE AND NUTRITIVE STORAGE TIS-
SUE CLASSIFICATION AS SIGNIFICANT DE-
TERMINING FACTOR

Evaluation of Tetrazolium staining patterns strongly
depends on the embryo morphology and nutritive
storage tissue type and these are highly related to the
taxonomic family (Miller, 2005). This is also true for
X-ray analysis, as only a profound knowledge about
seed’s morphology allows a correct interpretation
of the black and white nuances of the radiograph. In
our statistical analyses seed classification catego-
ries were assorted to two main groups, endosper-
mic and little/non-endospermic seeds. In the model
with the seed type classification Poaceae (B4) were
assigned to little/non-endospermic seeds. The two
groups differ significantly in the viability difference
SVD, e.g. evaluation of endospermic seeds was more
difficult than evaluation of little/non-endospermic
seeds. These findings either imply overestimation of
seed viability by X-ray analysis or underestimation
by combined germination-TZ tests. In many cases
the distinction of embryonic and endospermic tis-
sue is not explicitly possible via X-ray in endospermic
seeds such as Apiaceae. According to Socolowski et
al. (2011) it is not required to identify the embryo in
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order to detect seed viability. These findings can only
conditionally be confirmed in our observations. Seed
testing rules state that for instance in MA-type seeds
the whole embryo needs to be sound/stained to be
called viable (AOSA, 2010b; ISTA, 1999). In contrast
the embryo of Poaceae can be visualized more eas-
ily (Carvalho et al., 1999; Menezes et al., 2012), what
accounts for the assignment of Poaceae to the group
of little/non- endospermic seeds. On the other hand,
many of the endospermic seeds can exhibit morpho-
logical or morphophysiological dormancy (Finch-Sav-
age & Leubner-Metzger, 2006) and germination some-
times lasts for several weeks (Baskin & Baskin, 2004).
Since for many rare species germination require-
ments are unknown, we might have not discovered
the optimal conditions in our investigations. Due
to prolonged germination time imbibed seeds may
have deteriorated, lowering the total viability result
(Hegarty, 1978). Moreover misinterpretation of stain-
ing patterns cannot be excluded completely (Moore,
1973). This assumption can be confirmed by the fact
that seeds of Poaceae, which do not possess morpho-
physiological dormancy, produced lower SVD- values
(closer to zero) than e.g. Ranunculaceae or Apiaceae.
For endospermic seeds with morphological dorman-
cy or morphophysiological dormancy, it is still nec-
essary to perform germination tests and consequent
viability tests such as Tetrazolium tests as long as
dormancy breaking needs are not completely under-
stood.

IMPLICATIONS FOR GENE BANKS AND
SEED INDUSTRY

It is a huge challenge for seed banks to insure high
levels of viability in stored seeds. For many wild flow-
ering plant species, little is known about the right
method for viability assessment. In general, seed
testers can choose between various methods, which
all show advantages and disadvantages (Gosling,
2003). Miller (2005) emphasized that in the flowering
industry, Tetrazolium tests (TZ) should be used as via-
bility indicator in addition to germination tests. At the
same time, some authors (Gosling, 2003; Milosevic et
al., 2010) postulated that Tetrazolium tests overesti-
mate vitality, as they are not able to predict the de-
velopment of a typical or abnormal seedling. Kramer
(2010) however, proved the opposite and showed that
abnormalities can be detected by use of Tetrazolium.
Authors like Carvalho et al. (2010) and van der Burg
et al. (1994) have already shown on single agricultural
species that the detection of abnormalities and pre-
diction of seedling performance is also possible with
X-ray analysis.
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Using seeds of a variety of wild plant species, the
study at hand demonstrates that X-ray analysis rep-
resents a useful method for viability detection for
many wild plant species and that the use of X-ray
analysis goes clearly beyond quantifying and upgrad-
ing seed quality by removing empty seeds (Keefe &
Davis, 2012). Especially for non-endospermic, little
endospermic or perispermic seeds, X-ray analysis can
predict germinability/viability and therefore substi-
tute for time-consuming germination and Tetrazoli-
um testing. Yet, viability interpretation for endosper-
mic seeds is more difficult with both methods and
requires further research.

