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“Is it all ready? Right. Come on then. Back to creation. We mustn't waste
any more time. They'll think I've lost control again and put it all down to

evolution.”

Supreme Being in “Time Bandits” (1981)
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Abstract

Abstract

This study has three major aims. First, the distribution of Tephroseris helenitis subspp. helenitis
and salisburgensis at the northern fringe of the Alps was explored according to their achene
type as character of subspecies designation. It was tested whether achene type is associated
with other morphological characters, which therefore could be used for subspecies
designation, too. Genetic data were used to test if there is differentiation between the
subspecies and a potential association with morphological characters and/or vegetation data
(viz. microhabitat differences). Second, the population genetic history of T. helenitis was
inferred using genetic diversity measures in order to test two alternative but mutually non-
exclusive hypotheses: populations in formerly glaciated regions at the (south-) eastern part of
the species’ range might have recolonized through immigration from the west, or T. helenitis
outlasted the Ice Ages in at least one refugium close to the glacier borders. As a third aim, the
existence of a putative primary or secondary hybrid zone between subspp. helenitis and
salisburgensis was investigated.

The study area is located at the northern fringe of the Alps, ranging from the Swabian Jura
(Baden-Wuerttemberg) in the west to the easternmost populations of T. helenitis at the
Attersee (Upper Austria) in the east. Amplified fragment length polymorphisms (AFLPs) were
performed to assess genetic variation in 30 T. helenitis populations. Morphological characters
were recorded as present/absent in 27 populations (achene type) and six populations
(capitulum type, stem color, bract tip color, basal leaf shape, basal leaf indumentum and
rosette leaf margin), respectively. Vegetation surveys of vascular plant species were performed
within a diameter of one meter around 13 to 20 T. helenitis individuals in four populations,
including one pure population of each subspecies and two mixed stands.

Individuals showing pubescent achenes (ssp. helenitis) were found throughout the whole
study area, while individuals with glabrous or sparsely hairy achenes (ssp. salisburgensis) were
distributed only east of the Munich area, which is generally concordant with the literature.
None of the other surveyed morphological characters were clearly associated with achene
type and can thence be treated as unsuitable for subspecies diagnosis. Also, individual-based
AFLP data failed to separate the two subspecies, regardless of whether classified by their
achene type or other morphological characters. Microhabitat differences among the two
subspecies also could not be found.

Intra-population genetic diversity varied in a mosaic-like pattern, albeit with a tendency of
populations with high diversities being located within the same area. Clinally varying diversities
along a longitudinal gradient were not found, as would be expected, if western populations
had served as sources for postglacial recolonization of formerly glaciated areas. Therefore, it
can be supposed that T. helenitis outlasted the Ice Ages in local refugia close to the glaciers.

Populations of T. helenitis showed only low levels of genetic differentiation, but up to three
population clusters were found by Bayesian clustering algorithms. Individuals in the central
and eastern part of the study area were highly admixed and had a higher frequency of
intermediate achene types (sparsely hairy). Therefore, a hybrid zone between subspp. helenitis
and salisburgensis can be presumed in a broad area, ranging from the Ammersee region
(southern Bavaria) in the west to the Attersee region (Upper Austria) in the east. Significant
sigmoid clines along a longitudinal gradient were found at three Fs; outlier loci, whereas the
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inflection points of the regression lines were distributed at a range of about 90 km (1.20°),
indicating a primary hybrid zone. Peaks of genetic diversities were found in the Ammersee
region and the Untersberg region, which could indicate a secondary hybrid zone. However, the
Ammersee region is outside the hybrid zone’s center and the Untersberg region does not show
a clear peak. Therefore, a primary hybrid zone seems more probable.



Zusammenfassung

Zusammenfassung

Diese Studie beinhaltet drei Ubergeordnete Ziele. Erstens wurde die Verbreitung von
Tephroseris helenitis subspp. helenitis und salisburgensis am Nordrand der Alpen anhand des
Achdnentyps als Unterscheidungsmerkmal zwischen den Unterarten untersucht. Hierbei
wurde getestet, ob der Achdnentyp mit anderen morphologischen Merkmalen assoziiert ist,
welche dadurch ebenfalls fiir die Unterartunterscheidung verwendet werden konnten.
Zusatzlich wurden genetische Daten genutzt, um eine mogliche Differenzierung zwischen den
beiden Unterarten bzw. eine potenzielle Assoziation mit morphologischen Merkmalen
und/oder Vegetationsdaten (welche Mikrohabitatunterschiede zeigen) zu ermitteln. Zweitens
wurde die populations-genetische Geschichte von T. helenitis mit Hilfe von genetischen
Diversitatsmalien untersucht, um zwei alternative, aber sich nicht unbedingt ausschlieRende,
Hypothesen zu testen: (i) die Populationen im (stid-) 6stlichen und ehemals vergletscherten
Arealbereich wurden durch Einwanderung von Westen her neu besiedelt, und/oder (ii) T.
helenitis hat die Eiszeiten in mindestens einem Refugium nahe der Gletschergrenzen
Uberdauert. Drittens wurde versucht, eine eventuell vorhandene primare oder sekundare
Hybridzone zwischen subspp. helenitis und salisburgensis festzustellen und genauer zu
untersuchen.

Das Untersuchungsgebiet befindet sich am Nordrand der Alpen und reicht von der
Schwabischen Alb (Baden-Wiirttemberg) im Westen bis zu den Ostlichsten Populationen von T.
helenitis am Attersee (Oberdsterreich). Um die genetische Variation in/zwischen 30 T.
helenitis-Populationen zu erfassen, wurde die AFLP-(Amplified fragment length
polymorphisms)-Fingerprinting-Methode verwendet. Morphologische Merkmale wurden als
,vorhanden” oder ,fehlend” in 27 Populationen (Achdnentyp) bzw. sechs Populationen
(Kopfchentyp, Stangelfarbe, Hullblattspitzen-Farbe, Grundblattform, -behaarung und -rand)
aufgenommen. Begleitende GefaBpflanzenarten wurden als ,vorhanden” oder ,fehlend” in
einem Durchmesser von einem Meter um 13 bis 20 T. helenitis-Individuen in vier Populationen
(je eine ,reine” Population von subspp. helenitis und salisburgensis, sowie zwei gemischte
Populationen) aufgenommen.

Individuen mit behaarten Achdnen (ssp. helenitis) wurden im gesamten
Untersuchungsgebiet gefunden, wahrend Individuen mit kahlen bzw. sparlich behaarten
Achédnen (ssp. salisburgensis) nur 6stlich der Gegend um Miinchen gefunden wurden. Dies ist
generell Ubereinstimmend mit den Angaben aus der Literatur. Die weiteren untersuchten
morphologischen Merkmale waren nicht deutlich mit der Achanenbehaarung assoziiert und
erwiesen sich daher als ungeeignet zur Unterart-Unterscheidung. Auch Individuen-basierte
AFLP-Daten konnten die Unterarten nicht trennen, auch wenn diese durch Achdnenbehaarung
oder ein anderes morphologisches Merkmal zugeordnet wurden. Mikrohabitatunterschiede
zwischen beiden Unterarten, welche durch die Begleitvegetation einzelner T. helenitis-
Individuen untersucht wurden, konnten ebenfalls nicht gefunden werden.

Die genetische Diversitat der Populationen zeigte ein Mosaik-dhnliches Muster auf
geographischem Raum, wobei sich Populationen mit hoheren Diversitaten auf kleinere Gebiete
konzentrieren. Entlang des Langengrades von West nach Ost konnte keine Verringerung der
genetischen Variation detektiert werden, was im Falle einer Wiederbesiedelung der ehemals
vergletscherten Gebiete durch Ausgangspopulationen vom Westen nach Osten erwartet

Xi
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worden ware. Daher kann angenommen werden, dass T. helenitis die Eiszeiten in Refugien
nahe den Gletschergrenzen liberdauerte.

Die Populationen von T. helenitis zeigten nur eine geringe genetische Differenzierung,
jedoch konnten durch Bayes‘sche Clusteranalysen bis zu drei Populationscluster gefunden
werden. Individuen im zentralen und 6stlichen Bereich des Untersuchungsgebietes umfassten
stark gemischte Genotypen und einen hdheren Anteil an intermedidaren Achdnentypen
(sparlich behaart). Dies deutet auf eine Hybridzone zwischen ssp. helenitis und salisburgensis
hin, die sich in einer breiten Zone von der Gegend um den Ammersee (stidliches Bayern) im
Westen bis zum Attersee (Oberosterreich) im Osten erstreckt. Signifikante sigmoide
Gradienten entlang des Langengrades wurden in drei ,Fs; outlier loci” gefunden, wobei die
Wendepunkte der Regressionskurven etwa 90 km (1,20°) voneinander entfernt waren, was auf
eine primare Hybridzone hinweist. Erhdhte genetische Diversitdt in den Populationen um den
Ammersee und den Untersberg kdnnten eine sekundare Hybridzone anzeigen, jedoch befindet
sich die Gegend um den Ammersee aullerhalb des Zentrums der Hybridzone und die
Populationen der Untersberg-Region zeigen keinen deutlichen Diversitats-Peak, der zu den
benachbarten Populationen hin deutlich abféallt. Somit erscheint eine primare Hybridzone viel
wahrscheinlicher als eine sekundare Hybridzone.

Xii



1.1. General introduction

1. Introduction

1.1.General introduction

Speciation is still a hotly discussed topic, even though discussions mainly started when DARWIN
(1859) presented his theory of the origin of species more than 150 years ago. At first it is
necessary to define the term “species”, which is tightly linked to “speciation”. Its definition is
rather ambiguous as reflected in numerous “species concepts”. One of the most common
species concepts is the “biological species concept” (MAYR 1942), referring to species as
“groups of actually or potentially interbreeding natural populations that are reproductively
isolated from other such groups” (FuTUYMA 2005). But if there were “absolute reproductive
isolation” between two species, this would imply they cannot interbreed. And this would
exclude the possibility of hybrids, the emergence of which necessitates a certain amount of
genetic “leakage”. Many mechanisms are responsible for reproductive isolation, which are
generally classified as prezygotic or postzygotic mechanisms (DOBZHANSKY 1970, MAYR 1970).
When genetic reproductive barriers arose through geographic separation of populations, the
mode of speciation will be called “allopatric speciation” (FUTUYMA 2005). When these
separated groups meet again it is probable that genetic differences have arisen meanwhile,
whereby the degree of genetic differentiation mainly depends on the duration of separation.
These groups may interbreed at “contact zones”, if the differentiation between these groups is
not too strong, and “secondary hybrid zones” will be formed (BARTON & HEWITT 1985, COYNE &
ORR 2004). Hybrid zones can also be formed along a geographic and ecological cline, where
clinal genetic differences often lead to “parapatric speciation” (COYNE & ORR 2004, FUTUYMA
2005, JOHANNESEN et al. 2010). These zones of gradual differentiation along a gradient are often
termed “primary hybrid zones” (ENDLER 1977). Distinction between primary and secondary
hybrid zones is difficult, especially when historical evidence is missing (ENDLER 1977, BARTON &
HewITT 1985). Nonetheless, as shown in FUTUYMA (2005), a distinction can be made by plotting
allele frequencies of single loci against geographic positions of populations along the cline. In
primary hybrid zones, genetic clines are expected to have different centers in relation to their
geographical positions (non-concordant). Selection pressures may vary among non-neutral loci
under selection (JOHANNESEN et al. 2010), i.e. the clines are at different geographic positions
because they are affected discriminatively by selective environmental gradients. In contrast,
genetic clines of secondary hybrid zones have a common center in relation to their geographic
position (concordant) and often show different degrees of steepness.

Populations at the margin of the species distribution are often geographically and
ecologically isolated (“peripheral isolates”) from populations in the distribution center. In
consequence, such peripheral populations might be under extreme selection pressures.
Moreover, in combination with reduced gene flow and small effective population sizes, genetic
drift may have a strong effect and therefore allele frequencies may differ strongly from central
populations. Peripheral populations are also expected to have lower genetic variation due to
genetic drift (LESICA & ALLENDORF 1995, SCHWARTZ et al. 2003, PARISOD & BONVIN 2008).
Potentially, these processes promote “(incipient) speciation on the edge”. If the peripheral
isolates were geographically fully isolated from the center of distribution, e.g., resulting from a
founder event, this could exemplify a case of “peripatric speciation”, while populations along a
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“central-marginal” cline may undergo “parapatric speciation” and show genetic patterns as in
primary hybrid zones (see above). A very particular review including the comparison of 134
studies concerning the central-marginal hypothesis has been made by ECKERT et al. (2008). The
compared studies, representing 115 species, have been “tested for declines in within-
population genetic diversity and/or increases in among-population differentiation towards
range margins using molecular genetic markers”. On average, 64.2% of the studies have shown
the expected decline in diversity and 70.2% an increased differentiation, whereas these trends
were positively associated. A further review concerning this topic was done by JOHANNESSON &
ANDRE (2006), which present patterns of genetic isolation and genetic diversity between the
Baltic Sea and Atlantic regions, where 29 species have been compared.

The literature on hybrid zones abounds with examples from animals (SzyMURA & FARANA
1978, GOLLMANN 1984, EASTWOOD & HUGHES 2003, CRUZ et al. 2004, MURRAY & HARE 2006,
GOMPERT et al. 2010, JOHANNESEN et al. 2010) and — to a slightly lesser extent - plants (MILLAR
1983, ARAFEH et al. 2002, STREISFELD & KOHN 2005, BRENNAN et al. 2009, KOLAR et al. 2009). Nearly
all of the discussed hybrid zones in the literature are secondary hybrid zones (STREISFELD & KOHN
2005, MURRAY & HARE 2006, GOMPERT et al. 2010), while only a few are primary (ARAFEH et al.
2002, CrRUz et al. 2004). Some few publications deal with primary as well as secondary hybrid
zones (KOLAR et al. 2009, JOHANNESEN et al. 2010). In their review on hybrid zones, BARTON &
HewITT (1985) postulated that 37% of all hybrid zones could be clearly ascribed to secondary
contacts. TABERLET et al. (1998) and HEWITT (2000) mention that central Europe is part of a so
called “suture zone” (REMINGTON 1968), which is “a band, whether narrow or broad, of
geographical overlap between major biotic assemblages, including some pairs of species or
semispecies, which hybridize in the zone”. A secondary hybrid zone in this suture zone (at the
northern edge of the Alps) is exemplified by the two diploid taxa Arabidopsis arenosa and A.
lyrata ssp. petraea, which are sympatrically distributed at the foothills of the eastern Austrian
Alps (ScHMICKL & KocH 2011). In this hybrid zone, a tetraploid cytotype of A. lyrata arose
through unidirectional gene flow from A. arenosa to A. lyrata ssp. petraea. This cytotype
spread northwards into silicious areas, whereas the diploid cytotype remained restricted to
limestone. An intraspecific contact zone north of the Alps is also known from populations of
Hippophae rhamnoides (BARTISH et al. 2006). Lineages from the north (“east/central European-
Scandinavian lineage”) and south (“Alps”) form narrow contact zones in the Alpine foothills of
southeastern Bavaria and in Northern Tyrol. Another notable example of a secondary contact
zone at the northern edge of the Alps is the orchid Himantoglossum hircinum. Molecular
studies (PFEIFER et al. 2009) showed that genetic diversity decreases from central populations
in France to peripheral populations in central and south-western Germany. It can be described
as a primary hybrid zone along an ecological gradient following range expansion.

There are only a few plant taxa, which are endemic to the foothill areas of the northern
Alps. For example, Tephroseris integrifolia ssp. vindelicorum occurs exclusively in a small region
south of Augsburg in Bavaria, the Lechfeld (KRACH 1988), and has been studied using molecular
methods (MEINDL 2006, MEINDL & PoscHLOD 2007). Another endemic is Cochlearia bavarica,
which is found in southern and southeastern Bavaria. This allohexaploid species evolved via
hybridization between the diploid C. pyrenaica and the tetraploid C. officinalis. It has been
suggested that C. bavarica was once more widely distributed and that the remaining
populations are remnants rather than recent immigrants or of polytopic origin (KocH 2002). A
further endemic taxon at the northern edge of the Alps is Armeria maritima ssp. purpurea,
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which is a relict that is currently distributed exclusively in the Benninger Ried next to
Memmingen in Bavaria, where it grows in calcareous petrifying springs with contact to wet
meadows (FLORAWEB 2011). Furthermore there are three Bodensee (lake Constance) endemics,
Myosotis rehsteineri, Deschampsia littoralis and Saxifraga oppositifolia ssp. amphibia, which
grow at the shores of this nutrient-poor lake (FLORAWEB 2011).

Another example of the few endemics of the northern foothill areas of the Alps is
comprised within the focal taxon of my study, Tephroseris helenitis (L.) B. NORD. This short-lived
perennial (Asteraceae) is distributed broadly throughout western and central Europe, i.e. from
the French Armorican region in the northwest to the Austrian Salzkammergut region in the
southeast. However, more or less disjunct distribution areas are found in the Auvergne region,
the Pyrenees and Galicia (MEUSEL & JAGER 1992). Thus, in Central Europe, the species reaches
its southern limit of distribution in the foothill areas of the Alps. Tephroseris helenitis is
separated into several subspecies of which the taxonomy remains partly controversial (see
section 2.1 for details). At the easternmost part of the species’ distribution, two subspecies are
para-/sympatrically distributed and even form mixed stands there, ssp. helenitis, which is
distributed almost throughout the whole species’ range, reaches its eastern limit of
distribution and comes into contact with ssp. salisburgensis (Cur.) B. NORD, an endemic of
southeastern Bavaria and the Flach- and Tennengau regions of the Salzburg province, as well
as adjacent areas in southwestern Upper Austria (HEGI 1928, CUFODONTIS 1933, KRACH 2000).
The main character differentiating the two subspecies is the achene indumentum, which is
pubescent in ssp. helenitis and glabrous or sparsely hairy in ssp. salisburgensis (further
morphological differences are mentioned in section 2.1). Both subspecies generally grow in
wet base-rich meadows and fens, especially in those of the “Molinion alliance”, for which T.
helenitis is a character species. Little is known about differences in ecological conditions or in
associated vegetation between the two subspecies. However, in contrast to ssp. salisburgensis,
ssp. helenitis is also reported for semi-dry deciduous forests and shrubberies (HEGI 1918, HER et
al. 1972, OBERDORFER 1983, SCHUBERT & VENT 1988). Wet meadows and fens were common in
the alpine foothills until the second half of the 20" century. The raw fiber rich plants (“bedding
meadows”) were used to compensate the lack of litter in dairy farms, which emerged when
fields (yield in raw fiber rich straw) were converted into meadows (KONOLD & HACKEL 1990,
ZELESNY 1991). However, stables without litter were increasingly used, or straw was bought in
addition, and wet meadows were not needed any longer and therefore drained, afforested or
turned into fallow grounds. In consequence, these wet habitats became rare and increasingly
fragmented. In the last decades, the importance of wet meadows as a (secondary) habitat for
rare plants and animals has been recognized, resulting in the protection of those habitats
(STOHR 2003).

The above mentioned para-/sympatric distribution of subspp. helenitis and salisburgensis
makes these taxa interesting objects for the study of (incipient) speciation and hybrid zones. A
further advantage is that the main character supposedly differentiating the two subspecies,
the achene indumentum, is easy to prospect and ensures a preliminary assignment of plants to
each taxon. Another interesting aspect is the fact that the glaciers of the last Ice Ages covered
extensive parts of the extant distributional range of the species at the northern fringe of the
Alps. A map presenting the extent of the glaciers is shown in VAN HUSEN (1987). The whole
distribution range of ssp. salisburgensis was glaciated at the LGM (last glacial maximum, about
18,000 years ago) of the Wuermian. Hence, populations can be expected to have been
founded by recolonization following the melting of the glaciers after the LGM. The direction of
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recolonization or potential refugia can be inferred by using molecular methods (described in
the aims of this study, see section 1.2). For example, COMES & KADEREIT (1998) reviewed the
consequences of the climatic changes in the Quaternary for plant species, and major
recolonization routes in Europe are presented in TABERLET et al. (1998). SCHONSWETTER et al.
(2005) show a map of potential refugia for plants at the periphery of the Alps during the LGM,
which focuses on alpine plants and cannot be used for plants of the foothills absolutely.

1.2.Aims of the study

There are three major aims of this study, whereby taxonomical aspects will be treated at the
beginning. First, | want to clarify the geographical distribution of the two subspecies
salisburgensis and helenitis at the northern edge of the Alps. In the literature (HEGI 1928,
CUFODONTIS 1933, CHATER & WALTERS 1976, MEUSEL & JAGER 1992) ssp. helenitis is assumed to be
present in the whole sampling area, but in Salzburg the data from herbaria and databases
mainly refer to just ssp. salisburgensis for several populations. Is this an artifact and ssp.
helenitis was simply overlooked or does it rarely exist in Salzburg, indeed? Another explanation
could be that other characters than achene indumentum were used for taxonomical
assignment or ssp. salisburgensis was considered merely as “T. helenitis”, which grows around
Salzburg, whereas the other subspecies does not exist there. On the other hand, ssp.
salisburgensis is not mentioned for regions more western than Munich (CuFoDONTIS 1933,
SCHUBERT & VENT 1988, KRACH 2000, BIB 2010, FLORAWEB 2010). This distribution pattern will be
critically evaluated by own observations. Due to the controversial taxonomical separation of
subspp. helenitis and salisburgensis | examined other presumably differentiating
morphological characters. The main character, achene indumentum, was recorded in 561
individuals (27 populations) throughout the sampling area, while further six morphological
characters (capitulum type, stem color, bract tip color, basal leave shape, basal leave
indumentum and basal leave margin) were surveyed in 105 individuals (6 populations). Achene
type was compared with morphological, genetic and vegetation data. The comparison of
achene type with further morphological characters was used to determine, which of them
could be used for subspecies differentiation. Amplified fragment length polymorphisms
(AFLPs) were surveyed in 338 individuals (34 populations, including 20 samples of four
outgroup populations). The advantages of AFLPs compared to other genetic analyses are the
time and cost efficiency and the high number of markers (loci). Nevertheless, the main
disadvantage is that only dominant markers could be produced (MUELLER & WOLFENBARGER
1999). After the lab procedure 250 individuals (including 17 individuals of outgroups) were
used for further statistical analyses. | tried to unravel the association of genetic data with
achene type and further morphological characters to obtain an overall picture of the genetic
and phenotypic differentiation between the two subspecies. Vascular plant species were
recorded in 68 plots (four populations) to obtain possible differences in associated vegetation
within one meter diameter around T. helenitis individuals. This data set was compared with
achene type to infer possible microhabitat differences between the subspecies. The obtained
analyses will be used to discuss whether or not the taxonomic rank of “subspecies” is
justifiable for ssp. salisburgensis.



1.2. Aims of the study

As to the second major aim of this study, the population genetic history of T. helenitis at the
northern edge of the Alps was inferred by intra-population genetic diversity measures. The Ice
Ages of the Pleistocene caused huge glaciated areas in the (south-) eastern parts of the
distribution area of ssp. helenitis and the whole range of ssp. salisburgensis. Thus, extant
populations might have recolonized previously glaciated areas after the LGM. Another
mutually non-exclusive possibility is that T. helenitis outlasted the Ice Ages at least in one
refugium close to the glaciers, which then might have served as source(s) for recolonization.

The third major aim of the study concerns the observation and distinction of a putative
hybrid zone between subspp. helenitis and salisburgensis. Patterns of genetic differentiation
and diversity can primarily be used to differentiate the origin of hybrid zones. Genetic
differentiation will be obtained by programs inferring population structure using clustering
algorithms, implemented in the programs STRUCTURE (PRITCHARD et al. 2000) and BAPS
(CORANDER & MARTTINEN 2006, CORANDER et al. 2006, CORANDER et al. 2008a, CORANDER et al.
2008b), or by distance-based analyses of genetic relationships, using TREECON (VAN DE PEER
1994) and SPLITSTREE (HusON & BRYANT 2006). For example, when two more or three more or
less distinct but partially admixed population genetic clusters are revealed by such a dataset, a
potential hybrid zone might be inferred. However, it will be not feasible to distinguish primary
or secondary hybrid zones with this data. The usage of genetic diversity measures refines the
distinction of hybrid zones and provides further hints regarding their nature. If there is a clinal
difference in diversity of western and eastern populations, a primary hybrid zone could be
taken into account, while a peak of diversity at the center of the hybrid zone and decreasing
diversities to the marginal parts of the sampling area accords with a secondary hybrid zone
(PETIT et al. 2003). If there is no clinal variation panmictic populations and a high amount of
gene flow is expected. Another method, which is commonly used in the literature to
distinguish primary and secondary hybrid zones (BEAUMONT & BALDING 2004, MURRAY & HARE
2006, MINDER & WIDMER 2008, GAGNAIRE et al. 2009, PEREZ-FIGUEROA et al. 2010) makes use of Fsr
outlier loci. If the calculated Fs; outliers, which will be expected to be under selection or be
linked to loci under selection, show a clinal pattern of allele frequencies, a further distinction
of primary vs. secondary hybrid zones might be feasible. As shown in FUTUYMA (2005) primary
hybrid zones present a steep decrease in allele frequencies of different loci at several locations
across the hybrid zone, while secondary hybrid zones show steepest clines at the same
location at several loci. A further point of interest concerns the maintenance of different and
fixed characters between the two subspecies and the question of whether there are any
selection pressures acting on these character.
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2.1.Study system

Tephroseris helenitis (L.) B. NORD. is a member of the angiosperm family Asteraceae, which is
ascribed to the order Asterales within the core eudicots (STEVENS 2001 onwards). The genus
Tephroseris (RcHB.) RcHB. is morphologically closely related to the genus Senecio L. and is
alternatively described as its section Tephroseris (RCHB.) HALL. (CUFODONTIS 1933, CHATER &
WALTERS 1976, MEUSEL & JAGER 1992). Recent phylogenetic analyses by PELSER et al. (2007),
based on ITS data, supported that Tephroseris should be regarded as genus (Tephroseris is part
of the subtribe Tussilagininae, while Senecio s.str. is part of the Senecioninae). Tephroseris
consists of 50 (NORDENSTAM 1978) or 15 (CUFODONTIS 1933) species, respectively, which are
perennial herbs, usually more or less arachnoid-lanate and have undivided and often entire
leaves. Supplementary bracts are absent in involucres of Tephroseris (in contrast to Senecio
s.str.; CHATER & WALTERs 1976). Tephroseris helenitis is distributed throughout western and
central Europe and is described as a western spinoff of the Eurasian-continental genus/section.
As shown in Fig. 1a the distribution area extents from the Armorican region in the northwest
through Belgium, central and southern Germany to the Salzkammergut region in Upper Austria
as the eastern edge. The southern border of the species’ distribution coincides with the
northern edge of the Alps (the distribution in central Europe is presented as a raster map in
Fig. 1b). In the Auvergne region, the Pyrenees and Galicia T. helenitis is distributed in more or
less separated patches from the main area in the north (MEUSEL & JAGER 1992).

Figure 1. Distribution range of Tephroseris helenitis (a; MeuseL & JAGER 1992) and its distribution in central Europe as
a raster map displaying the time period of the latest records as well as extinct and doubtful records (b; BIB 2010,
FLORAWEB 2010, FLORISTISCHE KARTIERUNG OSTERREICHS unpubl. data, GeiF 2009, KrRacH 2000, Piist et al. 2002, POLATSCHEK
1997, SABOTAG unpubl. data, ZDSF 2010, own observations). Graphic created with ArcMap (version 9.2, ESRI Inc.
2006).



2.1. Study system

Cytological data for this species is very scarce. Chromosome counts in the literature refer to
one source (AFzZELIUS 1949), where only material of botanical gardens was used. Based on this,
the chromosome number of T. helenitis was measured as 2n=48. HoLuB (1973) mentions that
the basic chromosome number of Tephroseris sp. seems to be x=8, but that a revision would
be necessary. Since no revisions were found in the literature this basic number is cautiously
adopted here for T. helenitis, suggesting that the species is hexaploid. However, KLOTZ et al.
(2002) mention that T. helenitis is diploid (2n = 48, x =24) and refer to OBERDORFER (1983).
Therein, however, only the chromosome number (2n = 48 (50)) was found without a citation of
the basic chromosome number. Genome sizes were measured by SCHISTEK (unpubl. data) using
four samples of T. helenitis s.I. from the Untersberg region (Salzburg, Austria). The genome size
was measured as 7.5710.04 pg.

Tephroseris helenitis is described in HEGI (1928) and CHATER & WALTERS (1976) as perennial
plant with slender, erect stems and short, vertical rhizomes, which reaches heights of 20-70
cm. Aerial organs are more or less lanate due to thin arachnoid hairs (the plants are only
seldomly nearly glabrous). The stem base and the indumentum are often reddishly colored,
whereas CUFODONTIS (1933) assumed that the indumentum could utilitize this as heat absorber
and reservoir.

Cauline leaves are densely distributed at the basal part of the stem and are thinning out to
the upper parts. The shape of the lamina is oblanceolate to linear and the leaf base is sessile,
scarcely petiolate or subamplexicaul. Lower leaf surface is grey to white arachnoid-lanate and
becomes more or less glabrous in older plants. Basal leaves are ovate to elliptic oblong with
mostly crenate leaf margins. The lamina is narrowed gradually to abruptly into the clearly
longer petiole. The basal leaves are not appressed to the ground and more or less erect.

The (3-) 6-12 (-20) capitula, which are 2 -2.5 cm in diameter, are in rather lax corymbs, with
rather long peduncles. Involucres are 8-12 mm long and consist of 21 linear bracts with red
tips. Ligules are yellow to golden yellow (very rarely orange) and 1-2 x 8-10 mm long, or rarely
to frequent absent. Figure 2 shows aerial organs of T. helenitis with either present (a) or
absent (b) ligules. Achenes are 3 mm long, serrated and pubescent to glabrous. The pappus is 2
— 2.5 times longer than the nut-brown mature achene (CuFODONTIS 1933).

Habitats of subspp. helenitis and salisburgensis are wet meadows (Fig. 3a) and fens, which
are wet-dry, deficient in lime, rich in bases and neutral to moderate acidic. The soil type is limy
and peaty. Tephroseris helenitis is a character species for the “Molinion alliance” and for wet-
dry conditions. The species also occurs in semi-dry deciduous forests (Fig. 3b) and shrubberies
(HEGI 1928, HER et al. 1972, OBERDORFER 1983, SCHUBERT & VENT 1988). In Franconia it is also
known in “coppices with standards”, where some scattered stems are omitted from coppicing
(MEIEROTT pers. comm). The altitudinal distribution of T. helenitis subspp. helenitis and
salisburgensis comprises foothills as well as submontane and montane regions (HEGI 1928, HER
et al. 1972, FISCHER et al. 2008).