Comparable in the quality of results, Tetrazolium
test and X-ray analysis detect viability of non-dormant
as well as dormant seeds and can distinguish them
from dead seeds. In contrast, a germination test can
only reveal viability, when the dormancy breaking
treatments are known. Regarding the average time
needed for viability testing and interpretation, it dif-
fers from several weeks for germination tests, two
days for a Tetrazolium test and minutes for an X-ray
analysis. Whereas preparation of seeds for the TZ
test is very time-consuming and takes from two to
ten times longer than germination test performance
(Miller, 2005), preparation time for X-raying is insignif-
icant. But still, for the investigation of the germina-
tion ecology and suitable germination requirements
germination testing is essential.

McDonald and Kwong (2005) proclaimed that in
the seed producing and breeding industry seed vi-
ability testing procedures are not sensitive enough
to differentiate seed lots of varying quality. Instead
vigour tests should be preferred which are used to
predict germination performance at suboptimal
conditions (Geneve, 2005), with the aim of produc-
ing high yield plants. Such tests are less important
for wild plant species especially in the field of seed
banking. For conservation and restoration concerns,
the primary target is the preservation of seeds with a
broad natural genetic variability in order to maintain
a maximum ability of adaptation to a changing envi-
ronment. Assessing seed viability related to internal
morphology via X-ray analysis is a quick and accurate
viability assessment method that can be performed
without wasting valuable material. As a second step
in commercial seed production, vigour testing can be
performed with high quality seed lots.



Predicting seed viability via X-ray
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CHAPTER 6

Seed dispersal in space and time - origin and
conservation of calcareous grasslands

Tremendously variable in morphology and size, seeds
contain the entire genetic information of a plant,
holding the capacity to outgrow even a gigantic tree.
Defying heat, cold, fire or digestion, seeds are able to
persist for many, even thousands of years until the en-
vironment offers suitable conditions for germination.
Seeds as dispersal units have contributed the most
to today’s plant distribution. The majority of these
small packages contain supplies that assist success-
ful germination and establishment of a new plant.
Facing the increasing habitat loss on a global level, a
new focus is put on wild crop relatives and wild plants
(Hay & Probert 2013). Yet seeds may be the resource
for restoring depauperated habitats and landscapes
destroyed by man.

The thesis at hand is dealing with seeds as disper-
sal units through space and time within its in situ and
ex situ environment, keeping focus on endangered
calcareous grasslands and its conservation and res-
toration perspectives. The aim of this thesis was to
elucidate the origin of species of rare and threatened
calcareous grasslands and to provide tools for a suc-
cessful preservation of diversity with seeds. The ori-
gin of calcareous grassland species was exemplarily
investigated by retracing the immigration route of
Sanguisorba minor Scop. (Chapter 2), taking into ac-
count the seed morphological aspects of this species’
subspecies. By persisting long-term in the soil (dis-
persalin time), seeds can contribute to the future (ge-
netic) composition of plant communities and provide
material for restoration of degraded sites (Karlik & Po-
schlod 2009; Kiefer & Poschlod 1996; Mitlacher 2009;
Poschlod et al. 2013; Poschlod et al. 1996; Poschlod
et al. 1998; Walck et al. 2011). Following chapters con-
centrate on this dispersal of seeds in time: Chapter 3
uncovers seed characters that influence ex situ stor-
age longevity of seeds. In Chapter 4 we gathered com-
mon patterns of in situ seed persistence and ex situ
storage longevity to provide prospects for conserva-
tion of calcareous grasslands via seeds. Due to hab-
itat destruction, abandonment of land use, missing
dispersal vectors and climate change, ex situ conser-
vation with seed banks - an artificial method to dis-
perse seeds through time - will gain more importance
for future reintroductions. In order to preserve high
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quality seeds in seed banks for future reintroduction,
we investigated the use of X-ray analysis to support
the quick identification of viability proportion by fo-
cusing on seed traits (Chapter 5).

POST-GLACIAL ORIGIN OF CALCA-
REOUS GRASSLAND SPECIES

It is impossible to study the origin and distribution
of plant species without considering dispersal as it
influences distribution in space and time (see also
Gillespie et al. 2012; Hendry et al. 1994). It is often
invoked that constrained dispersal during postgla-
cial range expansions, e.g. due to rarity of long-dis-
tance seed dispersal events or geographical barriers,
has even resulted in discrepancies between actual
and potential geographic distribution under current
climate conditions (Hampe 2011; Normand et al.
2011). The morphology of a seed or dispersal unit is
routinely linked with the dispersal syndrome (fleshy
fruits imply endozoochory, hooks imply epizoocho-
ry). However, studies have shown that long-distance
dispersal (LDD) is poorly related with morphology
but rather with multiple processes or extreme events
(Heydel et al. 2014; Higgins et al. 2003; Poschlod et al.
2005b; Tackenberg et al. 2003) such as meteorologi-
cal weather conditions, transportation by animals or
humans (Nathan et al. 2008; Poschlod et al. 2005b).
For calcareous grasslands, long-distance seed dis-
persal by domestic animals and wind are known to be
of central importance for plant colonization (Fischer
et al. 1996; Tackenberg et al. 2003). Moreover, post-
glacial recolonization may be related to the migration
of wild hooved animals (Leipold et al. 2017; Poschlod
& Bonn 1998).

Results from Chapter 2 indicate that S. minor has
outlasted the LGM in southern refugia but also in
northern localities in France, Belgium or Germany. In-
dependently whether populations survived in north-
ern regions, close genetic similarity between north-
ern and south-western populations indicate genetic
exchange and closer relatedness, while older vicari-
ance caused by the Alps and Carpathians has led to



a separation between the western and south-eastern
populations. A constant exchange between human
populations might as well have affected the recol-
onization speed, routes and genetic exchange of S.
minor seeds after the LGM (Gronenborn 2003), during
interglacials and even during the LGM (Tallavaara et
al. 2015). It is known that at least since the medieval
times (Hornberger 1959), transhumance favoured
the transport and exchange of seeds over hundreds
of kilometres between the eastern part of France
and Germany (Poschlod & Bonn 1998). The endozoo-
chorous and epizoochorous dispersal by goat and
sheep (Bugla & Poschlod 2005; Fischer et al. 1996) as
well as the utilization of S. minor as medicinal, vege-
table and fodder plant (likewise S. officinalis), empha-
size the potential dispersal of this species by man,
wild animal or domestic livestock.

Considering our results, it is likely that S. minor has
achieved post-glacial northern expansion through lo-
cal dispersal from northern populations rather than
long-distance dispersal from southern glacial refu-
gia. The potential availability of northern refugia for
calcareous grassland species (see also Bylebyl et al.
2008) has a number of implications for understand-
ing the present and future distribution as well as con-
serving calcareous grasslands in Central Europe.

RELEVANCE OF SEED TRAITS FOR
CALCAREOUS GRASSLAND CON-
SERVATION

Ecological studies often consult seed traits related to
dispersal in space and time to investigate past, cur-
rent and future species composition of habitats (Wal-
cketal.2011). Seed characteristics that have been as-
sociated with dispersal in space are size/mass, shape
and itsrelation to diaspore production, surface, coats
and their appendices, falling velocity, buoyancy, at-
tachment capacity and digestion tolerance (Poschlod
et al. 2005b; Roémermann et al. 2005). Regarding nat-
ural dispersal in time (soil seed persistence), former
studies have mainly focused on traits such as seed
mass and seed shape (Bekker et al. 1998a; Hodkinson
etal. 1998; Moles et al. 2000; Peco et al. 2003; Thomp-
son et al. 1993; Zhao et al. 2011), seed coat thickness
(Gardarin et al. 2010) and dormancy (Thompson et al.
2003).

The study at hand has shown that, for species
originating from the same habitat, survival at arti-
ficial ageing could be transferred on soil seed bank
persistence at least for 2/3 of the surveyed species.

Conservation of calcareous grasslands

Our study confirmed previous results of geographi-
cally large-scaled studies (Merritt et al. 2014; Probert
et al. 2009), implicating the major influence of inher-
ent seed characters exceeding the importance of
climate. Although the relationships turned out to be
complicated, we were able to explain similarities and
differences between ex situ and in situ survival of cal-
careous grassland species based on seed morpholo-
gy and germination traits (see Chapter 4).

Seed shape and seed coat thickness were neither
associated with ex situ survival nor in situ soil persis-
tence. Seed mass however, proved to be irrelevant
for prediction of ex situ longevity but seeds with
lower mass tended to possess increased soil seed
bank persistence in calcareous grasslands. While we
were able to corroborate extended ex situ survival
of physically dormant seeds, this characteristic was
partially correlated with short-lived seeds in the soil.
Such contradictory results could be explained with
unpredictable effects that operate on the soil seed
bank like germination, regeneration of buried seeds
by wet-dry cycling, predation and the seed size-seed
number trade-off, which may cover the actual inher-
ent longevity (see Chapter 4).