Blooming time in the uplands (between 300 — 800 m) is from beginning of May to mid-June.
The peak is between May 20™ and the beginning of June. At higher altitudes, the blooming
time is delayed for one month (CuroboNTIs 1933). Tephroseris helenitis is described as a short-
lived species, which generates one or a few new rosettes. These could bloom in the next year
under optimal circumstances. When conditions are suboptimal, it will be necessary to provide
open spaces for germinating achenes to maintain the population (KRACH 2000). Seeds are
produced sexually and exclusively amphimictic, which means that they are not produced
through apomixis (KLOTz et al. 2002), whereas this refers to the fact that no apomicts are
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known in the genus Tephroseris. The literature regarding the compatibility system of T.
helenitis is contradictory (KLoTz et al. 2002: self-compatible; KRACH 2000: self-incompatible).
KNUTH (1898) describes the flowers as gynomonoecious and protandric. Pollination vectors are
rarely described in the literature, but T. helenitis tends to be pollinated by various insects,
which are not mentioned in detail (Fig. 4a-c), and is wind-dispersed (STGHR 2009). Own
observations (Fig. 4a-c) have shown that Malachius sp., Diptera and small beetles were found
on capitula or within disc flowers.

Figure 2. Aerial organs of Tephroseris helenitis with present (a) and absent (b) ray flowers. Photos by
Andreas Tribsch.
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Figure 3. Habitats of Tephroseris helenitis: a wet meadow in Koegelsberg/ Bavaria, pop. KOE1 (a) and a steep,
rocky deciduous wood in Hayingen/ Baden-Wuerttemberg, pop. HAY1 (b). Photos by Georg Pflugbeil.

Figure 4. Pollinators of Tephroseris helenitis in the Gerlhamer Moor/ Upper Austria
(pop. GER1) including beetles (a and c) and a Diptera (b). Figure 4a shows a member
of the genus Malachius (det. Patrick Gros). Photos by Ursula Jaros.
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The taxonomy of T. helenitis is not fully settled in the literature, so mainly the taxonomy of
the Global Compositae Checklist (FLANN 2009 onwards) will be followed here with
modifications of KERGUELEN (1987). The major part of the species’ range is occupied by a type,
which is not differentiated in FLANN (2009 onwards), but described as ssp. helenitis in
KERGUELEN (1978). The latter one characterizes plants at higher altitudes in the Pyrenees, which
lack ligules and show oblong to ovate-oblong leaves as var. discoidea (DC.) KERGUELEN
(synonym: Tephroseris pyrenaica HoLuB), while the remaining forms of ssp. helenitis are
characterized as var. helenitis. On clayey soils of the Pyrenees ssp. macrochaeta (WiLLk.) B.
NORD. occurs, which has rhizomatous and branched stocks with several non-flowering rosettes
and finely dentate basal leaves. Plants of the Armorican region with fleshy leaves are described
as ssp. candida (Cors.) B. NORD., subalpine forms of the Auvergne region are described as ssp.
arvernensis (Rouy) B. NORD.

At the easternmost part of the distribution range ssp. helenitis occurs para-/sympatrically
with ssp. salisburgensis, which is endemic to Salzburg providence and adjacent areas in Bavaria
and Upper Austria (Fig. 5).
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Figure 5. Distribution of the two subspecies of Tephroseris helenitis at the northern edge of the Alps (BIB 2010,
FLORAWEB 2010, FLORIsTISCHE KARTIERUNG OSTERREICHS unpubl. data, GeiF 2009, KRAcH 2000, PiLst et al. 2002, POLATSCHEK
1997, SABOTAG unpubl. data, own observations). Graphic created with ArcGis (version 9.2).

Morphological differences of T. helenitis subspp. salisburgensis and helenitis will be regarded
in more detail as a major aim of this study. Subspecies salisburgensis is mainly characterized by
glabrous or sparsely hairy achenes, while those of ssp. helenitis are pubescent (Fig. 6a-c).
Transitional forms of the two subspecies are mentioned in HEGI (1928) and KRACH (2000).
According to the latter, ssp. salisburgensis is a “nascent form” always associated with
individuals showing pubescent achenes. There are additional characters (also listed in Table 2),
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which are thought to differentiate the two subspecies. CUFODONTIS (1933) mentions frequent
reddened stem bases and bract tips (also in FISCHER et al. 2008) in ssp. salisburgensis (Fig. 6f-g).
The latter character state only occurs when the bracts are sparsely hairy. According to
numerous authors (OBERDORFER 1983, SCHUBERT & VENT 1988, SEYBOLD 2006, FISCHER et al. 2008),
ssp. salisburgensis is frequently lacking ray flowers, a condition only rarely observed in ssp.
helenitis. The shape of the basal leaves is also mentioned as a character differentiating the two
subspecies by OBERDORFER (1983) and SCHUBERT & VENT (1988). In addition, subspecies helenitis
is thought to have a crenate to dentate lamina, which is abruptly narrowed to the petiole (Fig.
6d), while ssp. salisburgensis has an entire to slightly crenate lamina, which is gradually
narrowed to the petiole (Fig. 6e). CHATER & WALTERS (1978) and FISCHER et al. (2008) describe
ssp. helenitis as showing 13 and ssp. salisburgensis 15-18 ligules.

Figure 6. Morphological characters of
Tephroseris helenitis. The upper row shows
glabrous achenes viz. ssp. salisburgensis (a),
pubescent achenes viz. ssp. helenitis (b) and
sparsely hairy achenes viz. ssp. salisburgensis
(c). The lower row displays slightly dentate
leaves with a weak arachnoid upper surface,
where the lamina is abruptly narrowed to
the petiole as described for ssp. helenitis (d)
and nearly entire leaves with a glabrous
upper surface, where leaves are gradually
narrowed to the petiole as described for ssp.
salisburgensis (e). Photos by Georg Pflugbeil
(a-c), Martin Kletzander (d-e) and Giinther
Nowotny (f-g) at population EST2.
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Figure 7. Sampled populations of Tephroseris helenitis (large circles) and further recorded, but not surveyed
populations of this taxon at the northern edge of the Alps (small circles; Geir 2009, KrRacH 2000, PisL et al. 2002,
PoLATSCHEK 1997, SABOTAG unpubl. data). Population numbers are displayed next to the populations. Pure ssp.
helenitis, pure ssp. salisburgensis and mixed stands are distinguished. Graphic created with ArcGis (version 9.2).
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2.2.Plant material

Leaf samples for genetic analyses were collected from 30 T. helenitis populations (675
individuals, in total; 23 individuals on average per population) in 2006, 2009 and 2010 in
Salzburg, Upper Austria, Bavaria and Baden-Wuerttemberg (Table 1 and Fig. 7; detailed
population table in Appendix: Table 26), whereas populations BER1-BER5 are considered as
five subpopulations and populations ADN1-ADN2 and EST1-EST2 each as two subpopulations.
Seven of these populations (located in the western and northern part of the sampling area)
consisted of individuals with pubescent achenes viz. ssp. helenitis (AMM1, AMM2, AMM3,
GEO1, HAY1, MAR1 and NUS1). The latter three populations (the most western ones) were
only sporadically checked for achene indumentum type, because only individuals with
pubescent achenes were expected. Individuals of five populations in the eastern sampling area
exclusively showed glabrous or sparsely hairy achenes viz. ssp. salisburgensis (ADN2, BER1,
FUS1, UNT2 and WOEL). In population BER1 only old achenes of two individuals were
available, so the determination of achene indumentum type is uncertain here. Most of the
populations in the central and eastern part of the sampling area (18 populations) were mixed
stands consisting of individuals showing either pubescent, sparsely hairy or glabrous achenes
viz. both subspecies. Achene type of five populations (BER2, BER3, HAM1, PAL1, SCH1 and
SUR1) could not been determined, because of the lack of achenes. Population HAM1 was
expected to show only individuals with pubescent achenes, because it is the northernmost
population and ssp. salisburgensis could be excluded there. Individuals were sampled
randomly trying to cover the entire population.

Additionally, leaf samples for genetic analysis were collected from four populations of
further Tephroseris species (20 individuals in total, five individuals per population) in 2006,
2007 and 2009. As displayed in Table 1 there is each one population of Tephroseris cf.
tenuifolia (GAubp.) HoLus, Tephroseris integrifolia (L.) Howus, Tephroseris cf. longifolia (Jaca.)
GRISEB. & SCHENK and Tephroseris crispa (JAcQ.) RCHB.

One or two leaves (rosette leaves were preferred, because of the lower content of
secondary plant compounds) were carefully cut off the plant and immediately put into bags
containing silica-gel (Roth, Karlsruhe, Germany). Silica-gel dried the leaves quickly and avoided
a biological degradation of DNA in the plant cells. If necessary, i.e. when the silica-gel was
saturated with water, it was exchanged with fresh one.

Table 1. Population number, taxon designation, population codes and sampling sites for populations of
Tephroseris helenitis at the study area. Abbreviations: A, Austria; ach., achenes recorded for indumentum; AFLP
prof., number of AFLP profiles used for genetic data analyses; AT, Andreas Tribsch; B, Bavaria; BW, Baden-
Wuerttemberg; DNA, samples for DNA Extraction; CE, Christian Eichberger; CN, Christian Niederbichler; FH, Franz
Hoglinger; G, Germany; GP, Georg Pflugbeil; GPa, Georg Pangerl; HPC, Hans Peter Comes; |, Italy; L, Lower
Austria; LM, Lenz Meierott; mor., morphological traits observed; N, total number of individuals for DNA samples
and recorded for achene indumentum; P, Piedmont; S, Salzburg; SV, Slovenia; Tc, Tephroseris crispa, Ti, T.
integrifolia, Th, T. helenitis; Thh, T. helenitis ssp. helenitis; Ths, T. helenitis ssp. salisburgensis; TM, Thomas
Meyer; To, Tephroseris cf. longifolia; Tt, T. cf. tenuifolia; U, Upper Austria; UC, Upper Carniola; UJ, Ursula Jaros;
veg., vegetation plots performed; WR, Wolfgang Riedel; X, longitude; Y, latitude.

Pop | Taxon | Code DNA | Ach. | Mor. | Veg. | N | AFLP | Locality X (E) Y (N) Collectors | Date

Nr. prof.

1 Thh NUS1 X 21|10 G, BW, Nusplingen 8.8903 | 48.1072 | AT+GP 2010

2 Thh HAY1 X 109 G, BW, Hayingen 9.4392 48.2733 | AT, GP, 2010
WR + GPa

13



2. Material and methods

3 Thh HAM1 | X 5|5 G, B, Hammelburg 9.9214 |50.0853 | LM 2010
4 Thh MAR1 20 G, B, 10.7033 | 48.3133 | AT, GP + 2010
Margertshausen ™
5 Thh AMM1 | X X 20| 8 G, B, Ammersee 11.0943 | 47.9885 | CN 2009
6 Thh AMM2 | X X 17 |4 G, B, Ammersee 11.1288 | 48.085 CN 2009
7 Thh AMM3 | X X 20 | 4 G, B, Ammersee 11.1837 | 48.0116 | CN 2009
8 Thh+ | KOE1 X X 21|5 G, B, Koegelsberg 11.6338 | 47.8293 | GP 2009
Ths
9 Thh GEO1 X 15|11 G, B, Georgenried 11.7043 | 47.759 | GP 2009
10 Thh+ | MOO1 X 20| 6 G, B, Moosbachtal 11.7849 | 47.824 | GP 2009
Ths
11 Thh+ | FEN1 X X 22 |5 G, B, Fentbachmoos | 11.8072 | 47.8764 | GP 2009
Ths
12d | Thh+ | BER4 X X 6 |1 G, B, Bergener Moos | 12.5624 | 47.8009 | CN 2006
Ths
12e | Thh+ | BER5 X X 18 | 4 G, B, Bergener Moos | 12.5676 | 47.8058 | CN 2009
Ths
12b | Th BER2 X 20| - G, B, Bergener Moos | 12.5678 | 47.8047 | AT 2006
12c | Th BER3 X 2 |- G, B, Bergener Moos | 12.57 47.8112 | CN 2006
12a | Ths BER1 X X 8 |- G, B, Bergener Moos | 12.5728 | 47.8081 | AT 2006
13 Th SUR1 X 6 |- G, B, Surtal 12.7415 | 47.8591 | GP 2009
14 Th SCH1 X 14 |8 G, B, Schonramer 12.883 47.8856 | GP 2009
Filz
15 Thh+ | LAU1 X X 20| 18 G, B, Laufen 12.8943 | 47.9429 | GP 2009
Ths
16 Thh+ | UNT3 X X 14| 8 A, S, GroRgmain 12.9389 | 47.7514 | HPC + AT 2006
Ths
17 Ths UNT2 X X 7 |4 A, S, GroRRgmain 12.945 | 47.7508 | HPC + AT | 2006
18 Thh+ | UNT1 X X 31(7 A, S, GroRgmain 12.9467 | 47.7606 | HPC + AT 2006
Ths
19 Thh + | LAN1 X X 20| 8 A, S, Langwiesen 12.9675 | 47.74 HPC 2006
Ths
20 Thh+ | VIE1 X X 35(9 A, S, Viehausen 12.9869 | 47.7575 | HPC 2006
Ths
21a | Thh+ | EST1 X X 30 |- A, S, Fuerstenbrunn | 12.9994 | 47.7539 | HPC + AT 2006
Ths
21b | Thh+ | EST2 X X 20 | 15 A, S, Fuerstenbrunn | 12.9994 | 47.7533 | GP 2009
Ths
22a | Thh+ | ADN1 X X 31(9 A, S, Adnet 13.132 47.6941 | HPC + CE 2006
Ths
22b | Ths ADN2 X X 20| 17 A, S, Adnet 13.129 | 47.6942 | GP 2009
23 Th PAL1 X 2 |2 A, U, Imsee 13.1377 | 48.0245 | GP 2009
24 Thh+ | KOP1 X X 327 A, S, Koppler Moor | 13.1511 | 47.8044 | CE 2006
Ths
25 Thh+ | KUC1 X X 33 (4 A, S, Freimoos 13.1617 | 47.6375 | HPC +CE 2006
Ths
26 Ths WOE1 | X X 20| 5 A, S, Woerlemoos 13.1839 | 47.8633 | CE 2006
27 Ths FUS1 X X 3313 A, S, Fuschlsee 13.2475 | 47.8133 | AT 2006
28 Thh+ | STI1 X X 32|10 A, S, Stilles Tal 13.2875 | 47.8117 | CE 2006
Ths
29 Thh + | HAS1 X X 107 A, U, Haslau-Moos 13.4517 | 47.8411 | GP, UJ+ 2010
Ths FH
30 Thh+ | GER1 X X 20| 12 A, U, Gerlhamer 13.5578 | 47.9522 | GP, UJ + 2010
Ths Moor FH
31 Tt ORM1 X 155 I, P, Ormea 7.9327 44,1286 | GP 2009
32 Ti PER1 X 102 A, L, Perchtoldsd. 16.2519 |48.1222 | AT 2007
Heide
33 Tl KAR1 X 515 SV, UC, Preddvor 14.4417 | 46.3333 | AT 2006
34 Tc STK1 X 515 A, S, St. Koloman 13.2325 | 47.6367 | AT 2007
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2.3.Genetic analyses

2.3.1. DNA-Extraction

Silica-dried leaf samples of ca. 0.5 cm? were put into 2 ml reaction tubes including two sterile
steel beads. These reaction tubes were put into a mixer mill (Retsch MM 301, Haan, Germany)
and grinded for 2 minutes at 30 Hz. As the leaf samples of T. helenitis have densely hairy lower
surfaces, the steal beads were sometimes caught within these and the leaves could not been
grinded. In that case the hairs were removed and the grinding procedure was repeated.

Isolation of genomic DNA was first attempted using the Wizard Genomic DNA Purification
Kit (Promega, Madison, USA). DNA could be extracted in adequate amounts, but the samples
were too contaminated with secondary plant compounds and the following AFLP procedure
did not work.

Using the DNeasy Plant Mini Kit (Qiagen, Venlo, Netherlands) the DNA extractions
contained an adequate amount of DNA and less contaminations. So, this Kit was chosen for
extracting DNA of 338 T. helenitis samples (ten individuals per population, when available, as
well as all individuals of population ADN2, EST2, GEO1 and LAU1, from which morphological
and vegetation data were available, and 10-15 individuals of population GER1 and HAS1, from
which morphological data was available) and 20 samples of the four additional Tephroseris
species (see Table 1) following the manufacturers protocol with minor modifications. Twelve
samples of the four populations, from which morphological and vegetation data were available
(ADN2, EST2, GEO1 and LAU1) were extracted a second time because the AFLPs did not work.
Quickly after the 24 leaf samples of the batch had been grinded, 400 pl “Buffer AP1” and 4 pl
“RNase A” were added to the reaction tubes and vortexed vigorously. After a brief
centrifugation step, to get most of the plant material into the suspension, the samples were
incubated for 10 minutes on a heating block at 65°C. During incubation the samples were
inverted 2-3 times. After the addition of 130 ul “Buffer AP2” the reaction tubes were inverted
2-3 times and incubated for 5 minutes on ice. An additional centrifugation step (5 minutes at
20,000 g) was performed to precipitate substances, which were not in suspension. The lysate
(about 460 ul) was transferred into a QlAshredder Mini spin column, which was attached on a
2 ml collection tube, and centrifuged for 2 minutes at 20,000 g. The volume of the flow-
through was measured and put into a new reaction tube. 1.5 volumes of “Buffer AP3/E” were
added and mixed by pipetting. 650 ul of the sample were transferred into a DNeasy Mini spin
column, which was attached on a 2 ml collection tube, and centrifuged for 1 minute at 6,000 g.
The flow-through was discarded and the remaining sample transferred into the spin column.
The centrifugation step was repeated and the 2 ml collection tube discarded. The spin column
was placed into a new 2 ml collection tube. 500 pl “Buffer AW” were added to the spin column
and centrifuged for 1 minute at 6,000 g. The flow-through was discarded and another 500 pl
were added to the spin column. The sample was centrifuged for 2 minutes at 20,000 g and the
spin column put into an autoclaved 2 ml reaction tube. 50 ul of “Buffer AE” were added to the
membrane of the spin column and centrifuged for 1 min at 6,000 g. The flow-through was
transferred to the membrane of the spin column again and centrifuged for 1 min at 6,000 g.
The spin columns were discarded and the reaction tubes put on ice or frozen at -20°C.

Quality checks were performed for all DNA extracts on an 1% w/w agarose gel (UltraPure™
Agarose, Invitrogen, Carlsbad, USA) at 100 V for 25 minutes.
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2. Material and methods

DNA concentration was measured for 34 samples of the first and second batch of DNA
extraction at a micro-volume UV-Vis Spectrophotometer (Nanodrop ND-1000, Thermo Fisher
Scientific, Waltham, USA). Average DNA concentration was between 20 and 40 ng / ul, while a
few samples reached concentrations up to 71 ng / ul. Higher values often had an absorbance
spectrum suggesting contamination with polysaccharides and/or phenols.

Twenty-four of those samples showing low DNA concentrations were concentrated using
the following protocol: 5 ul sodium acetate (3M) were added to 50 ul DNA extract and mixed
carefully by inverting. Further on 33 ul isopropyl alcohol were added and centrifuged for 15
minutes at 16,300 g. The lysate was discarded and 150 pl ethanol (70%) were added. The
reaction tube was centrifuged for 5 minutes at 16,300 g. After centrifugation the lysate was
soaked up and discarded as far as possible and the reaction tube was dried at 50°C on a
heating block for 5-7 minutes with opened caps. Finally the DNA pellet was resuspended in 10
ul ddH,0. Measuring the DNA concentration with the spectrophotometer showed a 2-3 times
higher concentration.

2.3.2. Generating AFLPs

The AFLP procedure followed the protocol of Vos et al. (1995) with some modifications (HAZEN
et al. 2002; TREMETSBERGER et al. 2003). For each run the samples were arranged in 48-well PCR
plates (an example is shown in the Appendix: Table 27).

Genomic DNA was cut with restriction enzymes at the restriction/ligation (RL) step, while at
the same time DNA adaptors, including primer sites for the following DNA amplification steps,
were ligated to the restriction sites. First, the adaptors (Appendix: Table 28) had to be
denatured in a MyCycler ™ thermal cycler (Bio-Rad, Hercules, USA) for each 10 minutes at
65°C, 37°C and 25°C. Eight ul of the reaction mix containing the adaptors, restriction enzymes
and the DNA ligase (Appendix: Table 29) were added to 3 pl of undiluted genomic DNA (about
60-120 ng) and incubated for two hours at 37°C in a GeneAmp® PCR System 9700
thermocycler (Applied Biosystems, Foster City, USA). The success of the RL step was checked
on an 1% w/w agarose gel (100V for 30 minutes), expecting a smear of DNA fragments with
different lengths.

The next step was the preselective amplification (presel) of the RL products. A polymerase
chain reaction (PCR) reduced the number of different RL-fragments by designing primers with
the restriction sites and one (or two: only at the primer-trials) selective base. The RL product
was diluted 10 times with ddH,0. Two pl of this dilution were transferred into a well of a 96-
well PCR plate (Thermo-Fast® 96 Non-skirted, Thermo Fisher Scientific) containing 8 ul of a
reaction mix (Appendix: Table 30) including GoTagq® DNA polymerase, dNTPs and the DNA
primers 5°-EcoRI+A-3’ and 5’-Msel+C-3’ (Appendix: Table 31). The PCR was performed (PCR
program: Appendix: Table 32) in the GeneAmp® PCR System 9700 thermocycler. Amplification
products were checked on an 1% w/w agarose gel (100V for 30 minutes), expecting broad
bands up to 1500 bp.

The presel was followed by a selective amplification step (sel), which reduces the number
of DNA fragments again by adding three selective bases to three different primer pairs. Each
primer with an EcoRI restriction site was labeled with a fluorescent color, while the Msel
primers were unlabeled. To find out, which primer-pairs show the most suitable patterns for
further analyses, primer-trials were performed for 24 primer-pairs (see Appendix: Table 33) in
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2.3. Genetic analyses

8 individuals of T. helenitis. The following three primer-pairs were chosen, each one primer-
pair per label (VIC-5’-EcoRI+ACG-3’ / 5’-Msel+CAT-3’; 6-FAM-5’-EcoRI+AGA-3’ / 5’-Msel+CAC-
3’; NED-5’-EcoRI+AGC-3’ / 5’-Msel+CAG-3’; see also Appendix: Table 34). The presel products
were diluted 20 times with ddH,0. Two pl of the diluted sample were transferred into a well of
a 96-well PCR plate containing the reaction mix including GoTag® DNA polymerase, dNTPs and
the DNA primers (Appendix: Table 35). The selective PCR was performed in the GeneAmp® PCR
System 9700 thermocycler (PCR program: Appendix: Table 36).

To reduce the concentration of ions in the samples, a DNA purification step was performed
before running the samples in the gel electrophoresis. Therefore, Sephadex® G-50 Superfine
Resin (GE Healthcare Bio-Sciences, Uppsala, Sweden) was used following the manufacturers
protocol. The Sephadex® resin was filled into MultiScreen filtration plates (MAHVNA45,
Millipore, Molsheim, France) and swollen with 300 pl ddH,O for two hours at room
temperature. After centrifugation (910 g for 5 minutes) another 150 pl ddH,0 were added and
centrifuged at 910 g for 5 minutes again. Afterwards the MultiScreen filtration plate was put
onto a sterile 96-well PCR plate. Three ul of the FAM-labeled, three pl of the VIC-labeled and
six ul of the NED-labeled sel products were added onto the swollen Sephadex® resin using a
multi-channel pipette. The MultiScreen filtration plate was fixated with the PCR plate and
centrifuged at 910 g for 5 minutes receiving the purified sel products in the PCR plate. Two pl
of each sample were transferred into a 96-well PCR Cycleplate® (Thermo Fisher Scientific)
containing 13 ul ET550-R-ROX-MegaBace™-Standard dilution (Appendix: Table 37) and put
onto ice.

Before loading onto the sequencer, the samples were denatured at 95°C for 3 minutes and
quickly cooled down in the GeneAmp® PCR System 9700 thermocycler. The PCR plates were
centrifuged shortly and put on ice. Within 30 minutes the denatured PCR products were
loaded onto the MegaBace™ 1000 DNA Analysis System (GE Healthcare Bio-Sciences) following
the manufacturers manual. The settings are shown in the Appendix: Table 38.

In total, 532 samples (including the 338 T. helenitis individuals, the 20 Tephroseris spp.
individuals and the individuals, where the AFLPs were repeated one or more times) were
examined in batches (runs) of 45 samples each. To check the quality of the AFLP patterns
within and/or between the runs, three wells were used per plate. In one well a sample, which
had shown a positive AFLP pattern in former tests, was used as a positive control (“between-
run-replicate”). A second well was used as a “within-plate-replicate”. Therefore, the extracted
DNA of one examined individual was transferred into two wells of the same batch. Similar AFLP
patterns of the replicates indicate a high reproducibility within the run. The third well was used
as a blind sample. Instead of a DNA sample ddH,0 was used in the RL step. The blind sample
indicates contaminations with foreign DNAs.

After analyzing all 358 individuals, the ones which did not show a reliable AFLP pattern (156
individuals) were examined a second time. 17 samples were analyzed with the same protocol,
while for 139 samples the RL step was modified. Instead of using three pl genomic DNA, one pl
genomic DNA + two pl ddH,0 were used. For 18 samples a third attempt was performed. In
total, 54 individuals did not show a useable AFLP electropherogram in one or more primer-
pairs and thus were excluded from any further analysis.

17



2. Material and methods

2.3.3. Data scoring

Based on the AFLP electropherograms a binary matrix was produces using the program DAx
(version 8.0; VAN MIERLO 2006). As a first step the three different primer-pairs (VIC-labeled, 6-
FAM-labeled, NED-labeled) were separated by their fluorescence. Therefore, a color
separation matrix was created (see Appendix: Table 39) and imported into the program. ET-
ROX-550-Standard was used to calibrate the size of different samples and for the conversion of
the horizontal axis from migration time into length of fragments (in base-pairs). A baseline was
automatically constructed and subtracted by the program to avoid the influence of noise
signals from the electropherograms. A binning sheet was created, setting bins as “user
defined”. The peak search was performed automatically by the program (settings: Appendix:
Table 40). Each peak was checked manually and, if necessary, erroneously marked peaks were
removed or missing peaks were set, respectively. Finally, the binary matrix was created for
each primer-pair by listing only the presence/absence of peaks in the bins (also called markers
or loci). The three matrices were imported into Excel 2007 (Microsoft, Redmont, USA) and
merged.

2.3.4. Quantifying the error rate

The sums of mismatches of five within-run-replicates were calculated for each bin.
Additionally, the number of mismatches for the four positive controls was calculated. Even if
only one of the positive controls showed a mismatch, it was counted as a full mismatch.
Markers with mismatches in two or more replicates (58, in total) were removed.

The error rate was calculated as the total number of mismatches across all loci divided by
the total number of loci (BONIN et al. 2004).

2.3.5. Pruning the binary matrix

Individuals were checked for having too few or too many loci, whereas too few loci indicate a
poorly functioning restriction of the DNA according to, e.g., bad DNA quality and too many loci
potentially indicate contamination with foreign DNAs. The total number of present loci in each
of the three primer-pairs was calculated for each individual. The mean number of loci and its
standard deviation (SD) was calculated for each primer-pair and the total dataset. Individuals
with lower or higher numbers of loci than the mean £ SD in two or more primer-pairs or at
least one primer-pair and the total dataset were removed (48, in total). In five cases
(ADN2_04, AMM1_09, EST2_16, LAN1_12 and WOE1_11) the individuals were not removed,
because of having either a generally lower/higher number of loci or only slightly lower/higher
numbers of loci, respectively.

Additionally, loci which were only present in one individual were removed (3 loci, in total).
For the matrix without the outgroup species ten further loci were removed, because they were
present in none or one of the remaining individuals.

The NJ analysis (see section 2.4.2, results not shown) for 314 individuals showed seven
individuals (GEO1_14, KUC1_08, KUC1_09, MOO1_07, SCH1_04, SUR1_05 and UNT2_03) with
long branches in the NJ tree and were removed from the dataset.
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2.4. Genetic data analyses

2.4.Genetic data analyses

2.4.1. Genetic differentiation

STRUCTURE (version 2.1; PRITCHARD et al. 2000) was used to infer the genetic structure of the
dataset. This model-based program uses a Bayesian clustering algorithm, which calculates the
probability P(X|K) for different numbers of groups (K) and assigns the individuals with
calculated proportions (Q-values: estimated membership coefficient for each individuals to
each cluster) to these groups. The admixture model was performed, because the current
approach is an intraspecific one and the species is strictly outcrossing (see section 3.12).
Regarding model choice for allele frequencies, both models available (independent and
correlated, respectively, see FALUSH et al. 2003). The analysis was computed for K=1 to K=9 (10
replicates for each K; length of burnin period: 200,000; MCMC replicates: 500,000; recessive
alleles) at the Bioportal at the University of Oslo (KUMAR & SKIAEVELAND 2009). To estimate the
most probable number of groups, the R-script STRUCTURE-SUM (version 2009; EHRICH et al.
2007) was utilized. The function “Structure.table” was used to create a diagram plotting the
probabilities of each STRUCTURE-run, InP(D), against the number of groups (K).
“Structure.simil” calculates a similarity coefficient among each pair of STRUCTURE-runs
according to NORDBORG et al. (2005). The average of the similarities and the standard
deviations of each K were plotted against the number of K. “Structure.DeltaK” is a function to
estimate the most probable number of K using the method of EVANNO et al. (2005). The most
probable K-value was chosen as follows: it is showing a high probability in the plot of
“Structure.table”, the probabilities of the single replications do not scatter, the similarities are
high in “Structure.simil” and the plot of “Structure.DeltaK” shows a peak in the “mean DeltaK”.