Both, ex situ longevity and soil seed bank persis-
tence showed correlations with endosperm presence
and partially physiological dormancy (see Chapter 3
and 4). We assume that endospermic as well as phys-
iologically dormant seeds without the capacity of
dormancy cycling possess less capable repair mech-
anisms, quicker accumulate damage or repair mech-
anisms are overburdened because of the time neces-
sary to break dormancy, respectively. These findings
may be connected with phylogenetic relations as an
adaption for dispersal through time for phylogenet-
ically younger seeds (Probert et al. 2009, see also
Chapter 3). At the same time, viability assessment via
X-ray showed that neither seed shape nor seed mass
had a significant impact on the precision of viability
detection (Chapter5). The ratio of endosperm howev-
er strongly determined the prognosis of viability de-
tection and we therefore consider non-endospermic
seeds to be suitable for quick viability detection via
X-ray. Results from Chapter 3,4 and 5 highlight the im-
portance of endosperm presence/absence as a most-
ly ignored seed trait for seed survival ex situ, in situ
and for the detection of seed viability of calcareous
grassland species. It has been investigated in physiol-
ogy, biochemistry (e.g. Donohue 2009; Finch-Savage
& Leubner-Metzger 2006; Yan et al. 2014) and phyloge-
netic research (e.g. Finch-Savage & Leubner-Metzger
2006; Forbis et al. 2002; Martin 1946) but has rarely
been considered in ecology, which is indicated by its
absence in ecological plant trait databases like LEDA
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Chapter 6

(Kleyer et al. 2008), BIOPOP (Poschlod et al. 2003) or
BiolFlor (Klotz et al. 2002). Nonetheless, being aware
of the fact, that endospermic seeds cause difficulties
regarding germination and viability detection and
possess lower longevity, further scientific research
concentrating on affected plant families is crucial
(e.g. Apiaceae, Poaceae, Ranunculaceae).

In summary, at least in calcareous grasslands,
species producing endospermic seeds should be pri-
oritized for conservation, as their prognosis for seed
survival is low in both, ex situ and in situ. Moreover,
a reliable viability assessment of endospermic seeds
is difficult and needs combined examinations via
X-ray, Tetrazolium or germination tests. The absence
of endosperm indicates good perspectives for in situ
and ex situ survival as well as for viability detection.
Due to their water impermeable seed coat, physically
dormant seeds (e.g. Fabaceae) are bearing good pre-
requisites for long-term survival. On the other hand in
their in situ environment, when combined with large
seed size, these seeds may be preferred by predators
and therefore, safeguarding in seed banks is suggest-
ed.

PERSPECTIVES FOR RESEARCH
AND CONSERVATION

The thesis at hand strongly advises that for target-ori-
ented safeguarding of threatened calcareous grass-
land species, both should be considered, the in situ as
well as the ex situ environment.

The possibility that calcareous grassland species
like Sanguisorba minor may have originated from
putative northern “cryptic” refugia makes these ar-
eas very valuable for conservation priorities as they
possess high genetic variation and are differentiated
from other populations. Provided that these north-
ern areas have facilitated long-term persistence
throughout climatic oscillations, they may become
important for the long term persistence and conser-
vation of calcareous grasslands in a changing climate
(Bhagwat & Willis 2008). We therefore emphasise the
need for further investigations on additional calcare-
ous grassland species especially under consideration
of these potential northern refugia to identify calcar-
eous grassland areas with conservation priority.

The example of S. minor also puts focus on an-
other rather modern dispersal in space. S. minor ssp.
balearica is described as a German neophyte (Hetzel
2006), which is often observed in seed mixtures origi-
nating from Southern Europe and used for the green-
ing of roadside embankments (Frank & John 2007;
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Klotz 2012). It is known that genetic exchange can
occur in a reticulate manner between populations,
even between well-established and morphological-
ly distinct species (Schaal et al. 1998). As this wide-
spread phenomenon in plants (Hewitt 2001; Longo et
al. 2014) was also observed between S. minor subspe-
cies, attention must be paid before introducing sub-
species or varieties on roadside plantings as they may
quickly intermingle with autochthonous plants. This
points out that although the habitat of calcareous
grasslands is mainly threatened by intensification
or abandonment of anthropo-zoogenic usage (Po-
schlod & WallisDeVries 2002), careless plantation sub-
sequent to construction works can result in artificial
bastardisation and may even accelerate species ex-
tinction. The use of viable autochthonous seed mate-
rialis therefore indispensable (Frank & John 2007; LfU
2002), especially when plantings are located closely
to highly valuable populations.