The program BAPS (Bayesian Analysis of Population Structure, version 5.4) was used as an
alternative to STRUCTURE, which estimates the population structure using a Bayesian
clustering algorithm. Four computations were done, using spatial- and non-spatial analyses
each with and without admixture. First, a non-spatial genetic mixture analysis of individuals
(CORANDER et al. 2006; CORANDER et al. 2008b) was performed for K=1 to K=9 (5 replications for
each K). This method computes the optimal number of groups and ascribes each individual to
one of these groups. Second, an admixture analysis of individuals (CORANDER & MARTTINEN 2006;
CORANDER et al. 2008b) based on the mixture analysis was performed (using 100 iterations to
estimate the admixture coefficient, 200 reference individuals from each population, and 50
iterations to estimate the admixture coefficient for the reference individuals). In the admixture
analysis individuals can be admixed among the groups. Third, a spatial genetic mixture analysis
was performed (CORANDER et al. 2008a) to produce Voronoi tessellations of the populations.
Fourth, an admixture analysis based on the spatial genetic mixture analysis was performed.
The settings for the latter two computations were the same as for the non-spatial analyses.

The mean Q-values of the STRUCTURE clusters, as well as the mean values of the “changes
in log(marginal likelihood) if individual i is moved to group j” of the BAPS clusters in each
population were correlated with the longitude using SPEARMAN’s (1904) rank correlation
coefficient in SPSS (version 16.0.2, SPSS INC. 2008). This program was also used to compute
linear regressions. Longitude and achene indumentum, respectively, were set as independent
variables and the mean values of STRUCTURE/ BAPS clusters as dependent variables (as well as
achene indumentum, when longitude was an independent variable).
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2.4.2. Genetic relationships

A neighbor-joining (NJ) analysis based on NEI & LI's (1979) genetic distance measure was
performed in TREECON FOR WINDOWS (Version 1.3b; VAN DE PEER 1994). NJ analyses with
bootstrap values (1000 permutations) were performed for 261 individuals in total and without
the replicates (9 individuals) and/or the outgroups (17 individuals), respectively. The resulting
bootstrap values were mapped onto a NJ-tree, which was rooted with the outgroups.

A Neighbor-Net analysis was computed by the program SPLITSTREE (vers. 4.10; HUSON &
BRYANT 2006). It was performed for 250 individuals (including the 17 outgroup samples, but
without the nine replicates) and for 233 individuals (without the 17 outgroup samples and the
nine replicates).

The matrix for population-based NJ trees was generated in R (version 2.9.2; R DEVELOPMENT
CoRrRe TEAM 2009), using the ”Presence” function of the script AFLPDAT (modification of
20.10.2010; EHRICH 2006). Here, a locus which is present in at least one individual of the
population is counted as present for the population. A rooted NJ analysis was performed in
TREECON FOR WINDOWS and a Neighbor-Net analysis was computed in SPLITSTREE for 33
populations and 29 populations (without the outgroups). The unrooted NJ-tree was calculated
using PHYLIP (version 3.69; FELSENSTEIN 2005). Before using the program the allele frequencies
were estimated by GENALEX (Genetic Analysis in Excel; version 6.41; PEAKALL & SMOUSE 2006),
assuming complete outcrossing and following LYNCH & MILLIGAN (1994). The “Frequency”
function was chosen for “binary (diploid)” data. Afterwards, the input file for PHYLIP was built
manually and loaded into GENDIST (implemented in PHYLIP) to calculate Nel's (1972) genetic
distances. The output file of GENDIST was imported into NEIGHBOUR (implemented in PHYLIP)
to estimate an unrooted NJ tree (clustering algorithm of SAITou & NEI 1987), visualized using
the program TREEVIEW (version 1.6.6; PAGE 1996). A bootstrap analysis was performed to
show the support for each node of the NJ tree. Therefore, the program SEQBOOT
(implemented in PHYLIP) was used to calculate 1,000 replicates of the allele frequency matrix.
Distance matrices of these 1,000 replicates were calculated in GENDIST and NJ trees were
constructed afterwards in NEIGHBOUR. A consensus tree out of the 1,000 NJ-trees was
obtained using the program CONSENSE (implemented in PHYLIP). The bootstrap values were
mapped onto the original NJ-tree and displayed by TREEVIEW.

2.4.3. Principal coordinates analysis (PCoA)

This ordination method was applied to the whole individual-based dataset of T. helenitis in the
program PAST (PAleontological STatistics; version 1.93; HAMMER et al. 2001) using the
algorithm of DAvis (1986) and the Dice similarity coefficient (DICE 1945). Eigenvectors
(coordinates) and Eigenvalues (given for the four most important coordinates) were computed
in this analysis. The coordinates of the first two axes were imported into SPSS and displayed as
a scatter plot.

As a matrix for the population-based PCoA the presence matrix was used, which was
computed with AFLPDAT as mentioned section 2.4.2. The PCoA again, was performed in PAST.
For the graphical presentation of the coordinates the program SPSS was used as for the
individual-based PCoA.
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The scores of the individual- and population-based PCoA axis 1 were correlated with the
longitude of the populations using SPEARMAN’s (1904) rank correlation coefficient in SPSS
(version 16.0.2, SPSS INC. 2008).

2.4.4. Analyses of molecular variance (AMOVAs)

The partitioning of genetic variance within and among populations (non-hierarchical AMOVAs;
2-level-AMOVAs) and/or among user-defined groups of populations (hierarchical AMOVAs; 3-
level-AMOVAs) in the AFLP data were estimated in the program ARLEQUIN (version 3.11;
EXCOFFIER et al. 2005). AMOVAs are described in EXCOFFIER et al. (1992). Input files were created
with the R-script AFLPDAT using the “Arlequin” command.

Non-hierarchical AMOVAs were performed for the entire dataset of T. helenitis (29
populations). First, based on the results of the program STRUCTURE (see section 3.2), non-
hierarchical AMOVAs were calculated for each STRUCTURE cluster. The highest proportion of
the mean Q-values in each population was used to ascribe the populations to different groups.
Second, populations were ascribed to AMOVA groups due to their geographic position. These
were concordant with STRUCTURE results, only the two populations GEO1 and KUC1 were
ascribed to a STRUCTURE-cluster, which was not predominant in the geographical region.
Third, to test for significant genetic variance between individuals with glabrous/sparsely hairy
achenes (viz. ssp. salisburgensis) and pubescent achenes (viz. ssp. helenitis) a non-hierarchical
AMOVA was performed ascribing them to two populations (in fact: types viz. the two
subspecies).

A hierarchical AMOVA approach was performed, whereas the populations were grouped as
in the non-hierarchical AMOVAs. First, groups were formed due to the highest proportion of
the mean Q-values of STRUCTURE in each population. Second, populations were ascribed
according to their geographic position.

Permutations were performed in the program ARLEQUIN (1023 permutations) to calculate
the significances of all computed variance components.

2.4.5. AMOVA-derived Fsy values (®sr) and patterns of isolation by
distance (IBD)

The program ARLEQUIN (version 3.11; EXCOFFIER et al. 2005) was used to calculate pairwise ®Og;
values among the 29 populations based on their AFLP data. Input files for ARLEQUIN were
created utilizing the R-script AFLPDAT.

To test for a pattern of isolation by distance, a correlation between two symmetric matrices
was also performed in ARLEQUIN computing a Mantel test (MANTEL 1967) with 1,000
permutations. Therefore, the abovementioned pairwise ®s; matrix was correlated with
geographical distances among the 29 T. helenitis populations. These geographical distances
were created with AFLPDAT using the “Geodist” function and merged with the pairwise ®Og;
matrix using the “PlotIBD” function. This matrix was used to perform a Mantel test. Isolation
by distance was tested also within each STRUCTURE cluster.
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2.4.6. Genetic diversity and rarity

There are many indices to describe the genetic diversity within populations. For this study
three measures of genetic diversity were taken into account. The first index is the proportion
of polymorphic loci (%PLP). It relates the number of loci, which are not present in every
individual (polymorphic), to the total number of loci. The %PLP was computed in the program
GENALEX. As a second measure NEI's (1987) genetic diversity (Hg) was calculated in AFLPDAT
utilizing the function “Diversity.boot”. This function uses bootstrap replicates for the
computation of confidence intervals. In this study 1,000 bootstrap replicates were performed.
As a third diversity measure SHANNON’s (1948) information index based on SHERWIN et al. (2006)
was estimated in GENALEX.

A method to identify rare markers in populations is presented in SCHONSWETTER & TRIBSCH
(2005). The functions “Rarity” and “Rarity.permut” (TRIBSCH & EHRICH unpubl. data) in AFLPDAT
calculate rarity measures corresponding to the frequency down weighted marker values
referred to the latter publication. Seventy-five % and 95% confidence intervals of rarity values
were calculated using the “Rarity.permut” function with 1,000 permutations each. Numbers of
private markers for single populations and numbers of bands (with a frequency >5%), which
occur in max. 25% and 50% of the populations, respectively, were computed in the program
GENALEX.

The abovementioned diversity and rarity measures were also calculated for groups
identified by STRUCTURE (see section 3.2). Estimates of genetic diversity and rarity of
populations were correlated with their longitude, sample size using SPEARMAN’s (1904) rank
correlation coefficient in SPSS (version 16.0.2, SPSS INC. 2008). The program was also used to
calculate linear regressions setting longitude and sample size as independent variables and
genetic diversity and rarity as dependent variables. Regressions were also performed with
genetic diversity as dependent variable and rarity as independent variable.

2.4.7. Detection of Fs; outlier loci and clinal distribution of allele
frequencies at single AFLP loci

Fsr outlier loci are single (AFLP) markers, which are thought to be under divergent selection
(candidate loci). | identified the outlier loci using two programs. MCHEZA (ANTAO & BEAUMONT
2011) is based on the algorithm of DFDIST, a modification of FDIST (BEAUMONT & NICHOLS 1996)
for the usability of dominant markers. BAYESCAN (version 2.01; FOLL & GAGGIOTTI 2008) is
based on the multinomial-Dirichlet model and calculates a “posterior probability” for the
model including selection for each locus, which can not directly be compared to the p-value of
FDIST. The “False Discovery Rate” (BENJAMINI & HOCHBERG 1995) is “the expected proportion of
false positives among outlier loci” (FoLL 2010) and is set to 0.05 in both programs. MCHEZA
was performed with a theta of 0.06, beta-a and beta-b of 0.25, subsample size of 8, critical
frequency of 0.99 and a confidence interval of 95% for 50,000 simulations. The standard
settings were used in BAYESCAN (sample size of 5,000 with a thinning interval of 10, 20 pilot
runs with a length of 5,000, additional burn-in of 50,000, prior odds for neutral model: 10, F
prior uniform between 0.0 and 1.0). In the Bayesian analysis, the density of the Fs; posterior
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distribution was calculated with R (version 2.9.2; R DEVELOPMENT CORE TEAM 2009) using the
script “plot_R”, which is implemented in BAYESCAN and described in FoLL (2010).

The allele frequency clines of these potential Fsr outlier loci were computed using the
program R. To detect clines showing a significant sigmoid curve, the Huisman-OlIff-Fresco or
HOF models Il and IIl (HUISMAN et al. 1993) were implemented in R. OKSANEN & MINCHIN (2002)
developed the fitting procedure presented by HUISMAN et al. (1993) and used maximum
likelihood estimation instead of the original least-squares method. Maximum likelihood fitting
of non-linear HOF models were performed with non-linear minimization (function “HOF”) in
the package “gravy” (OKSANEN 2011), which is part of the “vegan” project (OKSANEN et al. 2011).
The computational procedure first searches for loci that show a significant trend along the
spatial gradient (longitude) and fit them to HOF models. The procedure is performed again, but
dismisses model | (no trend). Afterwards, it is run on a subset of loci that best fit model Il and
then model Ill.

The inflection points of the curves showing significant clines in model Il or Il were
calculated with the nonlinear least squares model to compare these clines relative to their
longitudinal location. The comparison of the locations can be used to distinguish between a
primary and a secondary hybrid zone (see section 4.3.2). “Non linear least squares” was used
to determine the nonlinear least-squares estimates of the parameters of a logistic function and
its gradient. Models were fitted using function “nls” in package “nlme” (PINHEIRO et al. 2012).
At first it was attempted to fit the logistic regression for all loci. This was then repeated for
those loci that fitted to a logistic model. Loci, which showed a significant (P < 0.05) model fit,
were selected. The slope inflection points and their standard errors were extracted and
confidence intervals of the regression fit were computed by linear approximation. Afterwards,
the kernel density of all slope inflection points was estimated.

2.5.Morphological analyses

The two subspecies at the northern edge of the Alps (ssp. helenitis and ssp. salisburgensis) are
supposed to be differentiated by a couple of morphological traits (CUFODONTIS 1933,
OBERDORFER 1983, SCHUBERT & VENT 1988, SEYBOLD 2006, FISCHER et al. 2008), including, as a
presumably diagnostic trait, the indumentum of the achenes. This character and six additional
morphological traits (capitulum and vegetative traits) were further analyzed. The seven
characters, their states and assignment to the two subspecies, are summarized in Table 2.
Achenes were harvested from 27 populations (25 populations, which also were surveyed for
AFLPs and two additional populations, BER1 and EST1; Table 1) and 561 individuals, in total.
Indumentum of achenes was observed with a magnifying glass or a stereo microscope. The
following character states were distinguished: achenes pubescent, achenes sparsely hairy and
achenes glabrous. The six additional morphological traits were observed for 105 individuals of
six populations (ADN2, EST2, GEO1, GER1, HAS1 and LAUI1; all of these were surveyed for
AFLPs and achene indumentum, too; Table 1). Character states of these traits were recorded
as present (1) or absent (0).

A correlation of achene pubescence with longitude was computed for 561 individuals, using
SPEARMAN’s (1904) rank correlation coefficient (mentioned in section 2.4.1), while a
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comparison of all seven morphological traits was performed for the abovementioned 105
individuals performing a cross tabulation in SPSS.

Table 2. Recorded morphological traits and their assignment to the two Tephroseris helenitis
subspecies helenitis and salisburgensis. Abbreviations: C, CuropbonTis (1933); F, FiscHER et al. (2008); O,
OBERDORFER (1983); S, SEYBOLD (2006); SV, SCHUBERT & VENT (1988).

Character state: Character state: Assigned to Literature

present (1) absent (0) subspecies

Achenes pubescent Achenes glabrous or helenitis C,FO,S,
sparsely hairy SV

Ray flowers present Ray flowers absent - F,O,S, SV

Stem red colored Stem green or salisburgensis C
brownish colored

Bract tips red colored Bract tips green or salisburgensis C F
brown colored

Rosette leaf lamina Rosette leaf lamina helenitis O, SV

abruptly narrowed to gradually narrowed to

the petiole the petiole

Upper surface of rosette | Upper surface of salisburgensis o}

leaves glabrous or with | rosette leaves

short hairs arachnoid

Rosette leaves crenate Rosette leaves entire helenitis O, SV

to dentate or slightly crenate

2.6.Vegetation data analyses

Vegetation plots were obtained in four populations (ADN2, EST2, GEO1 and LAU1; these were
also surveyed for AFLPs and morphological traits) in 2009 to observe a possible correlation of
genetic variation with species assemblages or with single plant species. Community samples of
vascular plants were recorded as present (1) or absent (0) within a diameter of one meter
around 13 to 20 randomly selected T. helenitis individuals per population. Species richness of
populations ranged from 36 to 64 species. The combined dataset consisted of 105 species and
68 plots.

The resulting binary matrix was used to perform a principal component analysis (PCA) in
PAST. The resulting scatter plot was displayed using in SPSS. Overall variation in the vegetation
data should be indicated, as well as single by species showing higher loading values. The latter
ones could be potentially used as indicator species for different plant communities.

Additionally, average ELLENBERG (1992) indicator values adapted by G. KARRER (in the
program HITAB 5; WIEDERMANN 1995) were calculated for each plot. Six indicator values were
surveyed: light, temperature, continentality, soil humidity, soil acidity and nutrients.
Therefore, the value for present species in the binary matrix (1) was replaced by all of their
indicator values in a separate matrix. If the species was absent (0) in a plot, no indicator value
was inserted and the data was treated as missing. Also, indicator values, which are given as
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“indifferent” were treated as missing. Furthermore, the average of each indicator value was
calculated per plot and population, respectively, and displayed as a box plot diagram in SPSS.

2.7.Correlations of genetic, morphological and
vegetation data

To estimate a potential interrelation of the three types of observed data (genetic,
morphological and vegetational data) correlations were performed using the program
CANOCO FOR WINDOWS (version 4.55; TER BRAAK & SMILAUER 2002). Input files have been
created with the supplied program of the CANOCO package, WCANOIMP. In four populations
(ADN2, EST2, GEO1 and LAU1; Table 1) genetic data, morphological data and vegetation data
of single individuals were analyzed. In two additional populations (GER1 and HAS1) genetic
data and morphological data of single individuals were recorded. Therefore, it was possible to
correlate the abovementioned dataset for single individuals viz. samples or plots, using AFLP
loci, plant species composition and morphological traits as variables. Genetic data was used for
all analyses as the primary matrix (this is called “species data” in CANOCO). This primary matrix
was used as the dataset for the computation of a PCA. A secondary matrix (this is called
“environmental data” in CANOCO) was used to correlate morphological and vegetation
variables with the axes of the PCA. Additionally, the matrix of indicator values (based on the
vegetation data) was used as a secondary matrix (to represent the 105 recorded species, which
have been reduced to six indicators). It was necessary to compare the same amount of
samples of primary and secondary matrix. In fact, that data was not always present for all
samples (i.e. AFLPs did not work or morphological traits could not be observed in some
individuals). For the correlation of genetic data with morphological data 68 samples were
used, while for the correlation with vegetation data and indicator values only 56 samples were
available. Originally, 80 samples of genetic data, 105 samples of morphological data and 68
samples of vegetation data were recorded.

Genetic data and vegetation data were also compared by the pairwise Euclidian distances
between vegetation plots and genetic samples (calculated in PCORD; version 5.10; MCCUNE &
MEFFORD 2006). The distances between vegetation plots and genetic samples were correlated
using SPEARMAN’s (1904) rank correlation coefficient in SPSS. Linear regressions were
performed setting Euclidian distances between vegetation plots as independent variables and
Euclidian distances between genetic samples as dependent variables. To compare the scores of
the individual-based PCoA-Ax1 (representing “genetic data”) and longitude with achene
indumentum and the further six morphological characters a binary logistic regression was
performed in SPSS, setting the morphological characters as dependent variables and PCoA-
scores and longitude as covariates.

2.8.Self-incompatibility tests

Regarding the missing references of the breeding system in T. helenitis, self-incompatibility
tests were performed at two sites. One site was in the field (population VIE1), while the
second site was at the outdoor flower bed of the Salzburg Botanical Garden (SBG). At each
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sites, entire inflorescences or single capitula of 11 and 8 T. helenitis plants, respectively, were
bagged with nylon (Fig. 8a), lens tissue paper, plastic tea bags (both in Fig. 8b), paper tea bags
(Fig. 8c) or paper bags (Fig. 8d). For each setting, open-pollinated plants nearby (only VIE1) or
non-bagged capitula of the same plant (only SBG) served as controls. Three plants of the field
site and three plants of the Botanical Garden could be identified as ssp. helenitis due to their
achenes being pubescent. Subspecies salisburgensis was determined in 8 and 6 individuals,
respectively, including one individual with sparsely hairy achenes at the field site, while the
remaining individuals showed glabrous achenes. Table 3 shows the settings used for the
bagging-test at the two sites.

Table 3. Settings of the self-incompatibility test.

Ind. | Bagged plant organs ‘ Bagging material | Achene pubescence viz. subspecies

Field site (population VIE1)

1 One capitulum Nylon Achenes pubescent (ssp. helenitis)

2 Entire inflorescence | Paper tea bag Achenes glabrous (ssp. salisburgensis)
3 Entire inflorescence | Paper bag Achenes pubescent (ssp. helenitis)

4 Entire inflorescence | Nylon Achenes pubescent (ssp. helenitis)

5 Entire inflorescence | Nylon Achenes glabrous (ssp. salisburgensis)
6 Entire inflorescence | Nylon Achenes glabrous (ssp. salisburgensis)
7 Entire inflorescence | Paper bag Achenes glabrous (ssp. salisburgensis)
8 Control - Achenes glabrous (ssp. salisburgensis)
9 Control - Achenes glabrous (ssp. salisburgensis)
10 | Control - Achenes glabrous (ssp. salisburgensis)
11 | Control - Achenes sparsely hairy (ssp. salisburgensis)

Salzburg Botanical Garden

1 Three capitula bagged | Lens tissue paper | Achenes glabrous (ssp. salisburgensis)

+ one capitulum as

control
2 One capitulum Plastic tea bag Achenes glabrous (ssp. salisburgensis)
3 Two capitula bagged | Plastic tea bag Achenes glabrous (ssp. salisburgensis)
+ one capitulum as
control
4 One capitulum Plastic tea bag Achenes glabrous (ssp. salisburgensis)
5 Entire inflorescence | Plastic tea bag Achenes pubescent (ssp. helenitis)
6 Two capitula Lens tissue paper | Achenes glabrous (ssp. salisburgensis)
7 One capitulum Plastic tea bag Achenes glabrous (ssp. salisburgensis)
8 Two capitula Lens tissue paper | Achenes pubescent (ssp. helenitis)
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2.8. Self-incompatibility tests

Figure 8. Bagging material used for the self-incompatibility tests. Entire
inflorescences bagged with nylon (a), single capitula bagged with plastic tea bags (b;
left top) and lens tissue paper (b; right middle), entire inflorescences bagged with
paper tea bags (c) and paper bags (d). Photos by Georg Pflugbeil.
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3. Results

3.1.AFLP data set and error rate

Altogether, 338 individuals of Tephroseris helenitis and 20 individuals of four further
Tephroseris species, which served as outgroups, were examined for AFLPs. In total, 54 T.
helenitis individuals did not show satisfying AFLP fragments in one or two repetitions of the
AFLP procedure and were removed from the dataset. The remaining 314 samples (including
five between-run-replicates and five within-run-replicates) were used for AFLP scoring. After
the matrix was pruned (samples with too few/many loci were removed; see section 2.3.5) and
samples with long branches in the NJ tree (55 samples in total, including one between-run-
replicate) had been removed, as well, 259 samples (including 233 T. helenitis samples with four
between-run-replicates and five within-run-replicates, as well as 17 outgroup samples)
remained for genetic data analyses.

The three primer combinations yielded 462 markers (211 FAM-loci, 100 NED-loci and 151
VIC-loci). Eleven loci (8, 2 and 1 loci of FAM, NED and VIC, respectively) were exclusively found
in outgroup samples. Fragment lengths of loci ranged from 109.4 — 582.1 bp in FAM, 83.3 —
560.3 bp in NED and 77.0 — 571.5 bp in VIC. The mean number of fragments was 131.16 +
15.55 (FAM: 53.73 + 7.62, NED: 22.21 + 3.88, VIC: 55.22 + 7.34). The proportion of present loci
(number of present loci divided by the number of absent loci) in the data set was 28.39%
(FAM: 25.46%, NED: 22.21%, VIC: 36.56%).

The error rate (total number of mismatches divided by the total number of markers over
the five within-run-replicates) was 3.58% (FAM: 3.41%, NED: 3.00%, VIC: 5.03%). Typical error
rates are between 2-5% and should not be higher than 10% (BONIN et al. 2007).

3.2.Genetic differentiation

3.2.1. STRUCTURE assignment tests using independent allele
frequencies

All 233 individuals of 29 T. helenitis populations were analyzed in STRUCTURE assuming the
admixture model with independent allele frequencies. As shown in Fig. 9a the likelihoods (InP)
from K=3 to K=9 were very similar. The likelihood at K=1 was slightly lower as the latter
mentioned, the likelihood at K=2 was obviously lower and the replications scattered clearly.
Also the similarity coefficients (Fig. 9b) were more or less equal at K=3 to K=9. Estimations of
mean DeltaK (Fig. 9c) showed a clear peak at K=3, so this number of groups was chosen to be
the most probable.

However, examinations of bar plots, which presented the Q-values of each cluster in single
individuals, showed that only two of the three clusters were largely present in the dataset. The
third cluster was represented in individuals with proportions <6% only. The bar plots at K=2
showed great admixture of the two clusters in all individuals. The two clusters were
represented in the individuals at a minimum of 30% and a maximum of 70%. Bar plots at K=4
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3.2. Genetic differentiation

to K=9 were nearly identical to K=3. Each new K represented only a minor group of generally
<2.5%. These results strengthened the choice of K=3 as the most probable number of groups,
even through the third cluster was only negligibly present.

As shown in the bar plots of single individuals (Fig. 10a), the line charts showing the Q-
values of STRUCTURE clusters plotted against longitude (Fig. 11) and the map (Fig. 12), cluster
1 predominated in the individuals of the westernmost populations and in population AMM1 of
the Ammersee region. The individuals of the remaining two populations of the Ammersee
region (AMM2 and AMM3) comprised higher proportions of cluster 2, but nonetheless could
be ascribed more likely to cluster 1, which predominated in these populations. In the more
eastern Miesbach region, population GEO1 was admixed between the two clusters and was
treated as intermediate. About half of the individuals were admixed (ascribed to the clusters
with <75%), the second half was ascribed to one of the two clusters (>75%). Two and three
individuals were ascribed to cluster 1 and 2, respectively. The remaining three populations of
the Miesbach region (FEN1, KOE1 and MOO1) were mainly ascribed to cluster 2, but still
showed high proportions of cluster 1 (29-38%). In populations from the Chiemsee region
eastwards, the proportion of cluster 2 rose up to 71-99% and was highest in the eastern
Flachgau/Attersee region. The geographical break between the two clusters could be
cautiously located between the Ammersee and Miesbach regions, excluding the intermediate
population GEO1 (see above). Table 4 shows the affiliation of T. helenitis populations to the
STRUCTUER clusters and the geographic region. As shown in Figure 11a there was an overlap
of standard deviations in proportions of STRUCTURE clusters in populations from the
Ammersee region (AMM2 and AMM3) and the Miesbach region. Exclusion of admixed
individuals (Fig. 11b-c) resulted in the loss of the whole population AMM3 and the ascribing of
population AMM?2 to cluster 1, while populations of the Miesbach region remained admixed.
Nine individuals (Table 5) were identified as putative migrants between the two clusters. Three
of them were also found in the NJ-analysis (AMM?2_10, KOE1_15 and LAU1_18).

Correlations of mean proportions of the STRUCTURE clusters in populations with longitude
or mean proportion of pubescent achenes of populations using SPEARMAN’s (1904) rho showed
high correlation coefficients >80% and high significance (Table 6). Linear regressions resulted
in a high regression coefficient when longitude was used as an independent variable (about
0.87) and a moderately high coefficient in the case of mean proportion of pubescent achenes
(about 0.66).
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Table 4. Populations of Tephroseris helenitis used for AFLP analyses and their
affiliation to clusters formed by the program STRUCTURE and the geographic region,
where populations are located.

population | STRUCTURE cluster geographical region
ADN1+2 east Salzach valley region
AMM1 west Ammersee

AMM2 west Ammersee

AMM3 west Ammersee

BER4+5 east Chiemsee

EST2 east Salzach valley region

FEN1 east Miesbach

FUS1 east Eastern Flachgau/Attersee
GEO1 intermediate Miesbach

GER1 east Eastern Flachgau/Attersee
HAM1 west Westernmost populations
HAS1 east Eastern Flachgau/ Attersee
HAY1 west Westernmost populations
KOE1 east Miesbach

KOP1 east Eastern Flachgau/Attersee
KUC1 east Salzach valley region

LAN1 east Salzach valley region

LAU1 east Salzach valley region
MAR1 west Westernmost populations
MOO1 east Miesbach

NUS1 west Westernmost populations
PAL1 east Salzach valley region

SCH1 east Salzach valley region

STI1 east Eastern Flachgau/Attersee
UNT1 east Salzach valley region
UNT2 east Salzach valley region
UNT3 east Salzach valley region

VIE1 east Salzach valley region
WOE1 east Eastern Flachgau/Attersee

Table 5. Individuals assigned to a STRUCTURE cluster,
which does not predominate in the geographical region.
Individuals with Q-values < 75% are treated as admixed.

Individuals Q-value
(code)
KOE1 15 |>90%
. _ FEN1_01 |>75%
Populat|or1 Io.c:.:\ted in BERS_12 |>75%
cluster 2, individuals
. LAU1 18 |<75%
assigned to cluster 1
LAU1 19 |>90%
SCH1. 03 |>75%
Population located in AMM2_10 | < 75%
cluster 1, individuals AMM3_05 [ < 75%
assigned to cluster 2 HAM1 07 |>75%
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3.2. Genetic differentiation

Table 6. Correlations and regressions calculated for Q-values of different STRUCTURE and BAPS analyses with
longitude and achene indumentum. Abbreviations: N, number of comparisons; n.s., not significant (P-value
>0.05); p, Spearman’s (1904) rank correlation coefficient; ***, P-value < 0.001.

Analysis Comparison N ] P-value :-i:‘ee?i: regression R R’ IZ(L“:'; P-value
Cluster 1-longitude |28 -0.891 0.000 *** |y=-0.938x+3.377 0.938 0.880 0.875 0.000 ***
STRUCTURE | Cluster 2 - longitude |28 0.897  0.000 *** |y=0.937x-2.372 0.937 0.878 0.873 0.000 ***
(independent Cluster 1 h
allele Zluster acNene | g 0.827  0.000 *** |y=0823x+0.014 0.823 0677 0.665 0.000 ***
£ . indumentum
requencies) Cluster 2 h
uster achene | >g  0.827  0.000 *** |y=-0.824x+0.981 0.824 0.680 0.667 0.000 ***
indumentum
Cluster 1-longitude |28 0.909  0.000 *** |y=-0.943x+2.946 0.943 0.889 0.885 0.000 ***
Cluster 2 - longitude |28 0.893  0.000 *** |y=0.809x-2.091 0.809 0.654 0.641 0.000 ***
STRUCTURE | Cluster 3 - longitude |28 0.114 0562 n.s. |y=0.057x+0.145 0.057 0.003 -0.035 0772 n.s
(correlated _
allele ﬂ:itri;n:um achene | )¢ 0841 0.000 *** |y=0821x+0.066 0821 0674 0.661 0000 ***
frequencies) :
Cluster 2 - achene | )0 (278 0000 *** |y=-0.856x+0.727 0856 0733 0722 0000 ***
indumentum
Cluster 3 - achene | )0 119 (0546 ns. |y=0203x+0206 0203 0041 0004 0300 n.s
indumentum
Cluster 1 - longitude |28 0.827 0.000 *** |y=-0.886x+4.420 0.886 0.785 0.777 0.000 ***
Cluster 2 - longitude |28 0.827  0.000 *** |y=0.886x-3.420 0.886 0.785 0.777 0.000 ***
BAPS (spatial T h
admixture) [ Ut & - ACNENE |50 0827 0000 *** |y=0.889x-0.082 0.889 0790 0782 0.000 ***
indumentum
Cluster 2 - achene | ;0 057 0000 *** |y=-0.889x+1.083 0889 0790 0782 0000 ***
indumentum
Cluster 1-longitude |28 0.827 0.000 *** |y=-0.901x+3.440 0.901 0.812 0.804 0.000 ***
BAPS  (non- | Cluster2-longitude |28 0.827 0.000 *** |y=0901x-2440 0901 0812 0804 0000 ***
tial :
spatia Cluster 1 - achene | o g57 0000 *** |y=0717x-0073 0717 0514 0495 0000 ***
admixture) indumentum
Cluster 2 - achene | )0 (g0 0000 *** |y=-0717x+1.073 0717 0514 0495 0000 ***
indumentum
Longitude - achene | ;o 007 )gp *** |y=-0.815x+3.850 0815 0663 0.651 0000 ***
indumentum
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Figure 9. Likelihoods (a-b), similarities (c-d) and DeltaK (e-f) for STRUCTURE analyses using the recessive allele and
the admixture model (independent allele frequency model: left side; correlated allele frequency model: right

side) with K=1 to K=9.
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Figure 10. Bar plots displaying the Q-values of individuals for STRUCTURE analyses with (a) the independent

allele frequency model, and (b) the correlated allele frequency model. The blue color signs cluster 1, the
green color cluster 2, and the red color cluster 3. Populations are sorted according to longitude i.e., the

uppermost population is the most westerly.
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Figure 11. Line plots displaying the mean proportions (Q-values) of STRUCTURE clusters (independent allele
frequency model) for each of the 29 Tephroseris helenitis populations. They are sorted according to longitude
(horizontal axis). The blue color signs cluster 1, the green color cluster 2, and the red color cluster 3. Standard
deviations are displayed as vertical bars. Line plots are depicted for (a) all individuals, as well as individuals with
Q-values >75% (b) and Q-values >90% (c).
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Figure 12. Spatial pattern of mean proportions (Q-values) of STRUCTURE clusters 1 vs. 2 (independent allele
frequency model) for each of the 29 Tephroseris helenitis populations.

3.2.2. STRUCTURE assignment tests using correlated allele frequencies

As shown in Figure 9d the likelihoods steadily increased until K=9, but the likelihoods of
replications at K=4 to K=9 were scattered. From K=1 to K=3 the scatter was low and thus,
favored an estimation of the best K. Similarity coefficients (Fig. 9e) showed their highest
similarities at K=2 and K=3. Since estimates of mean DeltaK (Fig. 9f) showed a peak at K=3, this
number of clusters was taken as the best number of K.

Examinations of the bar plots at K=3 (Fig. 10b) showed results comparable to the model
using independent allele frequencies. However, in contrast to the latter analysis, the third
cluster was not negligible. As shown in Figures 13 and 14, the westernmost populations and
population AMM1 were assigned to cluster 1 as in the independent allele frequencies model.
Populations AMM2 and AMM3 showed higher values of cluster 3, which predominated in the
populations of the adjacent Miesbach region (Q-values of about 50-60%) and the Chiemsee
region (61%). Population GEO1 was intermediate between cluster 1 and cluster 3. Eastwards of
the Chiemsee region proportions of cluster 1 and 3 decreased rapidly. Proportions of the two
latter clusters were still noticeably higher in the Salzach valley region than in the more eastern
Flachgau/Attersee region. As an exception population KUC1 comprised a higher proportion of
cluster 3 (55%) than cluster 2 (36%), even though being situated in the Salzach valley region,
where cluster 2 predominated. The line chart (Fig. 13a) displays the distribution of the three
clusters in relation to longitude. Cluster 1 predominated from the Ammersee region
westwards, cluster 2 in populations eastwards of the Chiemsee, and cluster 3 in-between the
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latter two regions (Miesbach and Chiemsee). The exclusion of admixed individuals (< 75% and
< 90% in Fig 13b and 13c, respectively) made that pattern even more distinct. Putative
migrants among the three clusters were frequently found, whereas many of them were
between cluster 2 and 3. Most of these migrants were admixed (Q-values of each cluster
<75%). Only two individuals with a genotype of cluster 1 (Q-value >75%) were found in the
region where cluster 3 predominates (GEO1_04, KOE1_15), and another two individuals with a
cluster 3 genotype were found in the region where cluster 2 predominates (KUC1_02,
LAN1_12). All of these putative migrants were assigned to one of the clusters with Q-values
<90%.

Correlations of mean proportions of the STRUCTURE clusters in populations with longitude
or mean proportion of pubescent achenes of populations using SPEARMAN’s (1904) rho showed
high correlation coefficients for clusters 1 and 2 with high significances (Table 6). Correlations
of cluster 3 showed weak correlation coefficients, which were not significant. Linear
regressions revealed the highest regression coefficient when proportions of cluster 1 were
correlated with longitude. It was lower for the regression of cluster 2 and longitude as well as
the comparison of the latter two clusters with mean proportion of pubescent achenes.
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Figure 13. Line plots displaying the mean proportions (Q-values) of STRUCTURE clusters (correlated allele
frequency model) for each of the 29 Tephroseris helenitis populations according to longitude (horizontal axis).

The blue color signs cluster 1, the green color cluster 2 and the red color cluster 3. Standard deviations are
displayed as vertical bars. Line plots are depicted for (a) all individuals, as well as individuals with Q-values >75%
(b) and Q-values >90% (c).
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Figure 14. Spatial pattern of mean proportions (Q-values) of the three STRUCTURE clusters (correlated allele
frequency model) for each of the 29 Tephroseris helenitis populations.

3.2.3. BAPS non-spatial clustering

As shown in the bar plots (Fig .15a-b) and the map (Fig. 16) the mixture clustering as well as
the admixture clustering using the program BAPS was similar to results of STRUCTURE using
the independent allele frequency model. The non-spatial analyses resulted in two clusters,
whereby cluster 1 was distributed in the westernmost populations and in population AMM1.
Under the admixture clustering model populations AMM2 and AMM3 were admixed between
the two clusters, whereby AMM?2 had a Q-value of 68% for cluster 1 compared to 18% in
population AMMS3. In the adjacent Miesbach region cluster 2 predominated (74-80%;
population MOO1: 100%). From the Chiemsee region eastwards populations were exclusively
ascribed to cluster 2; only two individuals were admixed (BER5_12, LAU1_18) and two
individuals were assigned to cluster 1 (LAU1_19, SCH1_03). All of them had been identified in
the STRUCTURE analysis using the independent allele frequencies model, too. Considering the
proportions of BAPS clusters in populations depending on their longitude (Fig. 17a) revealed an
unclear separation of the two clusters in the Ammersee region.

Correlations of mean proportions of the BAPS clusters in populations were performed with
longitude or mean proportions of pubescent achenes of populations using SPEARMAN’s (1904)
rho. High correlation coefficients with high significance were found in the comparison with
longitude and moderate values in the comparison with achene indumentum (Table 6). Linear
regressions also showed high values for the comparison with longitude and moderate values
for the comparison with achene indumentum. All of them were highly significant.
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Figure 15. Bar plots displaying the assignment of individuals to BAPS clusters. The figure displays results obtained
under (a) the non-spatial mixture model, (b) the admixture model based on the non-spatial mixture model, (c)
the spatial mixture model and (d) the admixture model based on the spatial mixture model. The blue color signs
cluster 1 and the green color cluster 2. Populations are sorted according to longitude, i.e. the uppermost
population is the most westerly.
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Figure 16. Spatial pattern of mean proportions of BAPS clusters 1 vs. 2 (admixture model based on the non- spatlal
mixture model) for each of the 29 Tephroseris helenitis populations.
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Figure 17. Line plots displaying the mean proportions of BAPS clusters for each of the 29 Tephroseris helenitis
populations according to longitude (horizontal axis). Line plots are depicted for admixture models based on (a)
the non-spatial mixture model, and (b) the spatial mixture model. The blue color signs cluster 1 and the green
color cluster 2. Standard deviations are displayed as vertical bars.

3.2.4. BAPS spatial clustering

Results of the BAPS analyses of spatial mixture and admixture clustering were nearly identical
to those of the non-spatial approach revealing two clusters (Fig. 15c-d). Only three individuals
were identified as admixed (BER5_09, BER5 12 and KOE1_13). As shown in Figures 18 and 19,
cluster 1 predominated in the westernmost populations, i.e., the whole Ammersee and
Miesbach region. From the Chiemsee region eastwards, cluster 2 predominated. Putative
migrants between the two clusters were FEN1_ 16, LAU1 18 and LAU1_19. Individuals
BER5_09 and BER5_12 showed admixed genotypes. The line chart (Fig. 17b) shows a very clear
separation of the two clusters in relation to longitude.

Correlations of mean proportions of the BAPS clusters in populations were performed with
longitude or mean proportion of pubescent achenes of populations using SPEARMAN’s (1904)
rho. High correlation coefficients with high significance were found in all comparisons (Table
6), and the same was true for the linear regressions.
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Figure 19. Spatial pattern of Voronoi tessellations of single populations resulting from BAPS (non-spatial mixture
model) for 29 Tephroseris helenitis populations. The blue color signs cluster 1 and the green color cluster 2.
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3.3.Genetic relationships

3.3.1. Individual-based relationships

An individual-based NJ tree (Fig. 20) was calculated for 250 individuals (including 17 outgroup
individuals) using the genetic distance of NEI & LI (1979). In comparison to the four outgroup
species, T. helenitis formed a monophyletic group with a bootstrap support of 91%. The
individuals generally showed only weak differentiation. Bootstrap values higher than 70% for
groups with three or more individuals were nearly absent. Only three small groups of
individuals were supported with moderate bootstrap values (86% for HAY1 01, HAY1 03 and
HAY1_04; 70% for MOO1_03, MOO1_05, MOO1_06, MOO1_08 and MOO1_09; 86% for
MOO01_03, MOO1_05 and MOO1_06).

Individuals were mainly grouped to their assignment of populations, but only rarely formed
groups consisting exclusively of individuals of one population. Frequently, one or more
individuals of other populations were nested within these groups; only the four westernmost
populations (HAM1, HAY1, MAR1 and NUS1) formed exclusive groups.

The two clusters resulting from the STRUCTURE analysis (see section 3.2) were
distinguished in the NJ-analysis, too. Population GEO1 could not be ascribed to any of these
clusters and was treated as intermediate. The clusters could be substructured into smaller
geographical regions (Table 4). The western cluster was subdivided into the “westernmost
populations” (four populations) and the Ammersee region (three populations). The eastern
cluster was separated into the Chiemsee region (one population), the Salzach valley region
(eleven populations) and the “eastern Flachgau/Attersee” (six populations). The region
“Miesbach” consisted of the population of the intermediate cluster (GEO1) and three
populations of the eastern cluster.

Five individuals of populations, which are geographically located in the area of the eastern
cluster, were nested within the western cluster in the NJ tree. Four individuals were from
Miesbach (FEN1_02, KOE1 01, KOE1_13 and KOE1_15), which was geographically closest to
the western cluster (Ammersee) and one individual from the Salzach valley region (LAU1_18).
Vice versa one individual (AMM2_10) from a western cluster population was nested within the
eastern cluster in the NJ-Tree.

The two subspecies of T. helenitis could not be differentiated in the NJ-Tree, even though
the western and intermediate clusters consisted exclusively of individuals with pubescent
achenes (inclusively the five above-mentioned individuals of the populations in the eastern
cluster), while two third of the eastern cluster consisted of individuals with glabrous achenes
(without Miesbach and Chiemsee: three quarters showed glabrous achenes). As shown in
Figure 20 the individuals of the eastern cluster did not form a cohesive group in terms of
achene indumentum type. Among individuals with pubescent achenes only these from
Miesbach and the Chiemsee region formed cohesive groups, which were not supported by
bootstrap values, however.

Results of the NeighborNet-tree (Fig. 21) generally agreed with results of the NJ tree.
Individuals formed a “star-like pattern”, which did not demonstrate clear clusters and only
weak genetic differentiation, where only the outgroup samples formed separate groups.
Despite the weak differentiation STRUCTURE clusters were visible as in the NJ analysis. The
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eastern cluster was subdivided into two parts through the outgroup samples. Herein, the
“Salzach valley region” was divided into three parts.

Three individuals of eastern cluster populations (FEN_02, LAU1_18 and LAU1_19) were
nested within the western cluster and one individual of the western cluster populations
(AMM2_10) was nested in the eastern cluster. AMM2_10, LAU1_18 and FEN1_02 were also
“mismatched” in the NJ-analysis, but LAU1_19 only in the NeighborNet-analysis. In contrast to
the NJ tree, three individuals of population KOE1 were not nested in the western cluster.

44



3.3. Genetic relationships

L— e
;IN . T T el A

WA

Mieshach

PR R
aliry

mainly Ammersee
sl 3

A e

BITTIEE

PN R

RN AR

LELH HAmTr

mainly westernmost populations

aniiin{aei*
HaL 5
e R
-BAARL B
R

mainly Miesbach
Lt L
ey I.I.l"ll-I

mainly eastern Flachgau/Attersea
T

mainly Salzach valley region

Al %
G )
~EAFRINIE)
RIS T
P
<MLL s
o
ity 7
AR i
ik (5

mainly eastern Flachgau/Atterses
gy

-REERA

PIES IV

oy 1)

CHRRN 7T

ke godat

TETU A

el

B R

mainly Salzach valley region
preperiy

mainly Chiemsee

S vl L "'-.:"T-'IMF- T. tenuifolia
e Y. intagrifoia
T. crispa
T. longifolia

Figure 20. Individual-based NJ tree of 233 Tephroseris helenitis individuals based on AFLP data, rooted with four
outgroup populations. Bootstrap values >70% are shown along branches. The background color separates the
clusters resulting from the program STRUCTURE (independent allele frequency model), whereby the blue color
marks cluster 1, the green color cluster 2 and the grey color the intermediate population GEO1. An asterisk
indicates individuals, which are not from the region described on the right side of the tree. Two asterisks indicate
individuals, which belong to populations of the other STRUCTURE cluster. Dashes on the right margin of the
colored background indicate individuals with pubescent achenes. The brackets next to population names (below
the region names) show the number of individuals within this region, defined by vertical bars, compared to the

total number of individuals for this population.
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Figure 21. Individual-based NeighborNet graph of 233 Tephroseris helenitis individuals and four outgroup
populations based on AFLP data. The background color separated the clusters resulting from the program
STRUCTURE (independent allele frequency model), whereas the blue color marks cluster 1, the green color cluster
2 and the grey color the intermediate population GEO1. Region names are displayed next to the brackets.

3.3.2. Population-based relationships

All calculations were performed for populations with five or more individuals, only.
Populations with four or less individuals were excluded.

A rooted NJ-Tree based on NI & LI's (1979) genetic distance was calculated for 27
populations (including four outgroup populations; Fig. 22). The ingroup (T. helenitis), as well as
all outgroup species formed groups, which were supported with 100% bootstrap values.
Within the ingroup the only bootstrap values higher than 70% as found for the branch
subtending the two subpopulations ADN1 and ADN2 (92%).

It was possible to visualize the clusters, which were formed by STRUCTURE, in the
population-based NJ-analysis (like for the individual-based analyses). The western populations
formed a monophyletic group, except population HAM1, which was nested within the eastern
populations. A geographic structure within these clusters could be identified with the latter
mentioned exception, too. Genetic differentiation was better displayed than in the individual-
based NJ tree. The populations of the Miesbach region, which were ascribed to the eastern
cluster, formed a group, as well as the Chiemsee region population and the populations of the
Flachgau and adjacent areas.
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An unrooted population-based NJ-analysis based on the genetic distance of NEI (1972) was
performed for 23 populations of T. helenitis (Fig. 23). Two major clusters were identified,
which fit to STRUCTURE results. The western cluster was strongly supported (90% bootstrap
values) and was not found in the other analyses of genetic relationships. However, the eastern
cluster was not supported by any bootstrap values higher than 70%. Like regions within the
clusters could be identified in the unrooted NJ tree as in the rooted NJ tree, the unrooted NJ
tree was structured along a west-east-direction, starting from the westernmost populations at
one end of the tree across Ammersee, Miesbach/Chiemsee, and Salzach valley region to the
eastern Flachgau/Attersee at the other end of the tree. Population GEO1, which was not
ascribed to a cluster, even nested within the eastern cluster and grouped with populations
from the regions Miesbach and Chiemsee, to which GEO1 geographically belongs to. Within
these regions there was a 73% bootstrap support between the populations FEN1 and BERS5.
This group was not found in other analyses of genetic relationships. Populations from the
Miesbach and Chiemsee region tended to group together, like these from the eastern
Flachgau/Attersee and the Salzach valley region (except SCH1 and VIE1). The Salzach valley
region was only weakly differentiated from the eastern Flachgau/Attersee region. Only
subpopulations ADN1 and ADN2 (98% bootstrap support) were genetically more distant to the
remaining populations from the Salzach valley region.

The population-based NeighborNet-Tree was calculated for 27 populations (including the
four outgroup populations; Fig. 24). The outgroup was well separated from the T. helenitis
populations. A tentative differentiation of groups was visible in the tree, comparable to the
population-based NJ-analysis. The outgroup was again nested within the eastern cluster. While
the populations of the Salzach valley and the eastern Flachgau/Attersee region formed a
group, the populations of the geographically more western Miesbach and Chiemsee region
grouped with populations of the west.
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Figure 22. Population-based NJ-tree of 23 T. helenitis populations based on AFLP data (the two subpopulations
ADN1+2 are counted as one population) and four outgroup populations. Only populations 2 5 individuals were
taken into account. Bootstrap values >70% are shown along branches. The background color separate the clusters
resulting from the program STRUCTURE (independent allele frequency model), whereas the blue color marks
cluster 1, the green color cluster 2 and the grey color the intermediate population GEO1. Two asterisks indicate
individuals, which belong to populations of the other STRUCTURE cluster. Region names are displayed next to the
vertical bars.
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Figure 23. Unrooted population-based NJ-network of 23 T. helenitis populations based on AFLP data (the two
subpopulations ADN1+2 are counted as one population). Only populations 2 5 individuals were taken into
account. Bootstrap values >70% are shown along branches. The background color separates the clusters resulting
from the program STRUCTURE (independent allele frequency model), whereby the blue color marks cluster 1, the
green color cluster 2 and the grey color the intermediate population GEO1. An asterisk indicates individuals,
which are not from the region described on the right side of the tree. Regions are defined by dotted lines.
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Figure 24. Population-based NJ-tree of 23 T. helenitis populations based on AFLP data (the two subpopulations
ADN1+2 are counted as one population) and four outgroup populations. Only populations > 5 individuals were
taken into account. The background color separates the clusters resulting from the program STRUCTURE
(independent allele frequency model), whereby the blue color marks cluster 1, the green color cluster 2 and the
grey color the intermediate population GEO1. Region names are displayed next to the brackets.

3.4.Principal coordinates analysis (PCoA)

The individual-based PCoA based on DICE’ (1945) similarity coefficient was performed for 233
individuals of T. helenitis. As shown in Figure 25, individuals were only weakly differentiated.
Only the subpopulations ADN1 and ADN2 (blue ring) were separated from the remaining
individuals along axis 3 (Ax3). Referring to the results of STRUCTURE (see section 3.2), the two
clusters (independent allele frequency model; Fig. 25a-b) and three clusters (correlated allele
frequency model; Fig. 25¢c-d) were utilized to label the individuals in the PCoA. The two clusters
of the independent allele frequency model were separated along the first axis (Ax1). If
individuals with admixed genotypes (<75% ascribed to one of the clusters) were not taken into
account, then the two clusters could be separated along Ax1 very well. Taking the three
STRUCTURE clusters into account (correlated allele frequency model), the PCoA plot showed
more admixed individuals. The first axis mainly separated cluster 1 from clusters 2 and 3, while
the second axis mainly separated cluster 2 from cluster 3. Excluding admixed individuals, the
groups became more distinct.

Scores of individuals along Ax1 were also plotted against the longitude (Fig. 26). This
revealed that the individuals were distributed clinally along the longitudinal axis with an R? of
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0.581 (Fig. 26a). A separation of individuals due to their achene type was not possible through
the scores of the Ax1 (Fig. 26b). The scores of the individual-based Ax1 are highly significant
(P<0.001) and slightly correlated with longitude (Spearman’s rho = 0.596). The linear
regression was also highly significant (P<0.001) with a line fit of “y = 0.762x - 0.512".

Figure 27 displays the population-based PCoA, which was performed for 29 populations
(the two subpopulations ADN1 and ADN2 were presented as separate samples) based on DICE’
similarity coefficient. The differentiation among the populations was weak, except for
population PAL1 (represented by only two individuals in the dataset), which was separated by
Ax2. Referring to the results of STRUCTURE (independent allele frequency model; Fig. 27a-b)
there was no clear separation of the two clusters. About four populations of the eastern
distributed cluster 2 grouped with cluster 1 populations. Considering the three clusters of the
correlated frequency model (Fig. 27c-d), the four populations could be unraveled as
populations from the Miesbach and Chiemsee region (cluster 3). Therefore, it was possible to
separate cluster 2 by Ax1 and clusters 1 and 3 by Ax2. The first axis of the PCoA is plotted
against the longitudinal position of the populations (Fig. 28). The trend line showed a high R?
(0.84), which means that the clinal distribution along this axis was highly supported. The scores
of the population-based PCoA-Ax1 were highly significant (P<0.001) and strongly negatively
correlated with longitude (Spearman’s rho = -0.907).
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Figure 25. Principal coordinates analysis (PCoA) of 233 T. helenitis individuals based on their AFLP profiles.
Individuals are labeled according to their assignment to STRUCTURE clusters under (a-b) the independent allele
frequency model, and (c-d) to the correlated allele frequency model. The blue ring signs individuals of the
subpopulations ADN1 and ADN2.
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Figure 27. AFLP-based principal coordinates analysis (PCoA) of 23 T. helenitis populations (with two
subpopulations, ADN1+2, counted as one population). Populations are labeled according to their
assignment to STRUCTURE clusters under (a-b) the independent allele frequency model, and (c-d) to the

correlated allele frequency model.
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Figure 28. Population scores of AFLP-based PCoA-Axis 1 plotted against longitude.

3.5.Analyses of molecular variance (AMOVAs)

3.5.1. Non-hierarchical AMOVAs

Non-hierarchical AMOVAs (Table 7) were performed to test the partitioning of molecular
variance within selected groups. The total dataset of T. helenitis revealed 15.36% of the total
variation residing among populations. Based on the results of STRUCTURE (correlated and
independent allele frequency model, respectively) and BAPS (spatial admixture model)
populations were assigned to groups and tested for non-hierarchical AMOVAs.

The two clusters identified by STRUCTURE (allele frequencies independent) were analyzed
separately, excluding population GEO1, which could not be assigned clearly to any of these
clusters. The westernmost distributed cluster 1 showed 16.26% variation among the
populations, whereas the more eastern distributed cluster 2 had 12.51% variation among
populations. Therefore, populations of cluster 1 were more differentiated from each other
than those of cluster 2.

Based on the results of the correlated allele frequency model (STRUCTURE), three clusters
were formed. Cluster 1 (from Ammersee westwards) was examined including and excluding
(identical to the independent allele frequency model) the admixed population GEOI1,
respectively. The AMOVAs showed 16.57% and 16.26% variation among populations,
respectively, which did not differ significantly. Population GEO1 has therefore no role of
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influencing among-population variation in cluster 1. The easternmost populations (cluster 2)
revealed 11.59% (incl. the admixed population KUC1) and 11.43% (excl. population KUC1)
variation among populations. There was thus no large difference, whether or not KUC1 was
included. However, among-population variation was much lower than in cluster 1. The
predominating cluster in the Miesbach and Chiemsee region (cluster 3) was analyzed
including/excluding populations GEO1 and/or KUC1. The among-population variation varied
from 12.57% (excl. both populations) to 14.48% (incl. both populations), which was in-between
the variation of cluster 1 and cluster 2.

Spatial admixture analysis of the program BAPS resulted in two clusters, whereby cluster 1
included the whole Miesbach region (in contrast to the STRUCTURE results). Cluster 1 showed
17.08% among-population variation and “cluster 2” 11.80%. The variation among populations
of cluster 2 was much lower than the variation in cluster 1, concordant with the results of the
STRUCTURE-based grouping.

The two subspecies of Tephroseris helenitis (viz. through their achene indumentum) were
ascribed to two different populations (one population containing all individuals of one
subspecies) to determine the proportion of variance, which was present between the two
subspecies. The analysis showed 3.58% among-population variation. Excluding the
westernmost populations and the Ammersee region, which were pure ssp. helenitis
populations, the amount of variation drops to 0.37%, which was also not significant.
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Table 7. Non-hierarchical AMOVAs based on AFLPs of T. helenitis (with two subpopulations, ADN1+2, counted as
one population). The first column lists the analyses, which results were used for the formation of AMOVA groups.
Abbreviations: d.f., degrees of freedom; n.s., not significant (P-value >0.05); ***, P-value < 0.001.

Non-hierarchical Investigated grou Source of variation | D.f. Sum of Variance % P-value
AMOVAs i group " | squares | component | variation
Among populations | 29 | 2777.89 7.25 15.36 0.00000 * 0.00000 | ***
All populations
Within populations | 203 | 8109.55 39.95 84.64
Ssp. salishurgensis - ssp. Among populations | 1 233.93 1.71 3.58 0.00000 # 0.00000 | ***
helenitis (treated as 2
i Within populations | 219 | 10088.39 46.07 96.42
populations)
Ssp. salisburgensis - ssp. Among populations | 1 52.20 0.17 0.37 0.08504 + 0.00904 | n.s.
helenitis (excl. pop. from
Ammersee westwards) Within populations 140 6302.26 45.02 99.63
Among populations 6 546.48 7.67 16.26 0.00000 + 0.00000 | ***
STRUCTURE Cluster 1 (excl. GEO1)
Within populations 41 1619.17 39.49 83.74
(allele
_ffeq“e”Cies Among populations | 21 | 1782.34 5.74 12.51 0.00000 + 0.00000 | ***
independent) Cluster 2 (excl. GEO1)
Within populations | 152 | 6096.56 40.11 87.49
Among populations 7 674.06 7.84 16.57 0.00000 + 0.00000 | ***
Cluster 1 (incl. GEO1)
Within populations | 51 2012.99 39.47 83.43
Among populations 6 546.48 7.67 16.26 0.00000 + 0.00000 | ***
Cluster 1 (excl. GEO1)
Within populations | 41 1619.17 39.49 83.74
Among populations | 17 1434.23 5.28 11.59 0.00000 + 0.00000 | ***
Cluster 2 (incl. KUC1)
Within populations | 135 | 5432.06 40.24 88.41
Among populations | 16 | 1359.83 5.19 11.43 0.00000 + 0.00000 | ***
STRUCTURE Cluster 2 (excl. KUC1)
(allele Within populations | 132 | 5309.06 40.22 88.57
frequencies Among populations | 5 391.02 6.67 14.48 0.00000 # 0.00000 | ***
correlated) Cluster 3 (incl. GEO1 and KUC1)
Within populations | 30 1181.32 39.38 85.52
Among populations 4 310.12 6.20 13.65 0.00000 + 0.00000 | ***
Cluster 3 (incl. GEO1; excl. KUC1)
Within populations | 27 1058.32 39.20 86.35
Among populations 4 281.94 6.25 13.69 0.00000 + 0.00000 | ***
Cluster 3 (incl. KUC1; excl. GEO1)
Within populations | 20 787.50 39.38 86.31
Among populations 3 205.60 5.62 12.57 0.00000 + 0.00000 | ***
Cluster 3 (excl. GEO1 and KUC1)
Within populations 17 664.50 39.09 87.43
Among populations 10 929.26 8.02 17.08 0.00000 + 0.00000 | ***
Cluster 1 (incl. GEO1)
BAPS (spatial Within populations | 64 | 2491.49 38.93 82.92
admixture) Among populations | 18 | 1524.35 5.41 11.80 | 0.00000 +0.00000 | ***
Cluster 2
Within populations | 139 | 5618.06 40.42 88.20

3.5.2. Hierarchical AMOVAs

Hierarchical AMOVAs (Table 8) were performed to test the partitioning of molecular variance
residing within and among the above-mentioned groups. Based on the results of STRUCTURE
using the independent allele frequency model the populations were divided into two clusters
(see non-hierarchical AMOVAs). Population GEO1 was excluded as for the non-hierarchical
AMOVAs. The among-group variation was 6.38%. After excluding admixed populations from
the Ammersee and Miesbach regions (AMM2, AMMS3, FEN1, MOO1, and KOE1) the variation
among groups increased to 7.56%.

Using the correlated allele frequency model in STRUCTURE, three clusters were found.
Populations GEO1 and KUC1 could not be assigned to any of these clusters clearly, or were
assigned to a cluster, which was not predominate in their geographical region. Therefore,
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these populations were included in each of the “ambiguous” clusters in separate AMOVA runs.
The among-group variation was about 1% lower than using the independent allele frequency
model within two clusters (see above). The highest value (5.47%) was found after ascribing the
admixed population KUC1 to cluster 2 and the admixed population GEO1 to cluster 3, i.e.
according to these clusters predominating in their geographic region of origin. The lowest
value (5.09%) was found after ascribing both populations to the other cluster. Anyhow, the
difference between these proportions was very low (0.38%).

Based on the spatial admixture analysis of BAPS (two groups), the among-group variation
was 1.69% lower compared to the grouping based on the independent allele frequency model
of STRUCTURE, and even lower (about 0.6%) compared to the correlated allele frequency
model.

Table 8. Hierarchical AMOVAs based on AFLPs of T. helenitis (with two subpopulations, ADN1+2, counted as one
population). The first column presents the analysis which is the base of group construction (second column).
Abbreviations: d.f., degrees of freedom; *, P-value between 0.01 and 0.05; **, P-value between 0.001 and 0.01;
*** P-value < 0.001.