Considering in situ conservation, short-term
re-establishment was shown to be more successful
in species with persistent soil seed banks and long
distance dispersal ability (von Blanckenhagen & Po-
schlod 2005). Likewise, even within highly fragment-
ed calcareous grasslands, many species that have a
high long distance dispersal potential could still per-
sist locally under the presence of grazing disturbance
(Purschke et al. 2012). But in general, calcareous
grasslands are expected to possess soil seed banks
with low persistence (Bekker et al. 1998a; Kalamees
& Zobel 1998; Karlik & Poschlod 2014; Poschlod et al.
1998; Stocklin & Fischer 1999; Thompson et al. 1997)
and in the present cultural landscape, the function
of grazing animals as dispersal vectors has become
marginal (Jedicke 2015). Considering the recoverabil-
ity of endangered habitats, the potential offered by
ex situ conservation facilities has so far been ignored.

Especially when the in situ environment can nei-
ther provide dispersal in space, nor dispersal in time
via persistent soil seed banks, efforts need to be
made to specifically conserve species and maintain
genepools ex situ. In total our investigation on ex situ
and in situ seed persistence encompassed 39 calcar-
eous grassland species. In situ data were available for
26 of these species, of those 10 species are expected
to survive 0-5 years and 16 species more than 5 years
in the soil (see Chapter 4). Regarding ex situ longevi-
ty based on a logarithmic scale (Mondoni et al. 2011),
30 out of 39 species could be classified as having me-
dium-lived seeds in artificial ageing, three as short-
lived and six as long-lived (see Chapter 5). Although
longevity of different accessions of one species de-
pends on the pre-dispersal environment (Kochanek
et al. 2011), our research has determined and con-



firmed seed traits that can be of value when consid-
ered for ex situ conservation. In view of limited time
and financial resources, the results of this thesis can
be used to primarily focus on seeds with characters
that are expected to possess short longevity in situ.
Within the scope of upcoming conservation actions,
even for endospermic seeds, where the prognosis
for ex situ seed survival is comparatively low, frozen
seed material can serve at least as mid-term backup
and provide great restoration potential. Moreover,
preceding long term storage, our research has shown
that at least for non-endospermic seeds, the initial vi-
ability of a seed lot can be quickly assessed via X-ray,
without wasting valuable material. This facilitates the
use of viable seeds for the restoration or the support
of populations and reduces waste of public funds by
ineffective application of non-viable seeds.

Undoubtedly, it is a huge challenge for seed banks
to insure high levels of viability in stored seeds. But
we strongly appeal for integrative strategies as ex situ
preservation not only provides means to safeguard
viable seeds for many decades, but also offers tools
to improve the success of restoration efforts with
seeds of known quality and autochthonous origin
(Smith et al. 2011).

Conservation of calcareous grasslands
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summary

The thesis at hand dealt with the topic of preserva-
tion of calcareous grasslands by comprising various
aspects, which range from phylogeographic research
to seed science. The aim of this thesis was to eluci-
date the origins of rare and threatened calcareous
grasslands species and to provide tools for a success-
ful conservation of biodiversity via seeds.

Chapter 1 presented an introduction by reporting
on threatened and endangered landscapes in Ger-
many, the current conservation status of calcareous
grasslands, their known restoration potential and
provided knowledge about the origin of calcareous
grassland species. Moreover the issue of ex situ con-
servation via seed banks was addressed, detailing
important subjects of seed science such as seed mor-
phology, germination and dormancy, viability and
longevity. The aims of all chapters were listed and the
used scientific approaches were explained.

Chapter 2 focused on the postglacial spread of a
common calcareous grassland species, Sanguisorba
minor Scop., to Central Europe. Furthermore, seed
morphology was included, as it is the main determi-
nant of subspecies of the morphologically extreme-
ly variable species. To achieve these objectives, leaf
and seed material from 38 populations throughout
Europe were collected and examined in a two-step
analysis. Firstly, the spatial genetic structure was in-
vestigated via AFLP and secondly, the findings were
combined with the seed morphology.