Hierarchical L. Sum of Variance o .
AMOVAS Groups Source of variation | D.f. squares | component % variation P-value
Among groups 1 326.17 3.14 6.38 0.00000 + 0.00000 | ***
Cluster 1 |. GEO1) - cluster 2
uster (g‘;d GEOI)) CIUSTEr <1 Among populations | 27 | 2328.82 6.12 12.43
STRUCTURE .
(allele Within populations | 193 | 7715.73 39.98 81.20
frequencies Among groups 1 330.30 3.74 7.56 0.00000 + 0.00000 | ***
independent) | Cluster 1 - cluster 2 (both excl.
AMM?2, AMMS3, FEN1, GEO1, Among populations 22 1924.48 5.84 11.79
MOO1, KOE1) o )
Within populations | 174 | 6949.98 39.94 80.65
Among groups 2 462.06 2.46 5.09 0.00000 + 0.00000 | ***
Cluster 1 (incl. GEO1) - cluster 2 i
- cluster 3 (incl. KUC1) Among populations | 27 2315.83 5.93 12.27
Within populations | 203 | 8109.55 39.95 82.65
Among groups 2 464.00 2.57 5.30 0.00000 + 0.00000 | ***
Cluster 1| (::ch'onll) : CIUSSter 2 | Among populations | 27 | 2313.89 5.92 12.22
STRUCTURE (incl. ) - cluster
(allele Within populations | 203 | 8109.55 39.95 82.47
fmq“f”c‘j)s Among groups 2 480.57 2.52 5.21 0.00000 + 0.00000 | ***
correlate
Cluster 1 - cluster 2 - cluster 3 .
(incl. GEO1 and KUC1) Among populations 27 2297.32 5.87 12.15
Within populations | 203 | 8109.55 39.95 82.64
Among groups 2 487.06 2.65 5.47 0.00000 + 0.00000 | ***
Cluster 1- cluster 2 (incl. KUCL) |\ 000 cobulations | 27 | 2290.82 5.85 12,07
- cluster 3 (incl. GEO1)
Within populations | 203 | 8109.55 39.95 82.46
Among groups 1 324.28 2.27 4.69 0.00000 + 0.00000 | ***
BAPS (spatial | || iter 1 (incl. GEO1) - cluster 2 | Among populations | 28 | 2453.61 6.22 12.84
admixture)
Within populations | 203 | 8109.55 39.95 82.48

3.6.Genetic diversity and rarity

To estimate patterns of within-population genetic diversity, three parameters were calculated:
percentage of polymorphic loci (“PLP”), NEl's (1987) genetic diversity (Hg) and Shannon’s
information index (SI; LEWONTIN 1972). Additionally, further parameters were estimated (total
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number of loci, number of loci found in 50% or fewer populations and number of loci found in
25% or fewer populations). As seen in Table 9 the number of polymorphic loci was highest in
population LAU1, which was also the population with the largest sample size. Higher values
were also found in populations from the southern Salzach valley region, while lowest values
were present in the Miesbach region and particularly in the eastern Flachgau region. Estimates
of PLP were highly correlated with the sample size, Shannon’s information index and total
number of loci (P-vales: <0.001, <0.001 and 0.024, respectively). Therefore, the latter
mentioned parameters will not be considered in detail. The geographic distribution pattern of
He is displayed in Figure 29, which shows regional patches of higher diversities but no clinal
distribution pattern. Highest levels were found in the Ammersee region and the region
between the Chiemsee in the west and the Untersberg region in the east (also seen in Fig.
30a). Lowest levels of genetic diversity were present in the Miesbach region, the eastern
Flachgau/Attersee region and population HAY1. The overall level of genetic diversity in T.
helenitis populations is low (mean: 0.18) and ranges from 0.14 (pop. HAY1) to 0.22 (pop.
AMM?).

The distribution of rare markers was estimated using two parameters: number of private
markers (p.m.) and “frequency-down-weighted marker values” (rarity, DW). Private markers
(see Table 9) were only rarely found. The westernmost population NUS1 was the only
population with more than one private marker, i.e. three private markers. One private marker
each was found in populations HAY1, AMM1, FEN1, BER5, UNT2, VIE1 and EST2. The only
region where no private markers were found is the eastern Flachgau/Attersee region.
Concerning the rarity index, higher values were generally found in the two westernmost
populations, NUS1 and HAY1, as well as in the Ammersee region (see also in Figs. 29 and 30b).
The eastwards situated populations showed generally low values of rarity. Exceptions were
two populations of the Untersberg region (UNT1 and VIE1) and HAS1 from the eastern edge of
the species’ range. Populations from the Miesbach region and the eastern Flachgau/Attersee
had generally lower values than those from the Chiemsee and Salzach valley region,
comparable to the genetic diversities. Values of the rarity index ranged from 1.27 (KOP1) to
2.75 (AMM1) with an overall mean of 1.95.

Correlations (using SPEARMAN’s (1904) rho) and linear regressions of genetic diversity with
longitude or sample size were both not significant (Table 10). Nonetheless, genetic diversity
slightly increased towards the east (Fig. 31a) and even decreased with higher sample sizes (Fig.
32a). Correlating the rarity index with longitude (Fig. 31b), a negative significance was found,
despite weak correlation and regression coefficients (R = 0.428; R? = 0.183; P = 0.018). The
correlation and linear regression of genetic diversity with sample size (Fig. 32b) was not
significant. When genetic diversity was correlated with rarity (Fig. 33), a highly significant and
positive correlation was found (R = 0.602; R? = 0.368; P < 0.001).
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3.6. Genetic diversity and rarity

Table 9. Genetic diversity and rarity indices of 29 T. helenitis populations (two subpopulations, ADN1 and ADN2,
are treated separately). Diversity and rarity measures are divided by a black line. The cluster classification is
based on the independent allele frequency model of STRUCTURE. The populations are sorted by longitude,
starting with the westernmost population. DW, frequency-down-weighted marker values; Hg, Ne’s (1987) gene
diversity; Lb, lower bound of the 95% confidence interval of Nel’s (1987) gene diversity; N, number of individuals;
N loci, number of bands with frequency >5% in the dataset; N loci £25%, number of bands (frequency >5%) found
in <25% of the populations; N loci <50%, number of bands (frequency >5%) found in <50% of the populations;
p.m., number of private markers; PLP (%), percentage of polymorphic loci; pop., population code; SD, standard
deviation; SI, Shannon’s information index; Ub, upper bound of the 95% confidence interval of Ne’s (1987) gene
diversity; x, longitude.

Cluster  Pop. x N '(";'; N loci :5'(‘)’;' Zz'gj' He Lb Ub SI SD |[P.m. DW
1 NUSL | 889 10 4479 268 75 25 017 0.5 018 021 001 | 3 264
1 HAY1 | 944 9 3725 230 57 18 014 013 016 018 001 | 1 224
1 HAM1| 992 5 3614 219 42 10 017 0.5 020 019 00l | 0 169
1 MARL| 1070 8 41.69 247 58 13 017 015 019 020 001 | 0 1.77
1 AMML| 1109 8 4900 287 8 31 020 0.8 022 023 00l | 1 275
1 AMM2| 1113 4 3947 234 56 17 022 019 024 021 001 | 0 257
1 AMM3| 1118 4 3814 235 58 20 021 0.8 023 020 00L| 0 259
2 KOEl | 11.63 5 3392 212 38 7 016 014 019 017 00l | 0 154
1/2 GEOl | 11.70 11 4900 260 66 18 0.7 0.16 019 022 00l | 0 165
2 MoOl| 1178 6 3171 203 45 10 0.4 012 016 016 00l | 0 1.66
2 FENL | 1181 5 3836 228 47 14 019 017 021 019 001 | 1  2.09
2 BERS | 1257 5 4191 235 49 12 021 0.8 023 021 00l | 1 216
2 SCHL | 1288 8 4856 271 72 18 019 0.7 021 022 001 | 0 201
2 LAUL | 1289 18 6541 327 119 39 020 0.8 021 025 00l | 0 2.00
2 UNT3 | 1294 8 5033 278 76 21 020 0.18 022 023 00l | 0 2.07
2 UNT2 | 1295 4 3237 216 43 10 018 0.5 020 017 00l | 1 2.07
2 UNTL | 1295 7 4634 267 68 23 020 0.18 022 022 00l | 0 236
2 LANL | 1297 8 4634 255 61 15 019 0.17 021 021 00l | 0 166
2 VIEL | 1299 9 5299 291 8 18 020 0.8 022 024 001 | 1 223
2 EST2 | 1300 15 5411 282 71 12 017 016 019 022 001 | 1 141
2 ADN2 | 1313 17 5632 295 91 25 0.8 0.16 019 022 00l | O 1.69
2 ADN1 | 1313 9 4523 254 62 16 018 0.16 020 021 001 | 0 184
2 PALL | 1314 2 1840 169 23 5 018 015 022 011 001 | O 185
2 KOPL | 1315 7 3481 208 34 7 014 013 017 017 001 | 0 127
2 KuCl | 1316 4 3237 210 44 9 018 016 021 017 001 | 0 191
2 WOEl| 1318 5 3149 199 32 11 0.6 0.14 018 017 00l | 0 156
2 FUSL | 1325 3 2506 211 31 4 017 014 020 014 00l | 0 196
2 STIL | 1329 10 4346 239 48 11 016 014 018 020 001 | 0 147
2 HASL | 1345 7 4146 249 61 16 017 0.5 019 020 00l | 0 224
2 GERL | 1356 12 4457 248 55 9 016 0.14 018 020 00l | 0 148

MEAN | 12.26 7.77 4170 24423 5827 1547 0.8 0.6 020 020 001 |033 1.95
SD | 124 384 957 3394 2002 7.62 002 002 002 0.65 0.38
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Table 10. Correlations and regressions of genetic diversity and rarity with longitude and sample size.
Abbreviations: N, number of comparisons; n.s., not significant (P-value >0.05); p, SPEARMAN’s (1904) rank
correlation coefficient; *, P-value between 0.05 and 0.01; **, P-value between 0.001 and 0.01; ***, P-value <
0.001.

. Linear regression 2 Adjusted
Comparison N p P-value line fit R R R P-value
Ei;?:;;:'vers'ty T |30 -0206 0275 ns. |y=0073x+0.164 0.073 0.005 -0.030 0.701 n.s.
faemnzf'ecs?z";ers'ty " |30 0185 0329 ns. |y=-0.092x+0.182 0.092 0.008 -0.027 0.629 n.s.
Rarity - longitude |30 -0.432 0.017 * |y=-0428x+3.572 0.428 0.183 0.154 0018 *
Rarity - sample size |30 -0.230 0.221 n.s. |y=-0.220x+2.117 0.220 0.048 0.014 0.243 n.s.
S_fr?tit'c diversity- |30 0594 0001 ** |y=0602x+0119 0602 0363 0.340 0.000 ***
0, —
Spitz (%)—sample |37 0530 0003 ** |y=0412x+47.341 0412 0170 0.140 0.024 *
0, — 7
:’an:;‘:Ltlj:?:;:: 130 0852 0000 *** |[y=0853x+17.726 0.853 0.728 0.718 0.000 ***
0, —
itfn(b/‘;)r O;cl’;ac'l 30 0.865 0000 *** |y=0831x+15.266 0.831 0.690 0.679 0.000 ***
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Figure 29. Spatial pattern of within-population genetic diversity (circle size) and rarity (circle color) of 29 T.
helenitis populations.
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Figure 30. (a) Mean genetic diversity (+ SD) and (b) mean rarity for 29 T. helenitis populations (two
subpopulations, ADN1 and ADN2, are treated separately). Populations are sorted by longitude, whereby the
leftmost population is the westernmost. The blue horizontal bar shows the average value across all populations.
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Figure 31. Means of (a) genetic diversity, and (b) rarity for 29 T. helenitis populations plotted against their

longitudes. The black line displays the regression line.
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Figure 32. Means of (a) genetic diversity, and (b) rarity for 29 T. helenitis populations plotted against to their

sample sizes. The black line displays the regression line.
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Figure 33. Relationship between genetic diversity and rarity in 29 T. helenitis populations. The black line displays
the regression line.

3.7. AMOVA-derived Fs; values (®s;) and patterns of
isolation by distance (IBD)

The calculation of pairwise ®s values among 30 (sub-) populations (incl. two subpopulations
ADN1 and ADN2) of T. helenitis resulted in a symmetric matrix, which was utilized for the
correlation with geographic distances among these populations using a Mantel test (see Table
11).

For the total dataset the correlation coefficient was high and positively significant (rY1 =
0.619; P < 0.001), indicating a strong IBD-pattern. The matrix was split into clusters resulting
from STRUCTURE (independent and correlated allele frequencies, respectively) to compute
Mantel tests for these clusters separately. For the independent allele frequency model (Fig.
34a), the correlation of cluster 1 was not significant (rY1 = 0.355; P = 0.114), while cluster 2
showed a moderate and significant correlation (rY1 = 0.430; P = 0.004) of ®¢s and geographic
distances. Using the correlated allele frequency model as a base for cluster-construction, three
clusters were taken into account, which all resulted in non-significant Mantel tests.
Nevertheless, cluster 1 (identical to cluster 1 of the independent allele frequency model) and
cluster 2 revealed moderate correlation coefficients (rY1 = 0.355; P = 0.114 and rY1 = 0.228; P
= 0.055, respectively), while cluster 3 showed no correlation (rY1 = 0.001; P = 0.526).
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3.7. AMOVA-derived FST values (OST) and patterns of isolation by distance (I1BD)

To test for IBD in the core region (i.e. the putative hybrid zone of the two examined
subspecies), populations west of the Ammersee region and east of Salzburg city were excluded
from the dataset. As for the entire Og; matrix, the dataset was split into either two or three
clusters, resulting from the independent and correlated allele frequency model of STRUCTURE.
In comparison to the whole dataset, the Mantel test of all populations in this core region
displayed only a moderately high (positive) correlation coefficient, which was nonetheless
highly significant (rY1 = 0.399; P < 0.001). Using the independent allele frequency model for
group-construction (Fig. 35b), the westernmost distributed cluster 1 consisted of 3 populations
only. There was a negative and significant correlation (rY1 =-0.119; P = 0.014). The Mantel test
of cluster 2 was significant, too, and showed a moderately high (positive) correlation
coefficient (rYl = 0.472; P = 0.003). In the correlated allele frequency model, cluster 1
displayed similar results as under the independent allele frequency model (rY1 = -0.119; P =
0.014). Cluster 2 showed a negative correlation coefficient and was not significant (rY1 = -
0.224; P = 0.791). In contrast to that, cluster 2 showed a moderate correlation, when the
whole ®s;r matrix was used (see above). Cluster 3 displayed no correlation as for the whole ®s;
matrix (see above).

Table 11. Mantel correlation analyses of AMOVA-derived F¢; values (D) between 29
T. helenitis populations (two subpopulations ADN1 and ADN2 are treated separately)
and their geographic distances. Mantel tests have been performed for either for the
entire dataset or for each cluster resulting from the STRUCTURE analyses
(independent and correlated allele frequency model, respectively). Additionally, the
“core region” has been analyzed separately including populations between AMM1 as
the westernmost and EST2 as the easternmost population (16 populations).
Abbreviations: N, number of comparisons; n.s., not significant (P-value >0.05); rY1,
Mantel correlation coefficient; *, P-value between 0.01 and 0.05; **, P-value
between 0.001 and 0.01; ***, P-value < 0.001.

Analysis Comparison N ryl P value

All populations | 435 0.619 0.000 ***
independent allele

. Cluster 1 21 0.355 0.114 ns.
frequencies
Cluster 2 232 0.430 0.004 **
Total dataset
Cluster 1 21 0.355 0.114 ns.
| llel
correlated allele Cluster 2 153 0228 0.055 n.s.
frequencies
Cluster 3 10 0.001 0.526 n.s.

All populations | 120 0.399 0.000 ***
independent allele

. Cluster 1 3 -0.119 0.014 *

frequencies

Cluster 2 66 0.472 0.003 **

Core region

Cluster 1 3 -0.119 0.014 *
correlated allele Cluster 2 31 -0.224 0791 ns.
frequencies

Cluster 3 7 0.001 0.560 n.s.
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Figure 34. @ values plotted against their geographic distance among (a) 29 Tephroseris helenitis populations of
the whole sampling area and (b) 16 Tephroseris helenitis populations of the “core region”.
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3.8. Detection of FST outlier loci and clinal distribution of allele frequencies at single AFLP loci

3.8.Detection of Fs; outlier loci and clinal distribution of
allele frequencies at single AFLP loci

The MCHEZA analysis (based on DFDIST) resulted in 13 outlier loci (36 outliers, including the
loci, which were pruned due to the false discovery rate; Fig. 35), while BAYESCAN calculated 19
loci (Fig. 36; the FST posterior distribution is shown in Fig. 37). In total, 29 candidate loci out of
451 AFLP loci (6.4%) were found in MCHEZA and/or BAYESCAN (Table 12). Only three of these
loci (10.3%) have been found with both programs (N183.3, N203.1 and N269.1).

The allele frequencies of the Fs; outliers were checked for significant clines along the
longitudinal axis. Three out of the 29 outlier loci (10.3%) showed significant clines for the
models Il or Il of HUISMAN et al. (1993). More than one third of the loci showed a distribution
without any spatial trend (39.9%: model 1), while the remaining loci showed a spatial trend
(19.3%: model Il, 5.5%: model Ill, 17.1% model IV, 16.6%: model V). The clines under models Il
and Il were significant in 34.8% (39 of 112). Only three outlier loci show significant clines
(N183.3, N269.1, V325.8; Fig. 38), whereby the first two loci were found with both programs
(MCHEZA and BAYESCAN) and the last one only by BAYESCAN. The loci N183.3 and V325.8
were significant under model Il of HUISMAN et al. (1993) (“an increasing or decreasing trend
where the maximum is equal to the upper bound”), while N269.1 was significant for model IlI
(“an increasing or decreasing trend where the maximum is below to the upper bound”).

The densities of inflection points for the clines of all loci significant for models Il or Il are
displayed in Figure 39. The highest density of inflection points (more than 0.4) was found at
about 13°E longitude. Quite high densities (about 0.2) were also found westwards up to 12°E
and eastwards up to 14°E, which is also the eastern limit of the species’ range. From 11°E
westwards inflection points were only found at a few loci. If only outlier loci were taken into
account the inflection points ranged from 11.70°E (N269.1) to 12.90°E (N183.3). The third
outlier locus showing significant clines (V325.8) had its inflection point between the first ones
(11.92°E).
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Figure 35. Graphical output of MCHEZA (modified). The calculated Fs; values (vertical axis) are plotted against
their heterozygosity (He, horizontal axis). The green background displays outlier loci under balancing selection,
while the red background displays Fs; outlier loci under divergent selection.
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Table 12. Fg; outlier loci determined by MCHEZA and
BAYESCAN. Loci showing a significant cline (sign. HOF) for
the models Il and lll (P < 0.05) of HuismaAN et al. (1993) are
also included. Outlier loci identified in both programs are in

bold. Abbreviations: n.s., not significant.

locus MCHEZA | BAYESCAN | sign. HOF
42 |F174.7 |x n.s.

74 |F225.7 X n.s.

78 | F232 X n.s.
101 | F263.6 X n.s.
104 | F271.1 X n.s.
121 | F308.8 X n.s.
126 | F317.9 | x n.s.
130 | F333 n.s.
133 | F336.4 n.s.
153 | F396.2 n.s.
162 | F424.3 |x n.s.
170 | F450.5 X n.s.
179 |F477.1 |x n.s.
180 | F479.6 n.s.
194 | F536.9 n.s.
211 [ N120.1 | x n.s.
227 | N183.3 | x X Model Il
231 | N203.1 | x X n.s.
255 | N269.1 | x X Model Il
279 | N348.2 [ x n.s.
330|V163.1 n.s.
350 | V199.6 n.s.
363 |V237.8 | x n.s.
397 |V325.8 X Model Il
400 |V334.9 X n.s.
406 | V347.5 | x n.s.
412 |V365.7 X n.s.
437 |V453.2 | x n.s.
442 |V481.7 X n.s.
total 13 19 3
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Figure 36. Graphical output of BAYESCAN (modified). The calculated F¢; values (vertical axis) are plotted against
the logarithm of their Posterior Odds (PO) to the base of 10 (horizontal axis). The vertical line shows the PO
threshold of the false discovery rate (0.87918).
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Figure 37. Posterior distribution of Fg; in BAYESCAN (451 loci).

67



3. Results

- =1 [] -
[-=]
S e _
) - o0 -
g . 2 2 il
S 3 2 > S
- -
=
= A
a8 9 11 13 g 9 11 13
longitude longitude longitude

Figure 38. Fs; outlier loci showing a significant cline under models Il and Il of HuismAN et al. (1993). The vertical
axis shows the allele frequencies of populations, the horizontal axis represents their longitude. The vertical line
displays the inflection point of the curve calculated with the nonlinear least square model; the gray background
represents its standard error, the stippled lines indicate confidence intervals of the regression fit.
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Figure 39. Densities of inflection points using the non-linear least squares (NLS) model (vertical axis) plotted
against their position on the longitudinal axis (horizontal axis).
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3.9. Morphological analyses

3.9.Morphological analyses

Achene indumentum (achenes glabrous, pubescent or sparsely hairy) was recorded for 561
individuals in 27 populations (including the two subpopulations ADN1 + ADN2, EST1 + EST2 and
the three subpopulations BER1, BER4 + BER5). Twenty-five of these populations were also
analyzed for AFLPs, thus excepting populations BER1 and EST1. The proportions of the three
states of achene indumentum type are shown in Table 13 and as pie charts on a map (Fig. 40).
Populations from the Ammersee region westwards exclusively had pubescent achenes, while a
few individuals in the Miesbach region also showed glabrous or sparsely hairy achenes in
addition to pubescent ones. As displayed in the line chart, where achene type is plotted
against longitude (Fig. 41), glabrous achenes predominated in populations from the Chiemsee
eastwards (except in population VIE1). The proportion of glabrous achenes increased towards
east. In populations UNT2, FUS1 and WOE1 (all Flachgau) all individuals showed glabrous or
sparsely hairy achenes, which were therefore thought as pure ssp. salisburgensis populations.

SPEARMAN’s (1904) rank correlations were performed to compare the proportion of achene
indumentum state with longitude. Highly significant correlation coefficients were found for
glabrous and pubescent achenes (p = 0.893, P-value <0.001 and p = -0.869, P-value <0.001,
respectively). No significant correlation with longitude was found for the proportion of
sparsely hairy achenes in populations (p = 0.341, P = 0.082. Assigning the 220 individuals
(analyzed for AFLPs) to STRUCTURE and BAPS clusters (see Table 14), respectively, revealed
that the westernmost cluster 1 had >96% individuals with pubescent achenes across the four
analyses (STRUCTURE: independent and correlated allele frequency model, BAPS: spatial and
non-spatial admixture model). In the easternmost cluster 2 60% to 73% of the individuals had
glabrous achenes and 17% to 29% pubescent achenes, while sparsely hairy achenes were
found in around 10%. Cluster 3, which was found under the correlated allele frequency model
of STRUCTURE only, showed 63% pubescent and 29% glabrous achenes.

Six morphological characters (“achenes pubescent”, “ray flowers present”, “stem red
colored”, “bract tips red colored”, “rosette leaf lamina abruptly narrowed to the petiole”,
“upper surface of rosette leaves glabrous or with short hair” and “rosette leaves crenate or
dentate”) were recorded as present or absent in 105 individuals of six populations, which were
also analyzed for AFLPs and achene indumentum. A cross tabulation was computed to
associated the morphological traits among themselves (Table 17). High percentages of
common morphological character states throughout the individuals (>80%) were found in the
following comparisons: 83.7% of the individuals with glabrous achenes showed red stems
whereas only 63.2% of the individuals with red stems showed glabrous achenes; 88.9% of the
individuals without ray flowers showed red stems (opposite case: 60.4%); 83.3% of the
individuals without red stems showed pubescent achenes (opposite case: 30.0%); 80% and
84.4% of the individuals with red bracts showed glabrous achenes and red stems, respectively
(opposite case: 69.6% and 70.4%, respectively); individuals with rosette leave laminae
gradually narrowed to the petiole showed in 81.5% red stems (opposite case: 44.9%); 82.4% of
the individuals with glabrous upper basal leaf surfaces showed red stems (opposite case:
28.6%). Many high percentages were found for red stems, which is presumably due to the high
number of individuals with red stems in the dataset (73.0%). In two associations of
morphological characters both character states and the opposite cases were high (>50%),
which could indicate a “correlation of the characters”: glabrous and pubescent achenes with
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red and green/brownish bract tips, respectively; upper surface of basal leaves glabrous and
arachnoid with (nearly) entire and crenate/dentate basal leave margins. Nevertheless, the
values are partially quite low, so a high correlation between any of morphological characters
can be excluded.

Proportions of individuals exhibiting certain morphological characters in populations (Table
16) were correlated with longitude using SPEARMAN’s (1904) rank correlation coefficient in SPSS
(see Table 18 and Fig. 42). These correlations were not significant in all analyses.

Table 13. Proportions of different achene types in 27 populations of
Tephroseris helenitis. Populations are sorted by longitude, starting with
the westernmost population. N, number of achenes checked for
indumentum type; s., achenes were only sporadically checked for achene
indumentum in the field.

Achene type
Population code N
Glabrous Pubescent Sparsely hairy

NUS1 s. 0.00 1.00 0.00
HAY1 S. 0.00 1.00 0.00
HAM1 5 0.00 1.00 0.00
MAR1 s. 0.00 1.00 0.00
AMM1 20 0.00 1.00 0.00
AMM?2 17 0.00 1.00 0.00
AMM3 20 0.00 1.00 0.00
KOE1 21 0.05 0.86 0.10
GEO1 15 0.00 1.00 0.00
MOO01 20 0.15 0.80 0.05
FEN1 22 0.00 0.82 0.18
BER1-5 54 0.61 0.30 0.09
LAU1 20 0.50 0.35 0.15
UNT3 14 0.71 0.21 0.07
UNT2 7 0.60 0.00 0.40
UNT1 31 0.55 0.26 0.19
LAN1 20 0.75 0.15 0.10
VIEL 35 0.35 0.56 0.09
EST1-2 50 0.60 0.26 0.14
ADN1-2 41 0.86 0.04 0.10
KOP1 32 0.91 0.03 0.06
KuC1 33 0.62 0.23 0.15
WOE1 20 1.00 0.00 0.00
FUS1 33 0.94 0.00 0.06
STI1 32 0.66 0.21 0.14
HAS1 10 0.80 0.20 0.00
GER1 20 0.90 0.10 0.00
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3.9. Morphological analyses

Table 14. Proportions of different achene types in the total dataset and in clusters according to
different analyses of STRUCTURE and BAPS. Abbreviations: Allele freq. corr., Allele frequencies
correlated; Allele freq. ind., Allele frequencies independent; Cl., Cluster; Spatial adm., Spatial
admixture; Non-spatial adm., Non-spatial admixture.

STRUCTURE BAPS
Achene type | Total | Allele freq. ind. Allele freq. corr. Spatial adm. | Non-spatial adm.
cl1 Cl.2 Cl.1 Cl.2 Cl.3 Cl.1 Cl.2 Cl.1 Cl.2
Glabrous 0.45 | 0.00 0.60 0.02 0.73 0.29 | 0.03 0.67 | 0.00 0.68
Pubescent 0.47 | 1.00 0.29 096 0.17 0.63 | 096 0.22 | 1.00 0.21
Sparsely hairy | 0.08 | 0.00 0.10 0.02 0.11 0.08 | 0.01 0.11 | 0.00 0.11
Table 15. Number of morphological character states recorded in six populations.
Character Character state ADN2 | EST2 | GEO1 | GER1 | HAS1 | LAU1 | Total
Pubescent 0 9 15 2 2 7 35
Achene type
Glabrous and sparsely hairy 19 11 0 18 8 13 69
Ray flowers present 10 7 14 11 7 6 55
Capitulum type
Ray flowers absent 9 13 0 9 3 14 48
Red 16 17 6 - - 15 54
Stem color
Green or brownish 4 3 8 - - 5 20
Red 16 15 0 5 10 14 60
Bract tip color
Green or brown 3 5 15 15 0 6 44
Rosette leaf lamina abruptly
1 12 11
Basal leaf narrowed to the petiole 4 ? / / €0
shape Rosette leaf lamina gradually 6 10 4 8 3 7 38
narrowed to the petiole
Upper surface of rosette leaves
Basal leaf glabrous or with short hairs 6 / 2 12 2 3 32
indumentum Upper Slrlrface of rosette leaves 14 12 9 3 3 15 66
arachnoid
Rosette leaf Crenate to dentate 15 12 9 13 9 7 65
margin Entire or slightly crenate 5 7 2 7 1 11 33

Table 16. Mean proportions of different states of six morphological characters in six populations (and standard
deviations in parentheses). Within-population sample sizes of each morphological character are given in Table 15.
Abbreviations: achenes, achenes pubescent; basal leaf indumentum, upper surface of rosette leaves glabrous or
with short hair; basal leaf margin, rosette leaves crenate to dentate; basal leaf shape, rosette leaf lamina
abruptly narrowed to the petiole; bract tips, bract tips red colored; Pop., Population code; ray flowers, ray
flowers present; stem, stem red colored.

Pop. Achenes Ray flowers Stem Bract tips Be;izlplgaf in%i?(lelnetmw B;Sgg;ien af
ADN2 | 0.00 (+0.00) 0.53 (+0.51) 0.80 (+0.41) 0.84 (+0.37) 0.70(x0.47) 0.30 (+0.47) 0.75 (x0.44)
EST2 | 0.45(+0.51) 0.35(+0.49) 0.85(+0.37) 0.75(+0.44) 0.47 (+0.51) 0.37 (¥0.50)  0.63 (+0.50)
GEO1 | 1.00 (+0.00) 1.00 (+0.00) 0.43 (+0.51) 0.00 (+0.00) 0.64 (+0.50) 0.18 (+0.40)  0.82 (+0.40)
GER1 | 0.10 (+0.31) 0.55 (+0.51) - 0.25 (+0.44) 0.60 (+0.50) 0.60 (+0.50)  0.65 (+0.49)
HAS1 | 0.20 (+0.42) 0.70 (+0.48) - 1.00 (+0.00) 0.70 (+x0.48) 0.20 (+0.42)  0.90 (x0.32)
LAU1 | 0.35(+0.49) 0.30 (+0.47) 0.75(+0.44) 0.70 (+0.47) 0.61 (¥0.50) 0.17 (x0.38)  0.39 (+0.50)
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Table 17. Cross table of the seven morphological traits recorded in six populations of Tephroseris helenitis. The
lines represent the investigated individuals; the rows show the percentage of the character states within these
aliquots. Percentages 280% are displayed in bold. Abbreviations: 0, no; 1, yes; bas. leaf lamina a. narrowed, basal
leaf lamina abruptly narrowed to the petiole; bas. leaves cren. to dent., basal leaves crenate to dentate; u. surf.
of bas. leaves glab., upper surface of basal leaves glabrous or with short hairs.

) Achenes | Ray flowers | Stem red Bract tips Izzji'nl:j U. surf. of bas. Bas. leaves
Morphological N | pubescent [ present colored | red colored narrowed leaves glab. | cren. to dent.
character state

0 1 0 1 0 1 0 1 0 1 0 1 0 1

Achenes ofe69 | - - |522 478|163 83.7 (304 696|338 662 | 647 353 | 309 691
pubescent 1135 | - - |353 64.7 |40.0 60.0|657 343|517 483 | 724 276 | 414 586
Ray flowers O 48 [75.0 250 - - | 111 889|354 646|378 622 77.8 222 | 378 622
present 1| 55 [60.0 40.0| - - | 417 583|473 527|412 588 569 431 | 314 686
Stem red 0|20 (368 667|211 789 | - - |632 368|278 722 83.3 167 | 27.8 722
colored 1|54 [63.2 333|604 396 | - - |296 704|449 551 714 286 | 388 612
Bracttipsred 0| 44 |47.7 523(395 605 (429 571 - - |436 564 641 359 | 359 641
colored 1| 60 |80.0 200|517 483|156 84.4| - - |362 638]| 69.0 310 | 328 672
Bas. leaf lamina O | 38 | 60.5 39.5|447 553|185 815|447 553 | - - 711 289 | 421 579
a.narrowed 1| 60 763 237 (483 517|325 675373 627 - - 65.0 350 | 283 717
U surf.ofbas. O 66 | 67.7 323|547 453 |30.0 70.0|385 615409 59.1 - - 242 758
leavesglab. 1|32 | 750 25.0(31.2 688|176 824438 562|344 656 - - 53.1 469
Bas. leaves cren. 0| 33 | 63.6 36.4|51.5 485|208 79.2 (424 57.6 485 51.5| 485 515 - -
to dent. 1|65 |73.4 266|444 556 [302 69.8[39.1 609|338 662 769 23.1 - -

Table 18. Correlations and regressions of mean proportions of morphological characters states
with longitudes. Within-population sample sizes of each morphological character are given in
Table 15. Abbreviations: N, number of comparisons (=populations); n.s., not significant (P-
value >0.05); p, SPEARMAN’s (1904) rank correlation coefficient; *, P-value between 0.05 and
0.01; **, P-value between 0.001 and 0.01; ***, P-value < 0.001.

Source Morphological ch.aracter N 0 p-value
(mean proportions)
Achenes glabrous 27 0.893 0.000  ***
Populations recorded for Achenes pubescent 27  -0.869  0.000  ***
achene indumentum
Achenes sparsely hairy 27 0.341 0.082 n.s.
Achenes pubescent 6 -0.771 0.072 n.s.
Ray flowers present 6 0.086 0.872 n.s.
Stem red colored 4 0.800 0.200 n.s.
Bract tips red colored 6 0.429 0.397 n.s.
Populations recorded for .
Rosette leaf lamina abruptl
morphological characters . Pty 6 0.058 0.913 n.s.
narrowed to the petiole
Upper surface of rosette Iea_ves 6 0.714 0.111 .
glabrous or with short hair
Rosette leaves crenate or 6 0.200 0.704 ns.
dentate
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Figure 40. Spatial pattern of achene types in 27 Tephroseris helenitis populations.
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Figure 41. Line plot displaying the mean proportions of achene indumentum states in 27 Tephroseris helenitis
populations against their longitude.
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Figure 42. Mean proportions of six morphological character states in six Tephroseris helenitis populations plotted
against their longitude for (a) present ray flowers, (b) red colored stems, (c) red colored bracts tips, (d) crenate to
dentate rosette leaves, (e) glabrous or short haired upper surfaces of rosette leaves and (f) rosette leaves with
abruptly to the petiole narrowed lamina.

3.10. Vegetation data analyses

In four T. helenitis populations (ADN2, EST2, GEO1 and LAU1) associated vascular plant species
were surveyed in altogether 68 plots (ADN2: 19 plots, EST2: 16 plots, GEO1: 13 plots, LAU1: 20
plots). In total, 105 species were recorded (64 species in ADN2, 49 species in EST2, 36 species
in GEO1 and 51 species in LAU1) as present or absent in the plot. The data matrix was used to
perform a principal component analysis (PCA) in the program PAST. Eigenvalues and the
percentages of variation of the first seven components are shown in Table 19. Loadings
>|0.25]| of the PCA variables (viz. species) for the first three components are presented in
Table 20. Five species, Anemone nemorosa L., Colchicum autumnale L., Laserpitium prutenicum
L., Phragmites australis (CAV.) TRIN. ex STEUD. and Stachys officinalis (L.) TREVIS., were
negatively correlated with the first axis with loadings >|0.25]. Carex flacca SCHREB. was highly
negatively correlated with the second axis, while Deschampsia cespitosa (L.) P.BEAUV. and
Lysimachia vulgaris L. were positively correlated with this axis. Carex elata ALL., Carex panicea
L., Filipendula ulmaria (L.) MAXIM. and Selinum carvifolia (L.) L. showed negative correlation
with the third axis.

The PCA-scores of the plots, which were labeled either by population or morphological
character states, are displayed as scatter plots in Figure 43a-i. Labeling the plots by population
(Fig. 43a-b) revealed a clear separation of groups. The first axis separated population LAU1
from the remaining three populations. Axis 2 separated these remaining populations
moderately, while Axis 3 separated population ADN2 clearly. When samples were labeled by
achene type (Fig. 43c-d) or six other recorded morphological characters recorded (Fig. 44a-f)
there was no clear separation of groups. Therefore, the plots entirely cluster according to their
geographic origin and not according to their achene type (viz. subspecies) or other
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morphological characters. Using only data of the two admixed populations for achene type
(EST2 and LAU1) the results were similar. Also in the case, there was no clear distinction of
groups due to achene indumentum or other morphological characters (data not shown).

Figure 45 presents mean Ellenberg’s indicator values (EIV) for each of the four populations,
which were calculated using the EIV of the recorded species of each plot. Population GEO1
showed about 1.5 lower levels of soil humidity (F) than the remaining three populations. The
level of continentality (K) was also lowest in this population, while the highest value was found
in population EST2. No separation of the populations was indicated for light (L) and soil
reaction (R). The level of nutrients (N) was highest in population GEO1, while temperature (T)
was higher in populations EST2 and LAU1 than in ADN2 and GEO1.

Table 19. Eigenvalues and percentages of variance
for seven components with the highest
Eigenvalues resulting from the PCA analysis of four
populations surveyed for associated vegetation of
Tephroseris helenitis individuals.

Component Eigenvalue % of variance
1 1.931 17.598
2 1.116 10.172
3 1.079 9.834
4 0.488 4.450
5 0.455 4.146
6 0.410 3.739
7 0.396 3.613

Table 20. PCA-scores of associated vascular plant species with loadings >|0.25| for at
least one of the first three components of the PCA.

Loadings

Recorded species . . .

Axisl Axis2 Axis3
Anemone nemorosa L. -0.270 -0.084 -0.028
Carex elata ALL. 0.128 -0.017 -0.272
Carex flacca SCHREB. -0.042 -0.335 0.163
Carex panicea L. -0.124 -0.028 -0.349
Colchicum autumnale L. -0.273 -0.110 -0.082
Deschampsia cespitosa (L.) P.BEAUV. 0.039 0.322 0.198
Filipendula ulmaria (L.) MAXIM. -0.114 -0.211 -0.254
Laserpitium prutenicum L. -0.271 0.231  0.157
Lysimachia vulgaris L. -0.080 0.287 0.165
Phragmites australis (CAV.) TRIN. ex STEUD. |[-0.278 0.236 0.161
Selinum carvifolia (L.) L. 0.174 0.114 -0.316
Stachys officinalis (L.) TREVIS. -0.285 -0.040 -0.041
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Figure 43. Principal component analysis (PCA) of 68 vegetation plots. Plots are labeled according to (a-b) their
population origin and (c-d) the achene indumentum state of the Tephroseris helenitis individual, which was at the

center of the plot.
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Figure 44. Principal component analysis (PCA) of 68 vegetation plots. Plots are labeled according to the states of
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capitulum type, (b) stem color, (c) bract tip color, (d) basal leaf shape, (e) basal leaf indumentum and (f) basal leaf
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3.11. Association of morphological characters and vegetation data with genetic data
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Figure 45. Average Ellenberg’s indicator values of populations ADN2, EST2, GEO1 and LAU1 in a box
plot diagram. Abbreviations: F, soil humidity; K, continentality; L, light; N, nutrients; R, soil reaction;
T, temperature.

3.11. Association of morphological characters and
vegetation data with genetic data

3.11.1. Mapping of morphological characters onto the genetic data

Tests of association between genetic and morphological data were performed for 68
individuals in six populations (ADN2, EST2, GEO1, GER1, HAS1 and LAU1) using a PCA in the
program CANOCO with the genetic data, taken as the primary matrix for the PCA. The
morphological data was utilized as a secondary matrix and was superimposed on the PCA
afterwards. As shown in Figure 46a-b, the first axis separated the populations only weakly.
Population ADN2 and the two easternmost populations (GER1 and HAS1) were separated from
the remaining populations. Axis 2 separated the two latter mentioned populations and
population LAUL. The third axis separated population GEO1 from the remaining populations.
Considering the morphological characters, which were correlated with the PCA axes (also
displayed in Table 21), the red stem color was highly negatively correlated with the first axis (-
0.526). Red colored bract tips were negatively correlated to the first axis as well as to the third
axis. The remaining four characters were only weakly correlated to the three axes. Labeling the
individuals with their states of morphological characters (including achene type), no pattern of
separation could be observed in any of them (Fig. 46¢-d and Fig. 47a-f). Thus, genetic variation
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3. Results

of the first three PCA components was mainly associated with population origin rather than
any of the morphological characters.

Table 22 presents the mean proportions of individuals exhibiting certain morphological
character states for each cluster as indentified by STRUCTURE (independent and correlated
allele frequency model) and BAPS (non-spatial and spatial admixture model). Pubescent
achenes were found in 100% of the individuals of cluster 1 in all analyses. Cluster 2 contained
only 20-30% individuals with pubescent achenes (cluster 3: 52%). Present ray flowers were
found in 75-92% of the individuals of cluster 1, while cluster 2 only contained 44-51% (cluster
3: 57%). Individuals with red colored stems and glabrous upper surfaces of rosette leaves were
slightly commoner in cluster 2 than in cluster 1 (and cluster 3). Red bract tips were clearly
commoner in cluster 2 (about 60-70%) than in cluster 1 (about 10-25%), whereas cluster 3 was
intermediate (48%). Rosette leaves with laminae abruptly narrowed to the petiole and a
crenate to dentate margin presented slightly higher proportions in cluster 1 (compared to
cluster 2). The highest value of crenate to dentate rosette leaves was found in cluster 3.

Binary logistic regressions were used to compare binary data with continuous data (Table
23). Comparisons of the morphological characters with individuals scores of the PCoA-Ax1
based on the AFLP data and longitude generally showed low levels of correlation. Chi-square
levels were low (0.0 to 12.15), except for achene indumentum compared with PCoA-Ax1
(78.43; P-value < 0.001) and longitude (142.88; P-value < 0.001). These high values are due to
the larger number of individuals surveyed for achene indumentum (220 samples in both
analyses). Nevertheless, despite the low chi-square levels, the Omnibus tests of model
coefficients were also significant for comparing capitulum type with PCoA-Ax1 (P-value =
0.009) and longitude (P-value = 0.010), stem color with longitude (P-value = 0.007), bract tip
color with PCoA-Ax1 (P-value = 0.002) and longitude (P-value < 0.001) and basal leaf
indumentum with longitude (P-value = 0.038). The Cox & Snell R? (0.30 and 0.48, respectively)
and Nagelkerke R? (0.40 and 0.68, respectively) tests generally show low levels, except the
comparison of achene indumentum and longitude showed moderate levels (0.68).

Table 21. Scores of six morphological character states for the first three components of the AFLP-based
PCA.

Morphological character Component1l Component2 Component 3
Achenes pubescent -0.016 0.193 0.267
Ray flowers present -0.064 -0.193 0.179
Stem red colored -0.526 0.175 -0.132
Bract tips red colored -0.280 -0.048 -0.552

Rosette leaf lamina abruptl
narrowed to the petiolpe ! 0.015 -0.0%6 -0.009
Upper surface of rosette leaves

pg[::abrous or with short hair 0.170 0.026 -0.036
Rosette leaves crenate to dentate -0.115 -0.298 0.126
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3.11. Association of morphological characters and vegetation data with genetic data

Table 22. Proportions of different states of six morphological characters in genetic (AFLP) clusters identified
in different analyses using STRUCTURE and BAPS. Within-population sample sizes of each morphological
character are given in Table 15. Abbreviations: Allele freq. corr., Allele frequencies correlated; Allele freq.
ind., Allele frequencies independent; Cl., Cluster; Spatial adm., Spatial admixture; Non-spatial adm., Non-
spatial admixture.

STRUCTURE BAPS
Morphological character Allele freq. ind. Allele freg. corr. Spatial adm. | Non-spatial adm.

Cl.1 Cl.2 cla c¢.2 «c3 | c1 c.2 Cl.1 Cl.2

Achenes pubescent 1.00 0.28 | 1.00 0.20 0.52 | 1.00 0.23 1.00 0.32
Ray flowers present 0.88 0.48 | 0.86 045 0.57 | 0.92 0.44 0.75 0.51

Stem red colored 0.57 0.75 | 0.50 0.82 0.67 | 0.50 0.79 0.50 0.75
Bract tips red colored 0.13 0.62 | 0.14 0.67 0.48 | 0.08 0.67 0.25 0.59

Rosette leaf lamina abruptly

. 0.86 0.61 | 0.83 0.63 0.59 | 0.70 0.63 1.00 0.62
narrowed to the petiole

Upper surface of rosette leaves

glabrous or with short hair 0.29 033 (033 035 0.24 | 020 0.34 0.00 0.34

Rosette leaves crenate or

0.71 0.64 | 0.67 0.61 0.76 | 0.70 0.64 0.67 0.65
dentate

Table 23. Binary logistic regressions of achene indumentum and morphological characters states with scores of
the PCoA-Axis1 based on AFLP data and longitude. Abbreviations: ach. i., achene indumentum; b.l. ind., basal leaf
indumentum; b.l. margin, basal leaf margin; b.l. shape, basal leaf shape; bract tip c., bract tip color; cap. t.,
capitulum type; cren. to dent., crenate to dentate; lamina a. narr., lamina abruptly narrowed to the petiole; N,
number of samples included in analysis; n.s., not significant (P-value >0.05); O. tests of model coeff., Omnibus
tests of model coefficients; pred. perc., predicted percentage; sig., significance; stem c., stem color; u. surf. glab.,
upper surface glabrous or with short hairs; *, P-value between 0.05 and 0.01; **, P-value between 0.001 and
0.01; ***, P-value < 0.001.

. Character Pred. | O.tests of model coeff. Cox & | Nagel- Classification table
Comparison state N perc. X df sig. Snell R? | kerke R? no yes total
Ach. i. - PCoA-Ax1 Pubescent 220 | 52.70 | 78.34 | 1 | 0.000 *** | 0.30 0.40 80.20 | 70.20 | 75.50
Ach. i. - longitude Pubescent 220 | 52.70 | 142.88 | 1 | 0.000 *** | 0.48 0.64 97.41 | 74.04 | 86.36
Cap. t. - PCoA-Ax1 Present 79 | 5190 | 6.79 | 1 | 0.009 ** 0.08 0.11 57.89 | 60.98 | 59.49
Cap. t. - longitude Present 103 | 53.40 | 6.57 | 1 |0.010 * 0.06 0.08 25.00 | 67.27 | 47.57
Stem c. - PCoA-Ax1 Red 60 | 73.33 | 299 | 1 |0.084 n.s.| 0.05 0.07 12.50 | 97.73 | 75.00
Stem c. - longitude Red 74 | 7297 | 7.32 | 1 |0.007 ** 0.09 0.14 40.00 | 88.89 | 75.68
Bract tip c. - PCoA-Ax1 | Red 79 | 5696 | 9.79 | 1 | 0.002 ** 0.12 0.16 50.00 | 77.78 | 65.82
Bract tip c. - longitude | Red 104 | 57.69 | 12.15 | 1 | 0.000 *** | 0.11 0.15 34.09 |100.00 | 72.12
B.l. shape - PCoA-Ax1 Laminaa.narr. | 74 | 63.51 | 0.18 1 |0.668 n.s. 0.00 0.00 0.00 | 100.00 | 63.51
B.l. shape - longitude Laminaa.narr. | 98 | 61.22 | 0.00 | 1 | 0.954 n.s. 0.00 0.00 0.00 | 100.00 | 61.22
B.l. ind. — PCoA-Ax1 U. surf. glab. 74 | 67.57 | 1.72 | 1 |0.189 n.s. | 0.02 0.03 98.00 | 0.00 | 66.22
B.I. ind. - longitude U. surf. glab. 98 | 67.35| 428 | 1|0.038 * 0.04 0.06 100.00 | 0.00 | 67.35
B.l. margin - PCoA-Ax1 | Cren. to dent. 74 | 6486 | 0.09 | 1|0.768 n.s. | 0.00 0.00 0.00 | 100.00 | 64.86
B.l. margin - longitude | Cren. to dent. 98 | 66.33| 0.05 | 1 |0.826 n.s. 0.00 0.00 0.00 | 100.00 | 66.33
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Figure 46. PCA based on AFLP profiles of 68 Tephroseris helenitis individuals. Associated morphological character
states were correlated with this PCA and were displayed as loadings (a-b). Samples are labeled by (a-b) their

population origin and (c-d) their achene indumentum type.
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3.11. Association of morphological characters and vegetation data with genetic data
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Figure 47. PCA based on AFLP profiles of 68 Tephroseris helenitis individuals. Samples are labeled by their states
of six morphological characters: (a) capitulum type, (b) stem color, (c) bract tip color, (d) basal leaf shape, (e)
basal leaf indumentum and (f) basal leaf margin.

3.11.2. Mapping of vegetation data onto the genetic data

An AFLP-based PCA was performed for 56 individuals in four populations (ADN2, EST2, GEO1
and LAU1) as described in section 3.11.1, using the vegetation data matrix as secondary matrix
in CANOCO. As shown in Figure 49, populations were separated very well. The first axis
separated ADN2 and GEO1 from EST2 and LAU1, and the two latter populations were
separated along the second axis. Axis 3 had no effect. Associated plant species of T. helenitis
with loadings >|0.5]| are listed in Table 24 and shown in Figure 48. Carex panicea and Selinum
carvifolia were negatively correlated with the first axis, while Carex flacca, Phyteuma
orbiculare and Scabiosa columbaria were positively correlated. A negative correlation with axis
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2 was given for Prunella vulgaris, Selinum carvifolia and Vicia cracca. Six species were found,
which were positively correlated with the second axis - Anemone nemorosa, Carex hartmanii,
Colchicum autumnale, Laserpitium prutenicum, Mentha aquatica and Phragmites australis. No
species had loadings >|0.5]| for the third axis.

As a secondary approach, the matrix of six Ellenberg indicator variables (EIVs) was used as
the secondary matrix. As shown in Figure 49 and Table 25, continentality and soil humidity
were negatively correlated with the first axis, while soil acidity and nutrients were positively
correlated. Temperature was positively correlated with the second axis.

Table 24. Scores of associated vascular plant species with loadings >|0.5| in at least one of the first three
components of the AFLP-based PCA. Loadings >|0.5]| are in bold.

Recorded species Component1l Component2 Component 3
Anemone nemorosa L. -0.096 0.725 -0.094
Carex flacca SCHREB. 0.633 0.111 -0.080
Carex hartmanii CAJANDER -0.102 0.799 -0.200
Carex panicea L. -0.619 0.105 -0.099
Colchicum autumnale L. -0.193 0.693 -0.114
Laserpitium prutenicum L. -0.136 0.732 0.250
Mentha aquatica L. -0.041 0.532 -0.098
Phragmites australis (CAV.) TRIN. ex STEUD. -0.122 0.776 0.218
Phyteuma orbiculare L. 0.529 -0.143 0.147
Prunella vulgaris L. 0.272 -0.613 -0.117
Scabiosa columbaria L. 0.678 -0.174 0.046
Selinum carvifolia (L.) L. -0.594 -0.578 -0.013
Stachys officinalis (L.) TREVIS. -0.189 0.658 -0.119
Valeriana dioica L. -0.228 0.503 -0.192
Vicia cracca L. -0.159 -0.517 -0.338
Vicia tetrasperma (L.) SCHREB. -0.092 0.715 -0.113

Table 25. Scores of Ellenberg indicators variables with loadings >]0.5| in at least
one of the first three components of the AFLP-based PCA. Loadings >|0.5]| are in

bold.
Indicator Componentl Component2 Component3

Continentality -0.580 0.248 0.199
Light -0.226 -0.027 0.017
Nutrients 0.444 -0.175 -0.049
Soil acidity 0.330 0.112 -0.051
Soil humidity -0.776 0.242 0.002
Temperature -0.019 0.524 0.228
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Figure 48. PCA based on AFLP profiles of 56 Tephroseris helenitis individuals. Associated vascular plant species of
single Tephroseris helenitis individuals with loadings >|0.5| for at least one of the shown axes are shown.

Samples are labeled by their assignment to populations.
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3.12. Self-incompatibility tests

Bagging-tests were performed at two sites (field vs. botanical garden) in a total of 19 plants.
Five individuals showed pubescent achenes (viz. ssp. helenitis), 13 and one individuals had
glabrous and sparsely hairy achenes, respectively (viz. ssp. salisburgensis). At the time of
fruiting (see Fig. 50a), achenes were examined for their state of maturity. In bagged capitula or
inflorescences, only undeveloped achenes (see Fig. 50b as an example) were found, except for
one individual (Nr. 7) of the field site, which had < 5% mature (and pubescent) achenes upon
bagging of its whole inflorescence with a paper bag (see Fig. 50c as example). By contrast, the
control individuals (4 individuals at the field site and 2 individuals at the botanical garden)
generally had 50-70% mature and well developed achenes under conditions of open
pollination (mean: 59% + 25%; min. 15%, max. 100%).

Figure 50. Fruiting capitulum of a control (open-pollinated) individual showing both mature
and undeveloped achenes (a), an undeveloped achene found in a bagged capitulum (b) and a
mature achene found in a non-bagged capitulum (c).
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4. Discussion

4.1.Taxonomical aspects

4.1.1. Distribution patterns of Tephroseris helenitis subspp. helenitis
and salisburgensis at the northern fringe of the Alps

Field observations of achene indumentum, which is the taxonomically most relevant trait for
this purpose, were conducted between 2006 and 2010 across 30 populations to investigate the
distribution pattern of T. helenitis subspp. helenitis and salisburgensis at the northern fringe of
the Alps. Subspecies helenitis (showing pubescent achenes) was found throughout the whole
study area (from the westernmost population NUS1 in Baden-Wuerttemberg to the
easternmost population GER1 in Upper Austria), while ssp. salisburgensis (showing glabrous or
sparsely hairy achenes) occurs exclusively east of the Munich area. However, there are only
three populations and one subpopulation that entirely consist of individuals with glabrous
and/or sparsely hairy achenes: STI1, UNT2, WOE1 and ADN2. All of them are located in the
Salzburg area (in the Salzach valley and the eastern Flachgau /Attersee region). All 20 sampled
individuals of subpopulation ADN2 showed glabrous achenes. By contrast, individuals showing
only pubescent achenes were found in eight populations. Seven of those are distributed west
of the Munich area, while only one population (GEO1) is located just east of Munich. Mixed
stands exhibiting both achene types, however, comprised the majority of all populations
studied, in fact 15 populations and the subpopulation ADN1.

My own observations can be compared with information retrieved from unpublished
floristic databases (FLORISTISCHE KARTIERUNG OSTERREICHS unpubl. data, SABOTAG unpubl. data),
distribution maps (BIB 2010, FLORAWEB 2010) and the taxonomic/systematic literature (HEGI
1928, CUFODONTIS 1933, OBERDORFER 1983, SCHUBERT & VENT 1988, KRACH 2000, SEyBOLD 2006,
FISCHER et al. 2008). However, detailed accounts of the distribution patterns of ssp.
salisburgensis are rarely found (HEGI 1928, CuFODONTIS 1933, KRACH 2000, BIB 2010, FLORAWEB
2010). According to CuFODONTIS (1933), ssp. salisburgensis occurs at the southeastern range
limit of T. helenitis, i.e. in the region of Salzburg and adjacent areas in Bavaria. Individuals with
achenes, which are “becoming more or less bald” (i.e. glabrous), are described as var. pratensis
KocH in HeGI (1928) for the alpine foothills of Salzburg and Upper Bavaria. In this reference
individuals of Upper Bavaria with glabrous and pubescent achenes are mentioned as well as
transitional forms between them. KRACH (2000) claims that “pure” ssp. salisburgensis plants
(with glabrous achenes) occur in the region of Salzburg, southwestern Upper Austria, Lower
Austria and rarely in southeastern Bavaria, while transitional forms are more common in the
latter region. My own observations show that ssp. helenitis is much more frequent in
populations of Salzburg than thought previously. In the floristic databases of the FLORISTISCHE
KARTIERUNG OSTERREICHS (unpubl. data) and SABOTAG (unpubl. data) most T. helenitis data are
without subspecies designation (see also STOHR 2003). Most of the remaining entries refer to
ssp. salisburgensis, while only a few or even none are ascribed to ssp. helenitis. In fact, the
latter subspecies is entirely absent in the FLORISTISCHE KARTIERUNG OSTERREICHS (unpubl. data)
and recorded only nine times in SABOTAG (unpubl. data), compared to 10 and 58 records of ssp.
salisburgensis, respectively. Nevertheless, ssp. salisburgensis clearly predominates in the
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eastern part of the area. But why has ssp. helenitis been recorded so rarely in the Salzburg
area? Possibly older herbarium specimens were ascribed to ssp. salisburgensis because other
than achene indumentum characters were used for subspecies identification in the older
literature, such as the balding lower leaf surfaces (HEGI 1928, CUFODONTIS 1933). Another
possibility is that ssp. salisburgensis was simply expected as a local form of T. helenitis, which
occurs in Salzburg and adjacent areas. So, only ssp. salisburgensis was presumed there and ssp.
helenitis was just not taken into account.

In the present study, the frequency of achene types of T. helenitis populations was plotted
against longitude, resulting in a clinal pattern (Fig. 41). That is, pubescent achenes decrease
towards the east, while glabrous ones increase. Sparsely hairy achenes are always in the
minority within populations but show highest proportions in the central region (from the
Miesbach region in the west to the eastern Flachgau region in the east), which might indicate a
hybrid zone (see below). As stated above, HEGI (1928) but also KRACH (2000) report transitional
forms between individuals of different achene types viz. subspecies. FISCHER et al. (2008),
however, ascribe these sparsely hairy achenes to ssp. salisburgensis.

4.1.2. Association of achene type with genetic, morphological and
vegetation data

Individual-based AFLP data neither separate the subspecies according to their achene
indumentum (Figs. 26b, 43c-d) nor any other morphological character (Fig. 44). Although
logistic regressions of achene type with individual scores of the AFLP-based PCoA-Ax1 resulted
in low regression coefficients of 0.30 to 0.40, these were highly significant with P-values <
0.001 (Table 23). When logistic regressions of PCoA-Ax1 and further morphological characters
were performed, the coefficients were still low and non-significant, ranging from 0.00 to 0.12,
but the regressions with capitulum type and bract tip color were significant (P-values = 0.009
and 0.002, respectively). The two subspecies are not separated according to achene
indumentum and the other surveyed morphological characters. Nevertheless, clinal variation
in genetic data is recognizable, i.e. in population scores of AFLP-based PCoA-Ax1 (Fig. 28),
which is probably not depending on subspecies status (achene indumentum), but on the
geographic distances among the populations. This also fits the “isolation by distance” (IBD)
pattern found in T. helenitis at the northern edge of the Alps (Fig. 34). Stem and bract color
show similar clinal trends as achene indumentum when plotted against longitude (Fig. 42).
While individuals with glabrous achenes often have red stems and bract tips, individuals with
pubescent achenes generally have green or brownish ones (Table 16). Nevertheless, a high
concordance of these characters was not found and it is not supposed that stem and bract tip
color are diagnostic characters. Presumably the red color is a modification to high humidity of
the habitats (see section 4.4.1).

Another character of considerable interest is the presence or absence of ray flowers. These
are presumed to be important for the attraction of pollinators, which is strengthened due to
the fact that they are pistillate (female, without stamina). STUESSY et al. (1986) revealed that
the visitation frequency of pollinators of Helianthus grosseserratus is 61% lower in rayless
populations compared to rayed populations. Besides, the diversity of pollinators dropped
sharply. The seed-set of rayless populations was found to be 64% lower than for rayed
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populations. In Senecio vulgaris similar results have been found in natural populations of rayed
and rayless variants (MARSHALL & ABBOTT 1982). These authors also mention the lower
outcrossing rate of rayless individuals (1%) compared to rayed individuals (13-20%). A small
contribution of ray flowers to seed set (15%) has been reported for Senecio integrifolius (syn.
Tephroseris integrifolia), a close relative of Tephroseris helenitis (ANDERSSON & WIDEN 1993),
whereby the number of capitula per plant was negatively correlated with seed set. The
presence vs. absence of ray flowers in Asteraceae has often a simple genetic basis with one or
two major genes and several modifiers (GILLIES et al. 2002). For example, in Gerbera hybrida
the CYCLOIDEA-like (CYC-like) homolog GhCYC2 is only expressed in ray flowers but not in the
disk flowers (BROHOLM et al. 2008). In Senecio the RAY locus generally controls the
presence/absence of ray flowers as shown by ABBOTT et al. (1992), Comes (1998) and
ANDERSSON (2001). In the literature (SEYBOLD 2006, FISCHER et al. 2008) it is mentioned that ray
flowers can be absent in both subspecies of Tephroseris helenitis, but more often lack in ssp.
salisburgensis than in ssp. helenitis. This cannot be supported by the present study, if the
subspecies are designated by achene indumentum (Table 17). However, own observations
have shown that ray flowers are often absent in the populations of the eastern part of the
study area, while they are rarely absent in the western part (even in the Miesbach region, Fig.
42a). Contradictory information stems from T. MEYER (pers. comm), who reports that ray
flowers are often absent (at a rough frequency estimate of 50%) in the westernmost part of
the sampling area (population MAR1). So, this character seems to be unsuitable for subspecies
designation, notwithstanding its biological significance. An accumulation of rayless individuals
in the eastern part of the study area, however, is not associated with achene indumentum
(Table 17) or genetic data (Fig. 47a).