The phylogeographic analysis revealed a distinct
separation of eastern and western lineages and rare
markers pointed towards a traditional southern but
also a potential northern refugia. Genetic similarity
between south-eastern and south-western subsp.
balearica populations was lower than between north-
ern subsp. minor and south-western subsp. balearica
populations. It was concluded that S. minor recolo-
nized Central Europe from Iberia or northern glacial
refugia in France, Belgium or Germany. The present
situation of the subspecies depicts either incomplete
lineage sorting or the existence of secondary hybrid
zones, which is differently expressed in neutral mark-
er and morphological differentiation.

In Chapter 3 seed traits associated with seed age-
ing and ex situ storage and their prospects for ex situ
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conservation were evaluated. Seeds of 39 calcareous
grassland species were collected and the seed longev-
ity was determined by artificially ageing under rapid
ageing conditions. The results showed that the seed
longevity values strongly varied. Physical dormancy
and endosperm absence had significantly positive ef-
fects and physiological dormancy was negatively cor-
related with seed longevity. Seed mass, seed shape
and seed coat thickness were not associated with
longevity. Calcareous grassland species therefore do
not solely rely on seed longevity for long-term per-
sistence and regeneration. The influence of physical
dormancy and endosperm presence were discussed
with regard to the evolution from endospermic to
non-endospermic seeds. Low seed longevity of phys-
iologically dormant seeds was explained by the lack
of germination specific antioxidants that otherwise
counteract oxidative damages in non-dormant aged
seeds.

Chapter 4 addressed the question whether seed
longevity of calcareous grassland species in the soil
and in ex situ storage are correlated. Therefore, lon-
gevity information gained from artificial ageing trials
was compared with soil seed bank persistence on
the basis of soil seed bank persistence categories of
(Poschlod et al., 1998) and the longevity index LI of
Thompson et al. (1997). For three-quarter of the sur-
veyed species soil seed bank persistence and survival
of artificially aged seeds were correlated, which was
explained by an inherent species-specific seed lon-
gevity. Regarding seed traits, a correlation with en-
dosperm presence and physiological dormancy was
confirmed for soil seed bank persistence. Remaining
contradictory results of species with long-lived soil
seed banks but low survival at artificial ageing and
vice versa were interpreted with unpredictable ef-
fects that operate on seeds in the soil like germina-
tion, seed regeneration by wet-dry cycling, predation
and the seed size-seed number trade-off, which may
cover the actual inherent longevity.

In Chapter 5 the assessment of seed viability via
X-ray was investigated. X-rays provide information
about the internal structures of a seed and there-
fore show promise for detection of viability and even
germination capacity without destroying valuable



seeds. Combined germination-Tetrazolium tests and
X-ray images of 176 wild flowering plant species from
207 accessions were compared in order to examine
the efficiency of X-ray analysis to detect viability. The
comparison revealed a strong analogy of viability de-
termination of both methods. Whereas the evaluation
of little/non-endospermic seeds gave approximately
same results, endospermic seed evaluation differed.
Therefore especially for non/little endospermic seeds
X-ray analysis can provide a useful and quick tool for
viability detection and prediction of germinability,
whereas for endospermic seeds additional research
is needed.

Chapter 6 summarized the gained results with re-
gard to ex situ and in situ seed dispersal in space and
time. Seeds have contributed the most to species cur-
rent geographical distribution (dispersal in space). It
was pointed out that for calcareous grassland species
such as S. minor long distance seed dispersal by do-
mestic animals are of importance for colonization.
Even during the LGM, contiguous European human
populations extended from central France to the low-
lands in Southern Germany and to Eastern Europe
and may have caused direct and indirect carriage of S.
minor. It was suggested that the discovered northern
refugia of S. minor might be of importance as a source
for future safeguarding calcareous grassland species.
Due to present-day limited dispersal in space, it was
postulated that at least dispersal in time needed to
be guaranteed by integrative strategies. Maintaining
genepools on site but additionally preserve viable
seeds in seed banks was proposed to be necessary
to safeguard calcareous grasslands plant inventory
and improve the success of restoration efforts. In the
following the relevance of seed traits for calcareous
grassland conservation (dispersal in time) was dis-
cussed. Theimportance of the seed trait “endosperm
presence” for ecological studies was emphasized as it
points towards seed longevity and provides informa-
tion about the feasibility of quick viability assessment
via X-ray analysis.

Summary - Zusammenfassung

71



Zusammenfassung

Die vorliegende Dissertation thematisiert den Erhalt
von Kalkmagerrasen anhand vielfaltiger Aspekte,
welche phylogeographische sowie samenmorpho-
logische und samendkologische Untersuchungen
umfassen. Die Arbeit sollte zum einen klaren, wie
die Arten des gefahrdeten Habitats Kalkmagerrasen
Mitteleuropa kolonialisiert haben und zum anderen
Moglichkeiten fiir deren erfolgreichen Erhalt mittels
Samen aufzeigen.

In Kapitel 1 wurden die derzeitige Situation von
Kalkmagerrasen, Moglichkeiten zur Wiederherstel-
lung und der aktuelle Wissensstand beziglich der
Herkunft der ihn auszeichnenden Arten dargestellt.
Zudem wurden Genbanken als Instrumente des Ex-si-
tu-Naturschutzes und deren Bedeutung im Rahmen
der Saatgutforschung (Untersuchungen zur Samen-
morphologie, -keimung und -dormanz, Lebensfahig-
keit und Langlebigkeit) hervorgehoben. Die Zielset-
zungen der jeweiligen Kapitel und die verwendeten
Untersuchungsmethoden schlieRen die allgemeine
Einleitung ab.

Kapitel 2 beschaftigte sich mit der nacheiszeitli-
chen Ausbreitung der haufigen Kalkmagerrasenart
Sanguisorba minor Scop., nach Mitteleuropa. Die Un-
tersuchung umfasste auch die Samenmorphologie
dieser morphologisch extrem variablen Pflanzenart,
das Hauptbestimmungsmerkmal der Unterarten. Zu
diesem Zweck wurde Pflanzen- und Samenmateri-
al von 38 Populationen in ganz Europa gesammelt,
zunachst die genetische Struktur mittels AFLP un-
tersucht und anschliefend die Ergebnisse mit der
Samenmorphologie in Zusammenhang gebracht.
Die Ergebnisse der phylogeographischen Untersu-
chung zeigten eine deutliche Trennung in &stliche
und westliche genetische Abstammungslinien, wel-
che zusammen mit gefundenen seltenen Markern auf
traditionelle stidliche Refugien, aber auch auf poten-
zielle nordliche Riickzugsgebiete hinweisen. Die ge-
netische Ahnlichkeit zwischen der stidéstlichen und
stidwestlichen subsp. balearica-Populationen erwies
sich niedriger als zwischen noérdlichen subsp. minor
und westlichen subsp. balearica-Populationen. Dar-
aus wurde geschlossen, dass die Besiedlung Mitteleu-
ropa durch S. minorvon der Iberischen Halbinsel oder
von nordlichen Refugien in Frankreich, Belgien oder
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Deutschland ausging. Die derzeitige Situation der Un-
terarten weist entweder auf eine unvollstandige Auf-
spaltung der Abstammungslinien oder die Existenz
von sekundaren Hybridisierungszonen hin, was sich
in der unterschiedlichen genetischen und morpholo-
gischen Differenzierung zeigte.

In Kapitel 3 wurden Samenmerkmale, welche mit
Samenalterung und der Fahigkeit zur Ex-situ-Einlage-
rung in Verbindung gebracht werden, bezlglich ihrer
Eignung als Indikatoren fiir den Ex-situ-Naturschutz
Uberprift. Samen von 39 Pflanzenarten des Lebens-
raums Kalkmagerrasen wurden gesammelt und die
Langlebigkeit der Samen durch kiinstliche Alterung
bestimmt. Die Ergebnisse zeigten grofie Unterschie-
de in der Langlebigkeit von Kalkmagerrasenarten.
Wahrend physikalische Dormanz und das Fehlen von
Endosperm einen signifikant positiven Effekt auf die
Langlebigkeit von Samen hatte, wirkte sich physio-
logische Dormanz negativ aus. Samengewicht, -form
und -schalendicke hingegen zeigten keinen Zusam-
menhang mit der Langlebigkeit. Des Weiteren wurde
der Einfluss von physikalischer Dormanz und Endos-
permhaltigkeit unter Berlicksichtigung der Entwick-
lungsgeschichte diskutiert. Die Ergebnisse flihrten zu
der Empfehlung, in Genbanken eine hiufigere Uber-
priifung der Lebensfahigkeit von Samen mit endos-
permhaltigen, nicht physikalisch und physiologisch
dormanten Samen durchzufiihren.