Besides the presence or absence of ray flowers, the number of ray flowers is mentioned as
a diagnostic character of subspp. salisburgensis and helenitis (SEvBoLD 2006, FIsCHER et al.
2008). While ssp. helenitis is thought to have 13 ray flowers, ssp. salisburgensis is supposed to
have 15-17 ray flowers. Morphological investigations of F. HOGLINGER (unpubl. data) in 1995
and 2010 contradicted this assertion. There was no clear difference in the proportion of
glabrous (ssp. salisburgensis) vs. pubescent (ssp. helenitis) achenes in relation to the number
of ray flowers. Observations of 81 individuals in 1995 showed that individuals with pubescent
achenes tend to have slightly more ray flowers; the observations of 133 individuals in 2010
were to the contrary. Nevertheless, there was no clear signal for subspecies differentiation due
to the number of ray flowers. Most of the ray-flowered individuals surveyed by F. HOGLINGER
showed (15-) 20-21 (-22) ray flowers, while the lowest number was 11 and the highest 39.
Some ray flower counts were found for only one achene type: four individuals with higher
numbers than 30 and four individuals with 12 ray flowers had only glabrous achenes, whereas
three individuals with 23 ray flowers had only pubescent achenes. While in 1995 individuals
without ray flowers were preponderant with pubescent achenes, in 2010 glabrous achenes
prevailed. These patterns do not indicate an association of presence or absence of ray flowers
and achene indumentum. Besides, both subspecies show an average ray flower number
between 19 and 19.5, which is more than the values reported in the literature (13; 15-17).

Indumentum, margin and the transition zone of lamina and petiole of basal leaves do not
seem to be relevant for subspecies differentiation either. These characters are mentioned in
OBERDORFER (1983) and SCHUBERT & VENT (1988), but as the present results show, they are
neither associated with achene indumentum (Table 17) nor with the genetic data (Fig. 47d-f)
or longitude (Fig. 42). The inappropriateness of basal leaf indumentum for subspecies
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differentiation is also claimed by PiLsL et al. (2002) and STGHR (2009). As shown in Table 17, the
indumentum of basal leaves is often concordant with the leaf margin. While leaves with
arachnoid upper surfaces often show crenate to dentate margins, leaves with glabrous upper
surfaces or short hairs show (nearly) entire margins.

A potential factor accounting for the lack of a clear separation of the subspecies based on
their achene type (and other morphological characters) could be gene introgression, which
might have resulted in the transfer of alleles for, e.g., pubescent achenes into ssp.
salisburgensis populations, and vice versa (see below).

Vegetation characteristics clearly differentiated the four populations studied (Fig. 43), but
they did not allow distinguishing the two subspecies in terms of different microhabitat
requirements. The differences in vegetation were mainly due to some indicator species, which
were only present in a given population: Carex hostiana, C. umbrosa, Crepis mollis, Festuca
arundinacea, Galium album, Picea abies, Sesleria varia and Valeriana officinalis in population
ADNZ2; Galium verum and Solidago gigantea in population EST2; Ajuga reptans, Phyteuma
orbiculare, Plantago lanceolata, Scabiosa columbaria and Trifolium pratense in population
GEO1; Anemone nemorosa, Carex hartmanii, Hypericum tetrapterum, Mentha aquatica and
Vicia tetrasperma in population LAU1. A comparison of genetic data and vegetation data was
performed to obtain potential microhabitat differences between the two subspecies. It was
hypothesized that the two subspecies may have different (micro-habitat) requirements, as
indicated by different associated plant species in the direct neighborhood (1m distance to the
Tephroseris helenitis individuals). Therefore, the individual-based AFLP matrix was used as a
primary matrix for a PCA and the vegetation data as a secondary matrix (Fig. 48). The PCA did
not show any differentiation of subspecies (according to their achene type and/or further
morphological characters). Instead, the genetic data clustered according to population origin
but according to differences in indicator species or indicator values that may represent
microhabitat differences within populations (Fig. 48 and Fig. 49). However, the separation of
populations in the PCA based on genetic data was not as clear as that in the PCA from
vegetation data (Fig. 43). Nevertheless, some of the associated species were correlated with
the PCA-axes (Table 24). In sum, these species are not associated with the named subspecies
of T. helenitis but rather characterize single populations.

4.1.3. Is the taxonomic rank of “subspecies” for individuals with
glabrous achenes justifiable?

According to MERXMULLER (1949), subspecies are closely related intra-specific groups, which are
geographically separated, regardless of the degree of morphological differences, while MAYR
(1969) defined a subspecies as “an aggregate of phenotypically similar populations of a species
inhabiting a geographic subdivision of the range of that species and differing taxonomically
from other populations of that species”. Currently, genetic and/or ecological traits are
frequently involved to recognize and differentiate subspecies (A. TRIBSCH, pers. comm). Asto a
close relation of such groups, this is clearly supported by the present analyses. Individuals and
populations of both T. helenitis subspecies are genetically closely related (Figs. 10, 15, 20-24).
However, it is not possible to differentiate individuals with glabrous vs. pubescent achenes by
their genetic AFLP profiles (Fig. 46c-d). Likewise, other morphological characters surveyed
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cannot be correlated with the genetic data (Fig. 47). Also, there is no geographical isolation
between the two groups (Fig. 40). Individuals with pubescent achenes (ssp. helenitis) are found
in all populations, except three populations and one subpopulation in Salzburg. Nearly all
populations within the alleged ssp. salisburgensis’ range are in fact mixed stands of both
subspecies, which means that ssp. salisburgensis only occurs in sympatry with ssp. helenitis.
Nevertheless, individuals with glabrous achenes (ssp. salisburgensis) show a clearly delimited,
endemic distribution. As pointed out by MAYR (1969), the term “subspecies” should not be
used when several subspecies of one species occur in the same locality. Besides, no
differences in ecological factors were found, which could have at least supported the status of
subspecies (see Fig. 43c-d). Thus, it seems more plausible that individuals with glabrous
achenes are a variety (also claimed in STOHR 2009). HOHLA et al. (2009) also considers the rank
“subspecies” as set too high. HEGI (1928) already describes individuals of T. helenitis with
achenes, which are “becoming more or less bald” as var. pratensis KocH (see section 4.1.1)

This is similar to, e.g., Filipendula ulmaria, where the subspp. denudata (J. & C. PRESL) HAY.
and ulmaria are almost completely sympatrically distributed, and morphologically and
ecologically barely distinguishable. Therefore it was recommended to treat ssp. denudata as
forma only (KURTTO et al. 2004). As to another example, in Svalbard, two subspecies of
Saxifraga oppositifolia, subspp. reptans (ANDERSS. & HESSELM.) R@NNING and pulvinata (ANDERSS.
& HESSELM.) R@NNING, were surveyed for variation in morphology, ecology, and pollen size and
stainability (BRYSTING et al. 1996). Both taxa differ in growth form being either prostate (ssp.
reptans) or cushion-formed (ssp. pulvinata). Despite high levels of genetic variation observed
for Saxifraga oppositifolia (ABBOTT et al. 1995, GABRIELSEN et al. 1997), it was not possible to
recognize distinct groups. Also, other examined morphological characters could not be used to
separate the two growth forms, which is similar to Tephroseris helenitis in this study.

4.2.Population history of Tephroseris helenitis at the
northern fringe of the Alps

Intra-population genetic diversity measures were used to determine the direction of
postglacial recolonization of Tephroseris helenitis populations at the northern edge of the Alps.
In general, such recolonization of populations can be inferred by a gradual decrease of genetic
diversity along a geographic gradient. High diversities are expected for ancient, stable and/or
refugial populations (HEWITT 1996, HEWITT 2000, PETIT et al. 2003, WINKLER et al. 2010). Low
diversities generally characterize populations, which recently (re-)colonized an area, whereby
the direction of spread is inferred from populations with high diversities to populations with
low diversities. It was hypothesized that genetic diversities decrease from west to east due to
the direction of postglacial recolonization. The easterly distributed populations of T. helenitis
are entirely found in formerly glaciated areas (Fig. 7). However, this expected pattern could
not be observed in T. helenitis at the northern edge of the Alps. Rather, the populations
surveyed within this area show a mosaic-like (“patchy”) pattern of genetic diversities (Table 9
and Figs. 29, 30a, 31a). Diversities with high, intermediate or low levels were distributed within
the same local area. Hence, it can be assumed that these populations did not persist in these
places during, e.g., the last glaciated maximum (LGM, ca. 18,000 yrs ago) but rather (re-)
colonized them postglacially. However, the genetic diversities were not correlated with
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longitude (Table 10), as would be expected under the leading edge hypothesis of
recolonization (HEWITT 2000).

As mentioned in a review of 134 studies by ECKERT et al. (2008) a decline of within-
population genetic diversities towards range margins was found in 64.2% of these studies, of
those an increase of among-population differentiation was found in 70.2%. Nevertheless,
there were no large differences in genetic diversity levels in most cases. Decreasing genetic
diversities were found by DURKA (1999) and LAMMI et al. (1999), whereas an increase of genetic
differentiation was reported by ECKSTEIN et al. (2006). VIEJO et al. (2010) also describe drastic
reductions in reproductive traits (percentage of reproductive individuals, reproductive
allocation, and reproductive capacity) and plant size of Fucus serratus in marginal populations.
A fine-scale-study by PARISOD & BONVIN (2008) showed that genetic diversity decreases from
the core part of a single population to its isolated marginal patches. A positive correlation of
latitude and body size has been found in isolated populations of Metrioptera roeselii, while the
correlation was weak or absent in continuously distributed populations (CASSEL-LUNDHAGEN et
al. 2010). No correlation with range periphery was found in GARNER et al. (2004). HOBAN et al.
(2010) studied populations of Juglans cinerea, which declined due to a fungal pathogen in the
20" century. However, this had a lower impact on the genetics of the populations than their
postglacial recolonization history. PAUN et al. (2008) mention that rarity measures (frequency-
down-weighted marker values) “appear to be a much better indicator of historical processes
and are correlated with refugia” than genetic diversity. Rare markers accumulate in
populations over time and indicate old populations (SCHONSWETTER & TRIBSCH 2005). In
Tephroseris helenitis, the patchy distribution patterns of both genetic diversity and rarity (Fig.
29) better fit to the theory that populations survived the Ice Ages in local refugia outside the
ice shield and (re-)colonized new, ice-free terrain from nearby source populations. Therefore,
only little genetic variation got lost over these short distances, and thus populations showing
relatively high variation might signify (nearby) refugia. The populations of the Ammersee and
Untersberg region show higher genetic diversities than the remaining populations. Similar
patterns are found for frequency-down-weighted markers, which also have high values in the
westernmost (formerly unglaciated) populations. High values of rarity in the latter populations
could indicate the proximity to refugia or that T. helenitis even survived the Ice Ages at these
stands. In the Ammersee region both genetic diversities and rarities are very high, even though
the area was glaciated at the LGM. Nevertheless, these populations are close to the border of
the ice shield and perhaps represent refugia at glacial-like conditions after the LGM (e.g. Older
and Younger Dryas). Effects of these cold periods are likely displayed in the distribution ranges
of Conioselinum tataricum, Oxytropis campestris, Pulsatilla vernalis and Tephroseris integrifolia
(MEUSEL & JAGER 1992). These species are absent from large areas of Scandinavia, which were
covered by an ice shield at the LGM. However, the distribution margins of these species are
not congruent with the borders of the ice shield, but with the borders of the ice shield at later
glacial-like periods (A. TRIBSCH, pers. comm). The regions of Miesbach and the eastern Flachgau
are adjacent to the Ammersee and Untersberg regions, respectively, and show quite low levels
of diversity and/or rarity in Tephroseris helenitis (Fig. 29). This could be due to a later
recolonization and therefore a younger age of these populations. The significant negative
correlation of rarity and longitude (Table 10) is a possible result of higher gene flow in the
eastern populations, which are geographically adjacent and were sampled at higher densities,
possibly resulting in a lower number of rare markers.
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Pairwise Fs;r values between populations are significantly positively correlated with their
geographic distance (Table 11, Fig. 34). This indicates a so called ,isolation by distance”-
pattern (HUTCHISON & TEMPLETON 1999). A positive correlation of pairwise Fgr values with
geographic distances among populations means that gene flow and genetic drift are in
equilibrium. It can be assumed that populations are stable and have not experienced a range
expansion very recently. So, it seems feasible that populations of T. helenitis recolonized the
formerly glaciated areas postglacially and attained an equilibrium of gene flow and genetic
drift afterwards. However, the direction of postglacial recolonization could not clearly be
inferred. Nonetheless, there is evidence to suggest that T. helenitis survived the Ice Ages in
refugia close to the Ammersee and possibly the Untersberg region.

4.3.Hybrid zone between subspp. helenitis and
salisburgensis

4.3.1. Do the two subspecies form a hybrid zone?

It is difficult to proof that there is a hybrid zone between the two subspecies at the northern
edge of the Alps. Each putatively diagnostic character of subspp. helenitis and salisburgensis
proved to be uninformative, even though achene indumentum is frequently mentioned as the
taxonomically most relevant trait. Considering achene indumentum, hybrids may show
intermediate states between pubescent (ssp. helenitis) and glabrous (ssp. salisburgensis),
which would indicate genetically “additive” traits. Intermediate variants with sparsely hairy
achenes were found for about 8% of the surveyed individuals, usually ranging from 0 — 20%
per population (only population UNT2 has 40%; Table 13). These intermediate achene types
are found more frequently in the central part of the sampling area, i.e. between Miesbach in
the west and the central Flachgau in the east (Figs. 40-41). Besides their intermediate achene
indumentum these individuals also show achenes that are also intermediate in shape. While
pubescent (ssp. helenitis) achenes have a torpedo-like shape with narrowed endings, the
glabrous achenes (ssp. salisburgensis) show an oblong shape with nearly parallel margins and
slightly narrowed endings. The sparsely hairy achenes are intermediate in shape (Figs. 6a-c).
Nevertheless, an intermediate state of these individuals could not be inferred from the genetic
data (Figs. 46¢c-d). As mentioned above, individuals with sparsely hairy achenes were treated as
ssp. salisburgensis by CuroDONTIS (1933) or as transitional forms by KRACH (2000) and HEGl
(1928). Due to the low genetic differentiation between the subspecies (Figs. 20-21, 25) there is
a high likelihood that they hybridize and form a hybrid zone. Clustering algorithms have been
used to estimate the number of genetic groups and levels of admixture. Several analyses with
different settings were performed in the two programs STRUCTURE (Figs. 10-14) and BAPS
(Figs. 15-19). Especially the analyses of STRUCTURE show high admixture at a broad
geographical scale. Two clusters were formed based on a model using independent allele
frequencies, and which form a cline in the central part of the sampling area (Fig. 11). Thus, the
populations from the Miesbach region in the west to the “Salzach valley and Untersberg”
region in the east are highly admixed. Populations further west or east show lower levels of
admixture and could often be clearly ascribed to one genetic cluster. When allele frequencies
were treated as “correlated” in STRUCTURE, a third cluster was identified, which has its
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highest proportions in the same regions of the central part of the sampling area. In particular,
the third cluster predominates in the regions of Miesbach and Chiemsee, whereas the two
other clusters predominate west and east of these regions, respectively. PRITCHARD et al. (2007)
mention that the model with correlated allele frequencies often overestimates the number of
clusters, but has a “better power to detect subtle population structure”. The program BAPS
uses a Bayesian clustering algorithm as well. In contrast to STRUCTURE it shows much less
admixture of individuals and more or less clear cluster borders. However, the location of these
borders differed, depending on whether the spatial-(ad)mixture model (Figs. 15a-b) or the
non-spatial-(ad)mixture model (Figs. 15c-d) was used. Furthermore, these borders were not
congruent to the “breaks” in STRUCTURE (Fig. 10). So, it seems that the central part of the
sampling area cannot really be ascribed to one of the two major groups. The high levels of
admixture also indicate a low genetic differentiation between the two subspecies and/or
geographic population groups, suggesting a hybrid zone of subspp. helenitis and salisburgensis
in the region between Miesbach and the Chiemsee.

In addition to the clustering algorithms, distance-based analyses were used to confirm
these assumptions. At first, an individual-based NJ-tree using NEI & LI's (1979) genetic distance
measure was calculated (Fig. 20). However, a bootstrap support for branches in this tree can
be found only in its basal part. The outgroup (T. integrifolia, T. longifolia and T. tenuifolia) as
well as the ingroup T. helenitis show high support (98-100% and 91%, respectively). Within T.
helenitis, bootstrap values >70% could only be found between two pairs of individuals (and
two times for groups of three individuals). This supports the results of STRUCTURE and BAPS,
indicating a weak differentiation within T. helenitis. The rooted population-based NJ-network
(Fig. 22) shows a similar picture as the individual-based tree, whereas the unrooted
population-based NJ-tree (Fig. 23) presents some support for genetic clusters. The branch
connecting the westerly located populations (from the Ammersee westwards) and the central
and easterly located populations (from the Miesbach region eastwards) shows a bootstrap
support of 90%, which indicates a differentiation of these two clusters. This result, however,
should be treated with caution since populations <5 individuals were excluded from the
population-based analyses. So, for instance, two populations of the Ammersee region (AMM?2
and AMM3) were excluded. These populations are genetically very close to the populations of
the eastern part and thus would have lowered the bootstrap value. Besides the NJ-analyses, a
NeighborNet analysis was performed using the program SPLITSTREE. The advantage of this
method is that genetic relationships are shown as split networks, which do not form
hierarchies and may therefore provide a better picture of relations. Both the individual-based
(Fig. 21) and the population-based (Fig. 24) network show a star-like pattern which indicates a
low differentiation, as in the NJ-analyses. Only the outgroup samples were distinct from those
of the ingroup.

In sum, genetic differentiation is low within T. helenitis and individuals in the central and
eastern parts of the sampling area show high levels of admixture. Therefore, a hybrid zone is
(highly) likely to be present in these regions. Further estimation of the centre and width of the
hybrid zone was attempted by using the program CFIT (GAY et al. 2008). Unfortunately, it failed
due to the high amount of loci in the AFLP dataset. So, the centre and width of the hybrid zone
was inferred from genetic clustering (programs: STRUCTURE and BAPS), the density of
inflection points (the curvature of functions change at these points) of single loci and the
distribution of achene types. Hybrid zones can be inferred from the presence of admixture in
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individuals/populations. As shown in Figures 10-19, admixture is prevalent in the Ammersee
region (populations AMM2 and AMM3) in the west and extends to the easternmost
populations. Here, high amounts of admixture can be found between the Miesbach region in
the west and the Untersberg region in the east. Based on the STRUCTURE analysis using
correlated allele frequencies (Fig. 14), the “Salzach valley” populations (Table 4) show high
levels of admixture due to the third cluster, which is formed in the centre, too. This cluster
shows its highest proportions in the populations of the Miesbach and Chiemsee region, where
the centre of the hybrid zone is hypothesized. This is also supported by the distribution of
achene types. The intermediate achene type, which is thought as an indicator of hybrids (see
Fig. 6b), is most frequently observed in the region between Miesbach and the Untersberg
region. The Untersberg region is also characterized by the highest density of inflection points
of single AFLP loci, which show significant clines along the longitudinal axis (Fig. 39). So, the
hybrid zone probably extends from the Ammersee region eastwards to the distribution border
of T. helenitis in the east (Attersee region). If the hybrid zone is considered more stringently, it
reaches from the Miesbach region to the Untersberg/Salzach valley region. In this zone, the
centre of the hybrid zone is to be expected, even though it cannot be determined more
precisely at present.

4.3.2. Is the hybrid zone a primary or secondary one?

Distinguishing between primary and secondary hybrid zones (explanations in section 1.1) is
notoriously difficult (ENDLER 1977). Somewhat surprisingly, this topic has received only sparse
interest from plant evolutionary biologists. Hence, methods for distinguishing these hybrid
zones are mainly found in the animal literature. According to FUTUYMA (2007, p.373f), different
selection pressures along a geographical cline can be inferred from varying allele frequencies
at single loci along this gradient. In a primary hybrid zone, the clines are expected at different
geographic positions among the loci, while in a secondary one, clines should occur at similar
positions (Fig. 51). The first step is the observation of loci, which are under divergent selection.
Therefore, the programs BAYESCAN and MCHEZA were used. A comparison of three programs
(BAYESCAN, DETSELD, DFDIST) resulted in BAYESCAN as the most efficient program (PEREz-
FIGUEROA et al. 2010), which determines the highest percentage of true selective “outlier” loci
(CoLLIN & FUMAGALLI 2011, FITzPATRICK et al. 2011, NUNES et al. 2011, BUCKLEY et al. 2012). The
second program that has been used for outlier loci detection is MCHEZA, which is based on the
algorithm of DFDIST (WILDING et al. 2001, MINDER & WIDMER 2008, GAGNAIRE et al. 2009, RYMER
et al. 2010, KuCHMA & FINKELDEY 2011, NUNES et al. 2011, BUCKLEY et al. 2012), a modification of
FDIST (BEAUMONT & NicHOLS 1996) for the usability of dominant markers (COLLIN & FUMAGALLI
2011).

The detection of outlier loci is based on “identifying loci (molecular markers) that present
population differentiation (Fs;) coefficients that are ‘distinct’ (called outlier loci) from those
under neutral expectations” (PEREZ-FIGUEROA et al. 2010). For the present dataset of 451 loci,
BAYESCAN and MCHEZA detected 19 (4.2% of the total loci) and 13 (2.9%) outlier loci,
respectively. In total, 29 (6.4%) candidate outlier loci were found. Surprisingly, only three of
these loci (10.3%; 0.7% of all loci) were detected in both programs. Furthermore, three out of
the 29 candidate loci (10.3%), as well, show a significant fit for the models Il and IIl of HUISMAN
et al. (1993), both indicating an increasing or decreasing sigmoid trend. Two of those loci were

95



4. Discussion

detected in both programs (N183.3 and N269.1), and one locus was detected in BAYESCAN
(V325.8). The inflection points of these loci were calculated to compare their positions along
the longitudinal axis. They resulted in different positions within a distance of 1.20° (90 km)
between the Miesbach and the Untersberg region. This is strongly suggestive of a primary
hybrid zone, even though the amount of loci supporting this inference is low. The region
between Miesbach and the Untersberg is also that region, where the achene indumentum has
its transition zone (Figs. 40-41), and the same applies to the genetic data, represented through
the PCoA-Axisl (Fig. 28). Furthermore, this region is the zone of highest admixture in
STRUCTURE (Figs. 12, 14). Besides, scanning the overall AFLP loci for significant fits to models Il
and Il resulted in 32 loci. The remaining 29 loci, which were not Fs; outliers are considered as
false positives. They possibly form a clinal pattern through genetic drift without an influence of
selection and restricted gene flow by distance. Nevertheless, the inflection points of all 32 loci
had their highest density in the region between the Chiemsee and eastern Flachgau. The
majority of selectively neutral loci show clines like in Fig. 51 (cline: d), whereas the allele
frequencies are commonly scattered and do not form significant clines (Fig. 51a). This also
supports the presence of a primary hybrid zone.

Besides above methods considering clines in

allele frequencies there is another possibility to A Petmary brbed
test for the existence of (at least) secondary
hybrid zones. Thus, in a secondary hybrid zone,
highest diversities are expected in the centre of
the zone (related to PETIT et al. 2003). -
However, in the present study system, the >
levels of diversities are distributed in patches
(see section 4.2). Although there are two

regions that show high levels of genetic
diversity, i.e. the Ammersee and the
Untersberg region (Fig. 29), the former is
outside the otherwise inferred hybrid zone and
exclusively has individuals with pubescent :
achenes. The Untersberg region shows lower 8
diversities than the Ammersee region, but is
within the hybrid zone or slightly outside. The

Untersberg region is quite interesting, showing

a high percentage of potential hybrids

(showing sparsely hairy achenes; Fig. 40). Figure 51. Distinguishing primary and secondary

Hence, the centre of the hybrid zone might be  hybrid zones based on the geographic position of
situated in the Untersberg region (see section clines in allele frequencies (from Futuyma 2007)
4.3.1). However, the Untersberg region does
not show genetic diversities which are
obviously higher than in the surrounding
populations. Therefore, in conclusion, there is
no strong evidence for a secondary hybrid zone

and a primary hybrid zone is inferred.
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4.3.3. Origin and maintenance of characters varying along the cline

Based on the above, there is a primary hybrid zone of T. helenitis at the northern fringe of the
Alps, showing AFLP loci under selection as well as a clinal pattern of achene types. So, why is
there any selective pressure along this gradient? As mentioned in section 4.1.2, the cause
could not be found in the habitat parameters measured. So, why did the clinal patterns,
especially in achene type, evolve? Trichomes on achene surfaces are thought to have effects
on dispersal and germination. Two achene types are described in Senecio jacobaea L.: achenes
of disc flowers are more numerous, lighter, equipped with a pappus and rows of trichomes in
contrast to achenes of ray flowers. The trichomes are supposed to increase the dispersability
of the achenes, because of aiding attachment to passing animals and/or by increasing the
resistance to the air (McEvoy 1984, McEvoy & Cox 1987). Germination rates of achenes of disc
flowers in Senecio jacobaea are higher than those of ray flower achenes due to a thinner
pericarp (McEvoy 1984). MAYEUX (1989) supposes that trichomes could act as an anchor for the
achenes and therefore enhance soil penetration. It is also presumed that the trichomes draw
and retain water next to the pericarp, hence facilitating higher germination rates. According to
these assumptions, it can be supposed that glabrous achenes of Tephroseris helenitis ssp.
salisburgensis, which also show a more slender shape than pubescent achenes, have lower
dispersal attributes and lower germination rates than pubescent ones. Possibly the lack of
trichomes arose spontaneously before the LGM. While individuals with glabrous achenes
postglacially occupied the eastern part of the area, they could not establish in the western part
due to restricted dispersability and the competition with individuals having pubescent
achenes. Afterwards, the pubescent variants may have dispersed into the eastern populations
and formed a cline (see in section 4.4.2).

An alternative hypothesis is the introgression of T. crispa genes into T. helenitis, resulting in
glabrous achenes in ssp. salisburgensis. The similar morphological characters (as Senecio
helenitis ssp. salisburgensis and Senecio rivularis var. schkuhrii, respectively) and the parapatric
distribution ranges of both taxa are mentioned in CUFODONTIS (1933). It is possible that gene
flow between the two taxa in adjacent populations (especially in the Tennengau region
southerly the city of Salzburg) resulted in the origin of glabrous achenes in ssp. salisburgensis.
Gene introgression from T. crispa into T. helenitis was also supposed by KRACH (2000) according
to some herbarium specimens of T. helenitis (ssp. salisburgensis) with sharply serrated leaf
margins. Nevertheless, frequent gene flow between both species can be (safely) excluded,
because they form well separated genetic groups and extant populations are well
geographically separated (Figs. 20-22).

Additional morphological and genetic characters need to be investigated in more
populations and individuals to infer potential patterns of clinal variation in the study area.
Moreover, ecological parameters should be obtained in these populations and compared with
morphological and genetic traits. The indumentum of leaves might be associated with soil
humidity (CuropbonTis 1933), which potentially differs between populations in the western and
the eastern parts of the sampling area. The two populations not collected in fens or wet
meadows are from less humid habitats (HAM1: road embankment and HAY1: deciduous
forest) and are exclusively comprised of ssp. helenitis, while individuals of ssp. salisburgensis
exclusively grow in humid habitats (fens and wet meadows). Furthermore, the habitat of
population GEO1 (Miesbach region) seemed to be drained, as also indicated by vegetation
surveys (Fig. 45). Interestingly, this population exclusively shows individuals with pubescent
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achenes, although adjacent populations also contain some individuals with non-pubescent
achenes. Possibly, individuals of ssp. helenitis are better adapted to less humid conditions.

4.4.Miscellaneous aspects

4.4.1. Red bract/stem color and anthocyanin synthesis

CUFODONTIS (1933) mentions that individuals of Senecio helenitis (syn. Tephroseris helenitis)
with red bracts and sometimes also red stems are found in moister habitats. These character
states are associated with tenuous and large leaves and reduced leaf hairiness. He also
mentions that ssp. salisburgensis quite often shows red bracts (see Fig. 6f), especially when
plants do not show a floccose indumentum. A floccose indumentum is generally regarded as a
transpiration protection and, as well as the red color, a thermal absorber. The environmental
significance of anthocyanins in plant stress responses is well documented (CHALKER-SCOTT
1999). Their adaptive advantages in non-reproductive tissues are not yet clear, but they are
induced by several factors, such as visible and UVB radiation, cold temperature, and water
stress. ANDERSEN et al. (1984) report that flooded Malus and Pyrus trees showed a higher
anthocyanin synthesis in leaves. This was interpreted as a reaction to secondary drought in
leaves due to depressed root function. CHALKER-SCOTT (1999) and references therein mention
deficiencies in nitrogen and phosphorous, lowered pH, wounding, pathogen infections or
fungal elicitors as additional causes for anthocyanin induction. Own observations can exclude
at least the lowered pH as a cause for higher anthocyanin content in Tephroseris helenitis
plants. Population GEO1 exclusively shows green stems and bracts, but has an even lower pH
than the remaining populations (Fig. 45). The content of nutrients, however, is higher in this
population. Nevertheless, there is no reason to suggest that a lower nutrient content is the
reason for higher anthocyanin synthesis in certain T. helenitis plants, because at least in the
present study area this species mainly occurs in wet meadows, which are generally nutrient
poor.

4.4.2. Replacement of “glabrous individuals” by “pubescent” ones

It is tempting to speculate that individuals with glabrous achenes (ssp. salisburgensis) will
become replaced over time by individuals with pubescent achenes (ssp. helenitis). One
argument is that populations of both subspecies (plus mixed stands) are longitudinally
oriented and thus can be influenced by the Westerlies due to the fact that achenes are wind
dispersed. Therefore, the westerly distributed group with pubescent achenes might infiltrate
the easterly distributed group with glabrous achenes, because the west winds cause a stronger
dispersal from west to east than contrariwise. This hypothesis is supported by the absence of a
pure wider area of ssp. salisburgensis, whereas ssp. helenitis has pure populations across the
whole western part (from Ammersee eastwards). That process might be expected to occur
over relatively short time scales. However, observations of achene type frequencies in
population GER1, the easternmost population of T. helenitis, from 1995 and 2010 run counter
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these expectations (HOGLINGER, unpubl. data) as the proportion of pubescent achenes actually
decreased from 72% (1995) to 28% (2010).