In Kapitel 4 wurde untersucht, ob Langlebigkeit
von Kalkmagerrasenarten im Boden und bei der
Ex-situ-Einlagerung miteinander korrelieren und wel-
che Samenmerkmale diesbeziiglich einen Einfluss
haben. Hierzu wurden die Ergebnisse von eigenen
kunstlichen Alterungsversuchen mit den Kategorien
der Samenbankuntersuchungen von Poschlod et al.
(1998) und dem Longevity Index (LI) von Thompson et
al. (1997) verglichen. Bei Dreiviertel der untersuchten
Arten korrelierte die Uberlebensfahigkeit bei kiinstli-
cher Alterung mit derin der Diasporenbank, was einer
angeborenen artspezifischen Samen-Langlebigkeit
zugeschrieben wurde. Wahrend bislang die Uberle-
bensfahigkeit im Boden vor allem mit der Samen-
masse assoziiert worden war, wurde der Einfluss von
Endosperm und Dormanz bestatigt.



Nicht libereinstimmende Ergebnisse wurden da-
hin gehend interpretiert, dass unvorhersehbare Ein-
flisse, die nurin-situ auf Samen einwirken, nicht aber
ex-situ, die angeborene Langlebigkeit maskieren.

Kapitel 5 untersuchte die Moglichkeit zur Beurtei-
lung der Samenlebensfahigkeit mittels Rontgenun-
tersuchung. Durch Rontgenstrahlen konnen schnell
und prazise die inneren Strukturen von Samen dar-
gestellt werden, wodurch sich die Methode vielver-
sprechend fiir den Einsatz in der Untersuchung der
Lebensfahigkeit und der Keimfahigkeit darstellt,
ohne dabei das Saatgut zu schadigen. Kombinierte
Keimungs- und Tetrazoliumtests wurden mit Ront-
genaufnahmen von 176 Wildpflanzen aus 207 Akzes-
sionen verglichen, um die Wirksamkeit der Rontgen-
analyse zu untersuchen. Das Ergebnis zeigte zum Teil
eine starke Ubereinstimmung beider Methoden zur
Bestimmung der Lebensfahigkeit. Wahrend die Un-
tersuchungen bei Samen mit wenig oder keinem En-
dosperm dieselben Ergebnisse lieferten, unterschie-
den sich die Ergebnisse bei Samen mit einen hohen
Endospermanteil. Die Rontgenmethode bietet des-
halb flir Samen ohne oder nur mit wenig Endosperm
eine schnelle und einfache Méglichkeit zur Uberprii-
fung der Lebens- und Keimfahigkeit.

Kapitel 6 fasste die erarbeiteten Ergebnisse hin-
sichtlich der Bedeutung von Samen als Ausbreitungs-
vektoren in Raum und Zeit und fir den In-situ- und
Ex-situ-Schutz von Kalkmagerrasen zusammen. Es
wurde darauf eingegangen, dass fiir Arten der Kalk-
magerrasen wie S. minor der Fernausbreitung der
Samen durch (Haus-)Tiere eine groRe Bedeutung
zukommt und moglicherweise selbst wahrend der
letzten Eiszeit eine kontinuierlich in Mitteleuropa le-
bende Bevolkerung direkt oder indirekt zur Ausbrei-
tung von S. minor beigetragen hat. Es wurde betont,
dass aufgrund der aktuell stark limitierten Moglich-
keit zur Ausbreitung von Samen im Raum eine ver-
starkte Notwendigkeit fiir integrative Methoden des
Naturschutzes besteht, welche auch der Ausbreitung
in der Zeit eine grofRere Beachtung schenkt. Um das
Arteninventar der Kalkmagerrasen effektiv schiitzen
und bei Bedarf wiederherstellen zu kdonnen, sollte
neben der Erhaltung des In-situ-Genpools zusatzlich
der Ex-situ-Erhalt in Genbanken gewahrleistet sein.
Es wurde auf die Merkmale eingegangen, welche so-
wohl flir den Ex-situ- als auch den In-situ-Erhalt von
Kalkmagerrasenarten von Bedeutung sind. Dabei
wurde die grofte Bedeutung des Samenmerkmals En-
dospermbhaltigkeit betont, welche auch als Indikator
fur Eignung fuir Rontgenuntersuchungen von Samen
dient.

Summary - Zusammenfassung
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