In populations of the eastern part of the sampling area, the proportion of the western
STRUCTURE-cluster was higher than contrariwise (Figs. 10-11). Hence, an influx of alleles from
west to east seems much stronger than from east to west. Furthermore, there were five
individuals showing a “west-genotype” (AFLP data, Q-values of the western STRUCTURE-
cluster >75%) in eastern populations (KOE1_15, FEN1_01, BER5_12, LAU1_19, SCH1_03; Table
5) in contrast to only one individual showing an “east-genotype” in western populations
(HAM1_07; Table 5).

4.4.3. Conservation aspects

Tephroseris helenitis is listed in the red lists of Salzburg (WITTMANN et al. 1996), Upper Austria
(HOHLA et al. 2009) and Austria (NIKLFELD & SCHRATT-EHRENDORFER 1999) as “endangered” (red
list status: 2), while it is listed as “vulnerable” (and more threatened in at least one region; red
list status: 3 r!) in Germany (KORNECK et al. 1996). In Bavaria, both subspecies considered here
are also listed as “vulnerable” (SCHEUERER & AHLMER 2003). Baden-Wuerttemberg lists T.
helenitis as “endangered” (BREUNIG & DEMUTH 1999). However, this species is not listed in the
red list of the “International Union for Conservation of Nature and Natural Resources” (IUCN
2012).

The above treatments of T. helenitis as “vulnerable” or even “endangered” in the red lists
primarily reflects the loss of its habitats as mentioned in section 1.1. In the Austrian red list of
the 1980’s T. helenitis was listed as “vulnerable” (NIKLFELD et al. 1986), but this changed to
“endangered” 13 years after. Factors promoting this loss of habitat involve intensification of
agriculture, fertilization, succession or reforestation, as well as natural scarcity (STOHR 2009).
This can be also recognized in the distribution map (Fig. 1), where most records in the northern
part of the species’ range in Germany date from before 1950 (white circles). Only a few
quadrants have been confirmed after 1980, especially in the lower Franconia/Thuringia region
(black circles). The southern region near the Alps seems to have suffered less from habitat loss,
because nearly all observations have been confirmed after 1950. In Switzerland, most of the
guadrants have not been confirmed after 1982 and only a few recent populations are
mentioned. Based on the newly compiled map of ssp. salisburgensis populations and mixed
stands (Fig. 7), it appear that populations in the central Flachgau went extinct, which in
particular relates to populations in Salzburg City and the Ursprunger Moor. These regions have
been heavily urbanized during the last centuries and/or have a high proportion of intensively
used grasslands. Many populations of T. helenitis recorded at the border of Salzburg province
and Upper Austria have also been confirmed after 1980 (and in the present study). “Hot spots”
of T. helenitis in Austria are the Untersberg region and areas just north of the Fuschlsee.

The genetic data, however, do not reflect the loss of habitats. The “isolation of distance”
pattern found at the broad regional scale (Fig. 34a) shows that populations are at an
equilibrium between gene flow and genetic drift, implying they are stable and not genetically
isolated (also at smaller geographic scales, Fig. 34b). Furthermore, population genetic
differentiation is low throughout the whole sampling area (Figs. 10, 20), suggesting ongoing or
only recently interrupted gene flow. Nevertheless, probably the time since habitat
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fragmentation had started (60 to 70 years ago) has not been long enough to shape the genetic
pattern (AGUILAR et al. 2008, YUAN et al. 2012).

4.4.4. Self-incompatibility tests

There are contradicting reports in the literature regarding the breeding (compatibility) system
of T. helenitis. While KRACH (2000) mentions that T. helenitis is self-incompatible, like the other
Tephroseris species, KLOTz et al. (2002) asserts that T. helenitis is self-compatible for the same
reasons. However, recent surveys of the breeding system of T. integrifolia have shown that this
species is self-incompatible (ISAKSSON 2009, paper Il). Therein it is also mentioned that the self-
incompatibility (SI) system of T. integrifolia is assumed to be sporophytic, because all SI
systems of the Asteraceae family are sporophytic. Own observations of 19 T. helenitis plants at
two sites (field and botanical garden) have shown that this species is clearly self-incompatible,
too. Only one bagged individual of the field site formed <5% mature achenes, but which is still
much less than observed in reference individuals grown under conditions of open-pollination
(usually 50-70% mature achenes; min. 15%, max. 100%).

4.5.0utlook

The above mentioned morphological and genetic characters (as well as additional ones)
potentially differentiating the subspecies (besides the achene indumentum) need to be
investigated in more populations and ideally under common garden conditions. Especially the
presence or absence of ray flowers should be investigated in several populations throughout
the whole hybrid zone and adjacent areas. Soil samples have already been taken from six
populations (ADN1, AMM1, AMM2, FEN1, GEO1, LAU1), whereby two populations are from
the western part of the sampling area (AMM1, AMM2), two are from the central part (FEN1,
GEO1) and another two are from the eastern part (ADN1, LAU1). Based on these and possibly
additional samples, differences in edaphic habitat preferences might become apparent with
the prediction of a clinal pattern that fits the clinal pattern of achene type and genetic data.
This should be complemented by an analysis of climatic factors across the study area.

Clearly, more analytical work is also needed concerning those AFLP loci, which show a clinal
distribution of allele frequencies. There are programs available to infer the centre and width of
a hybrid zone such as CFIT (GAY et al. 2008) and which are increasingly used for inferring
properties of such hybrid zones. CFIT is cited 30 times in the Web of Science
(http://wokinfo.com; 10.04.2012) with 20 publications in 2011. Most of them focused on
hybrid zones in birds (IRWIN et al. 2009, BARROWCLOUGH et al. 2011, Toews et al. 2011) and
insects (GOMPERT et al. 2010, VEDENINA 2011, WitTkopp et al. 2011), while only one such
publication dealt with plants (BRENNAN et al. 2009). Another interesting topic would be the
reconstruction of the potential range of T. helenitis’ at the LGM using “ecological nine
modelling” (PHILLIPS et al. 2006, WALTARI et al. 2007, QI et al. 2012, SAKAGUCHI et al. 2012).
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Conclusions

Individuals with pubescent achenes (ssp. helenitis) were found throughout the whole study
area, while individuals with glabrous or sparsely hairy achenes (ssp. salisburgensis) occur only
east of the Munich area. The majority of populations in the common distribution range are
mixed stands exhibiting both achene types. Subspecies helenitis is much more frequent in
populations in Salzburg province than expected from the literature. Possibly older herbarium
specimens were ascribed to ssp. salisburgensis because of other characters than achene
indumentum or ssp. salisburgensis was expected as a local form of T. helenitis and ssp.
helenitis was simply not taken into account. Nevertheless, ssp. salisburgensis predominates in
this region and was found only east of the Munich area, which conforms to the literature.

Genetic data (individual-based AFLP data) neither separates subspp. helenitis and
salisburgensis according to their achene indumentum nor any other morphological character.
It can be presumed that the subspecies are not reproductively isolated, and achene
indumentum as well as other supposedly diagnostic morphological characters proved to be
unsuitable for subspecies designation. Furthermore, no other morphological character was
found to be associated with achene indumentum and could be used as a further reliable
character for subspecies differentiation. Differences in microhabitat requirements between
the two subspecies were not found according to associated plant species in the direct
neighborhood of T. helenitis individuals. Instead, the vegetation data clearly separated the four
populations surveyed.

Due to the fact that subspp. salisburgensis and helenitis cannot be separated by their AFLP
profiles, their occurrence in sympatry (nearly all populations within the alleged distribution
range of ssp. salisburgensis are mixed stands exhibiting both achene types viz. subspecies), and
the lack of possible ecological differences, it is considered that the rank “subspecies” is set too
high at least for ssp. salisburgensis and that it should be classified as “variety”.

The population genetic history of T. helenitis was inferred by intra-population genetic
diversity measures. A gradual decrease of genetic diversity along a geographic gradient from
western populations, which occupy formerly unglaciated terrain at the LGM, to eastern
populations, which occur in formerly glaciated areas, could not be observed ruling out a broad-
scale postglacial recolonization scenario from west to east. Instead, genetic diversity measures
show a mosaic-like pattern, suggesting postglacial small-scale recolonization from (multiple)
local refugia, which could be located close to regions currently exhibiting high genetic
diversities and rarities, such as the Ammersee and Untersberg region. Nonetheless,
populations of T. helenitis form an “isolation by distance” pattern, implying an equilibrium of
gene flow and genetic drift and thus fairly stable population demographies in recent history.

The existence of a hybrid zone between subspp. salisburgensis and helenitis is supported by
(i) high genetic admixture according to Bayesian clustering programs; (ii) low genetic
differentiation obtained by genetic distance approaches; (iii) a high density of inflection points
of single AFLP loci; and (iv) intermediate types of achene indumentum in the central and
eastern parts of the study area. The putative hybrid zone extends from the Ammersee region
in the west to the easternmost populations in the Attersee region. The centre of the hybrid
zone was inferred to be situated between the Miesbach region in the west and the Untersberg
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region in the east. Within this zone, genetic admixture, the density of inflection points and the
proportion of intermediate (sparsely hairy) achene types were highest.

Distinguishing between a primary and secondary hybrid zone mainly followed the reasoning
of FUTUYMA (2007), whereby single AFLP loci under selection are expected to show clines either
at different positions (primary hybrid zone) or at close positions (secondary hybrid zone) along
a geographic gradient. AFLP loci under divergent selection of T. helenitis were identified with
programs detecting Fs; outlier loci (BAYESCAN, MCHEZA). For three Fs; outlier loci a significant
cline was found, with their inflection points located within a longitudinal range of 90 km
(1.20°). This is taken as evidence for a primary hybrid zone. The existence of a secondary
hybrid zone was tested using intra-population genetic diversities, where a peak of genetic
diversity would be expected at the centre of the secondary hybrid zone. However, the genetic
diversities of T. helenitis populations are distributed in mosaic-like patches, with “diversity
hotspots” occurring in the Ammersee and Untersberg regions. These regions are located at the
border or outside the hybrid zone (Ammersee region) or do not present clear peaks of genetic
diversity compared to surrounding populations (Untersberg region). Therefore, these (genetic
diversity) data do not support the existence of a secondary hybrid zone.
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Appendix

A. Appendix

Table 26. Population numbers and codes, observed data, number of individuals, sampling sites, habitats,
geographical coordinates, altitude, collectors and collection date for populations of Tephroseris helenitis at the
northern fringe of the Alps and used outgroups. Abbreviations: A, Austria; AFLP, number of AFLP profiles used
for genetic data analyses; B, Bavaria; BW, Baden-Wuerttemberg; DNA, samples for DNA Extraction; G, Germany;
1, Italy; L, Lower Austria; N, total number of individuals for DNA samples and recorded for achene indumentum; P,
Piedmont; S, Salzburg; SV, Slovenia; Tc, Tephroseris crispa, Ti, T. integrifolia, Th, T. helenitis; Thh, T. helenitis ssp.
helenitis; Ths, T. helenitis ssp. salisburgensis; T, Tephroseris cf. longifolia; Tt, T. cf. tenuifolia; U, Upper Austria;
UC, Upper Carniola.
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Andreas
o1 | Thh | NUS1 | X 2u|10|10]6 [Bw| 27kmS wet 8.8903 | 482072 | 705 | TTOSEN& 11605 5010
Nusplingen meadow Georg
Pflugbeil
Andreas
steep, Tribsch,
2.5km W rocky Georg
Hayingen, deciduous Pflugbeil,
02 | Thh | HAY1 |x 10[10| 9 | G | BW 9.4392 | 48.2733 | 628 09.05.2010
close to the wood and Wolfgang
cave earthy rock Riedel &
steps Georg
Pangerl
3.4 km SSE road
03 | Thh | HAM1 | x 5 5 51|G B Hammelburg, embank- 9.9214 | 50.0853 | 329 | Lenz Meierott | 12.05.2010
"Roederwald" ment
Andreas
0.5km NW wet Tg:;ih’
04 | Thh | MARL | x 20|10 8 | G B | Margertshau- 10.7033 | 48.3133 | 509 8 09.05.2010
meadow Pflugbeil &
sen
Thomas
Meyer
3.4kmS
Utting a. A., fen Christian
05 | Thh | AMM1 | x| x 20|10 8 | G B NSG Seehols meadow 11.0943 | 47.9885 | 540 Niederbichler 08.06.2009
und Seewiese
1 km E Eching
am -
Christian
06 | Thh | AMM2 | x| x 17 |10 | 4 G B Ammersee, fen 11.1288 | 48.0850 | 530 . . 09.06.2009
Niederbichler
NSG
Ampermoos
1.4kmN
Herrsching Christian
07 | Thh | AMM3 | x| x 20110 | 4 G B fen 11.1837 | 48.0116 | 535 . . 12.06.2009
am Niederbichler
Ammersee
Thh Holzkirchen, wet Geor
08 + KOE1 | x| x 21|10| 5| G B 0.45 km NW 11.6338 | 47.8293 | 719 g, 06.06.2009
meadow Pflugbeil
Ths Koegelsberg
Waakirchen, drained Georn
09 | Thh | GEO1 | x|x|x|x| 15|15 |11 | G B 0.4 km N wet 11.7043 | 47.7590 | 777 g, 06.06.2009
. Pflugbeil
Georgenried meadow
Thh Weyarn, 1.6 wet Geor,
10 + | MOO1 | x| x 20(10( 6 | G B ¥ 11.7849 | 47.8240 | 687 g, 06.06.2009
Ths km W Gotzing | meadow Pflugbeil
Thh Weyarn, 0.6 wet Geor
11 + FEN1 | x| x 22105 |G B km SO 11.8072 | 47.8764 | 648 8 06.06.2009
meadow Pflugbeil
Ths Fentbach
Bergener fen Andreas
12a | Ths | BER1 |x 8|0]|0]|G B | Moos, 1.5 km 12.5728 | 47.8081 | 544 . 03.07.2006
meadow Tribsch
W Bergen
Bergener fen Andreas
12b | Th BER2 | x 2000 |0 |G B | Moos, 1.5 km 12.5678 | 47.8047 | 544 . 03.07.2006
W Bergen meadow Tribsch
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Bergener fen Christian
12c | Th BER3 2 2 0 Moos, 1.5 km 12.5700 | 47.8112 | 544 . . 14.06.2006
meadow Niederbichler
W Bergen
Thh Bergener fen Christian
12d + BER4 6 6 1 Moos, 1.5 km 12.5624 | 47.8009 | 544 . . 01.07.2006
meadow Niederbichler
Ths W Bergen
Thh Bergener fen Christian
12e + BERS 18 (10 | 4 Moos, 1.5 km 12.5676 | 47.8058 | 540 . K 15.06.2009
meadow Niederbichler
Ths W Bergen
Sagmeister, 3
km W Georg
13 Th SUR1 6 6 0 X fen fallow | 12.7415 | 47.8591 | 523 . 25.05.2009
Oberteisen- Pflugbeil
dorf
0.4 km NW
Moosen, SO- Geor
14 Th SCH1 14 |10 | 8 edge of the limy fen 12.8830 | 47.8856 | 420 Pfl biil 25.05.2009
Schénramer ug
Filz
Thh 0.2 km W wet Geor
15 + LAU1 20 | 20 | 18 StraR, 2 km W 12.8943 | 47.9429 | 422 g' 25.05.2009
meadow Pflugbeil
Ths Laufen
GroRgmain,
Thh Holzeck, 3.8 me\gjtt)w H(?Q;Z::r
16 + UNT3 14 |10 | 8 km NE ! 12.9389 | 47.7514 | 471 20.06.2006
. Schoene- Andreas
Ths GroRgmain, tum Tribsch
'Stoehr 34'
GroRgmain, wet Hans-Peter
17 | Ths | UNT2 707 |a 41kmNE | meadow, | 1) gu00 | 477508 | 48 | T & | 20062006
GroRgmain, Schoene- Andreas
'Stoehr 23' tum Tribsch
GroRgmain, Hans-Peter
Thh 5.0 km NE wet Comes &
18 + UNT1 31|10]| 7 ) R 12.9467 | 47.7606 | 481 20.06.2006
Ths GroRgmain, meadow Andreas
'Stoehr 18' Tribsch
Thh :a;imissg wet Hans-Peter
19 + LAN1 20|10 | 8 ’ . 12.9675 | 47.7400 | 610 28.06.2006
Ths GroRgmain, meadow Comes
'Stoehr 45'
Viehausen,
Thh Salzweg to wet Hans-Peter
20 + VIE1 35110 | 9 Fuersten- meadow 12.9869 | 47.7575 | 449 Comes 23.06.2006
Ths brunn, 'OENB-
Wiese'
Fuerstenbrun Hans-Peter
Thh n, 0.3 km NE wet Comes &
21a + EST1 30| 0 0 L 12.9994 | 47.7539 | 430 20.06.2006
Ths Restaurant meadow Andreas
Esterer Tribsch
Fuersten-
Thh brunn, 0.3 km wet Geor
21b | + | EST2 20|20 | 15 NE © 12.9994 | 47.7533 | 430 €OTE 1 20.05.2009
meadow Pflugbeil
Ths Restaurant
Esterer
Thh Adnet, 0.25 wet Hggr:::t;r
22a + ADN1 31 (10| 9 L 13.1320 | 47.6941 | 469 - 22.06.2006
km S Adnet meadow Christian
Ths X
Eichberger
Adnet, 0.25 wet Georg
22b | Ths | ADN2 20 | 20 | 17 km'S Adnet meadow 13.1290 | 47.6942 | 469 Pflugbeil 23.05.2009
23 | Th | PALL 222 1.2 km NNE fen 13.1377 | 48.0245 | 506 GeOr8 | 9.08.2009
Palting, Imsee Pflugbeil
Thh Es:tl(e;n I:I)::t et Christian
24 | + | Kop1 2|10] 7 PP W 13.1511 | 47.8044 | 756 -nristl 05.07.2006
Ths Moor, 0.6 km meadow Eichberger
SW Koppl
Thh 1.9 km NE . o e
25 | + | kuct 33(10] 4 Kuchl, we 13.1617 | 47.6375 | 466 omes 22.06.2006
. meadow Christian
Ths Freimoos X
Eichberger
Woerlemoos
0.8 km ESE
26 | Ths | WOE1L 20|10 s Unzing, 5.5 wet 13.1839 | 47.8633 | 503 | MU | 59 06 5006
km SE meadow Eichberger
Seekirchen a.
Wallersee
Hof bei
Salzburg,
27 | Ths | FUS1 33103 Baderluck, 0.8 |~ wet 132475 | 478133 | 672 | A3 155 06.2006
km NW meadow Tribsch

Schloss Fuschl
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Thalgau, Egg,
Thh "Stilles Tal" wet Christian
28 + STI1 X 3210|110 | A S 13.2875 | 47.8117 | 715 X 29.06.2006
2.2 km NW meadow Eichberger
Ths
Fuschl am See
3.1 km SSE
Oberwang, Georg
Thh close to tht; wet Pflugbeil,
29 + HAS1 x| x 10 (10| 7 A U 13.4517 | 47.8411 | 616 Ursula Jaros | 22.05.2010
Th Haslau-Moos, meadow & Franz
’ 1,49%km W Ho, Iirsner
Riedlbach sing
1.4 km W Georg
Thh Seewalchen, wet Pflugbeil,
30 + GER1 x| x 20|15 |12 | A U Litztlberg, 13.5578 | 47.9522 | 512 Ursula Jaros | 22.05.2010
meadow
Ths Gerlhamer & Franz
Moor Hoglinger
Colle forest
caprauna, glade, Georg
31 Tt ORM1 15| 5 5 | P 2.6km E northern 7.9327 | 44.1286 | 1535 pflugbeil 27.06.2009
Ormea slope
Perchtolds-
dorfer Heide, dry
. 'Kleine Heide', | grassland Andreas
32 Ti PER1 10| 5 2 A L 1.0 km WNW on 16.2519 | 48.1222 | 330 Tribsch 21.04.2007
Perchtolds- carbonate
dorf
Preddvor, open
path from St. ra.fsland
Jakob - gre 00|
33 | TI | kARl 515 |5 |sv|uc| Western Nan 144417 | 463333 | - nareas 1 10.06.2006
beech Tribsch
slope of 1400
forest, on
Javorov Vrh - limestone
Hudicev Borst
St. Koloman,
along the swampy
34 | Tc | sTKL 5 s |5 |al|s | roadtothe | htten |13.2325 | 47.6367 | 960 | A3 | 19052007
Trattberg, Tribsch
wood
near
Kerzenbrunn
Table 27. Example of sample arrangement in a 48-well PCR plate.
A B C D E F G H
6 NUS1_04 NUS1_05 NUS1_06 NUS1_07 NUS1_08 - UNT3_07_R B
5 HAY1_06 HAY1_07 HAY1_08 HAY1_09 HAY1_10 NUS1_01 NUS1_02 NUS1_03
4 MAR1_12 MAR1_19 MAR1_20 HAY1_01 HAY1_02 HAY1_03 HAY1_04 HAY1_05
3 PAL1_02 MAR1_01 MAR1_02 MAR1_03 MAR1_04 MAR1_05 MAR1_10 MAR1_11
2 STI1_04 STI1_05 STI1_06 STI1_07 STI1_08 STI1_09 STI1_10 PAL1_01
1 UNT3_06 UNT3_07 UNT3_08 UNT3_09 UNT3_10 STI1_01 STI1_02 STI1_03

Table 28. Adaptor names and sequences.

Adaptor name

DNA sequence

Supplier
EcoRI-1 Eurofins MWG Operon (Ebersberg, Germany) | 5-CTCGTAGACTGCGTACC-3'
EcoRI-2 Eurofins MWG Operon (Ebersberg, Germany) | 5-AATTGGTACGCAGTCTAC-3’
Msel-1 Eurofins MWG Operon (Ebersberg, Germany) | 5-GACGATGAGTCCTGAG-3*
Msel-2 Eurofins MWG Operon (Ebersberg, Germany) | 5-TACTCAGGACTCAT-3'
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Table 29. Reaction mix for the Restriction/Ligation.

Reagent Supplier Volume [ul]
double distilled H,0O 2.87
T4 DNA Ligase buffer (10x) Promega 1.10
NaCl (0.5M) Sigma Aldrich (St. Louis, USA) 1.10
Bovine Serum Albumine (1 mg/ ml) | Thermo Fisher Scientific 0.55
EcoRI adaptor pair (5 pmol/ ul) Eurofins MWG Operon 1.00
Msel adaptor pair (50 pmol/ pl) Eurofins MWG Operon 1.00
EcoRI (80 U/ ul) Promega 0.06
Msel (50 U/ ul) New England Biolabs (Ipswich, USA) | 0.02
T4 DNA Ligase (3 U/ pl) Promega 0.30
Total 8.00

Table 30. Reaction mix for the preselective amplification.

Reagent Supplier Volume [ul]
double distilled H,0O 5.10
GoTaq® reaction buffer, green (5x) Promega 2.00
dNTP mix (10mM of each nucleotide) | Applied Biosystems 0.22
EcoRI+A primer (10 pmol/ pl) Eurofins MWG Operon | 0.29
Msel+C primer (10 pmol/ pl) Eurofins MWG Operon | 0.29
GoTaq® DNA Polymerase (5 U/ ul) Promega 0.10
Total 8.00

Table 31. Primer names and sequences used for preselective amplification.

Primer name (supplier: Eurofins MWG Operon) | DNA sequence

EcoRI+A 5’- GACTGCGTACCAATTCA-3’

Msel+C 5’- GATGAGTCCTGAGTAAC-3’
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Table 32. PCR program for the preselective amplification.

PCR step Temperature [°C] | Duration [min]
Initial hold 72 2
30 cycles (ramp time: 90%) | 94 0.5
56 0.5
72 1
Final holds 72 10
4 oo

Table 33. Tested primer pairs for the selective amplification and the prior used preselective primer pairs.

Primer | Primer name (supplier: DNA sequence Presel.
number | Eurofins MWG Operon) primer
FAM1 EcoRI+ACT 5’-GACTGCGTACCAATTCACT-3’ EcoRI+A
Msel+CAG 5’-GATGAGTCCTGAGTAACAG-3’ Msel+C
FAM2 EcoRI+ACA 5’-GACTGCGTACCAATTCACA-3’ EcoRI+A
Msel+CAC 5’-GATGAGTCCTGAGTAACAC-3’ Msel+C
FAM3 EcoRI+AGA 5’-GACTGCGTACCAATTCAGA-3’ EcoRI+A
Msel+CAC 5’-GATGAGTCCTGAGTAACAC-3’ Msel+C
FAMA4 EcoRI+AGA 5’-GACTGCGTACCAATTCAGA-3’ EcoRI+A
Msel+CATT 5’-GATGAGTCCTGAGTAACATT-3’ Msel+CA
FAMS5 EcoRI+ACA 5’-GACTGCGTACCAATTCACA-3’ EcoRI+A
Msel+CAGC 5’-GATGAGTCCTGAGTAACAGC-3’ Msel+CA
FAM6 EcoRI+ACA 5’-GACTGCGTACCAATTCACA-3’ EcoRI+A
Msel+CTCG 5’-GATGAGTCCTGAGTAACTCG-3’ Msel+CT
NED1 EcoRI+AGC 5’-GACTGCGTACCAATTCAGC-3’ EcoRI+A
Msel+CAG 5’-GATGAGTCCTGAGTAACAG-3’ Msel+C
NED2 EcoRI+ACA 5’-GACTGCGTACCAATTCACA-3’ EcoRI+A
Msel+CTA 5’-GATGAGTCCTGAGTAACTA-3’ Msel+C
NED3 EcoRI+ACC 5’-GACTGCGTACCAATTCACC-3’ EcoRI+A
Msel+CAG 5’-GATGAGTCCTGAGTAACAG-3’ Msel+C
NED4 EcoRI+ACA 5’-GACTGCGTACCAATTCACA-3’ EcoRI+A
Msel+CAGG 5’-GATGAGTCCTGAGTAACAGG-3’ Msel+CA
NED5 EcoRI+ACC 5’-GACTGCGTACCAATTCACC-3’ EcoRI+A
Msel+CAGA 5’-GATGAGTCCTGAGTAACAGA-3’ Msel+CA
NED6 EcoRI+AGC 5’-GACTGCGTACCAATTCAGC-3’ EcoRI+A
Msel+CTGA 5’-GATGAGTCCTGAGTAACTGA-3’ Msel+CT
VIC1 EcoRI+ACG 5’-GACTGCGTACCAATTCACG-3’ EcoRI+A
Msel+CAT 5’-GATGAGTCCTGAGTAACAT-3’ Msel+C
VIC2 EcoRI+AGG 5’-GACTGCGTACCAATTCAGG-3’ EcoRI+A
Msel+CAA 5’-GATGAGTCCTGAGTAACAA-3’ Msel+C
VIC3 EcoRI+AGG 5’-GACTGCGTACCAATTCAGG-3’ EcoRI+A
Msel+CAT 5’-GATGAGTCCTGAGTAACAT-3’ Msel+C
VIC4 EcoRI+AGA 5’-GACTGCGTACCAATTCAGA-3’ EcoRI+A
Msel+CTCA 5’-GATGAGTCCTGAGTAACTCA-3’ Msel+CT
VIC5 EcoRIH+AAG 5’-GACTGCGTACCAATTCAAG-3’ EcoRI+A
Msel+CTGA 5’-GATGAGTCCTGAGTAACTGA-3’ Msel+CT
VIC6 EcoRI+AGG 5’-GACTGCGTACCAATTCAGG-3’ EcoRI+A
Msel+CAGT 5’-GATGAGTCCTGAGTAACAGT-3’ Msel+CA
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Table 34. Selected primer pairs for the selective amplification.

Fluorescent label | Primer number | Primer name | DNA sequence

6-FAM FAM3 EcoRI+AGA 5’-GACTGCGTACCAATTCAGA-3’
Msel+CAC 5’-GATGAGTCCTGAGTAACAC-3’

NED NED1 EcoRI+AGC 5’-GACTGCGTACCAATTCAGC-3’
Msel+CAG 5’-GATGAGTCCTGAGTAACAG-3’

VIC VIC1 EcoRI+ACG 5’-GACTGCGTACCAATTCACG-3’
Msel+CAT 5’-GATGAGTCCTGAGTAACAT-3’

Table 35. Reaction mix for the selective amplification.

Reagent Supplier Volume [ul]
double distilled H,0O 5.36
GoTaq® reaction buffer, green (5x) Promega 2.00
dNTP mix (10mM of each nucleotide) | Applied Biosystems 0.22
EcoRI+ANN primer (10 pmol/ pl) Eurofins MWG Operon | 0.05
Msel+CNN primer (10 pmol/ pl) Eurofins MWG Operon | 0.27
GoTaq® DNA Polymerase (5 U/ ul) Promega 0.10

Table 36. PCR program for the selective amplification.

PCR step Temperature [°C] | Duration [min]
initial hold 95 10
13 cycles (ramp time: 90%) | 94 0.5
65 1
72 1
23 cycles (ramp time: 90%) | 94 0.5
56 1
72 1
final holds 72 10
4 oo

Table 37. ET550-R-ROX-MegaBace™-Standard dilution.

Reagents Supplier Volume [ul]
ET550-R-ROX-MegaBACE™-Standard | GE Healthcare Bio-Sciences | 0.1

double distilled H,0O 12.9

total 13.0

119



Appendix

Table 38. MegaBACE settings.

Parameter Setting
sample injection voltage | 4 kV
injection time 25 sec
running voltage 10 kv
running time 70 min

chemistry

GT Dye Set 2 (ET-ROX; FAM; NED; HEX)

Table 39. Color separation matrix used in DAx.

1.0000 | 0.0654 | 0.0978 | 0.0498

0.1118 | 1.0000 | 0.0019 | 0.0107

0.3993 | 0.0211 | 1.0000 | 0.5795

0.0075 | 0.0341 | 0.3820 1.000

Table 40. Settings for the automatic peak search in DAx.

Fluorescent color | Parameter Setting
FAM minimum area | 0.004
noise level 3.8
NED minimum area | 0.400
noise level 10.0
VIC minimum area | 0.040
noise level 3.8
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