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CHAPTER 1

General introduction

Current species distribution in Europe was mainly influenced by massive
climatic and environmental changes during the Quaternary period (Hofreiter
& Stewart 2009). Alteration of glacials and interglacials caused contractions
and expansions of species ranges (Hewitt 1996; Taberlet et al. 1998). Last Ice
Age, especially the Late Pleniglacial (LPG), was an interval of the most extreme
glacial conditions and, by extension, the maximum contraction of tree
populations (Tzedakis et al. 2013). This interval, which lasted from 15 000 to
24 000 cal. yr BP (Tzedakis et al. 2013), certainly had major effect on current
distribution of European species (e.g. Bennett et al. 1991; Taberlet 1998;
Hewitt 1999).

During last few decades, different theories concerning survival of tree
species during the LPG period in Europe were proposed (Huntley & Birks 1983;
Bennett et al. 1991; Frenzel et al. 1992; Willis et al. 2000; Stewart & Lister
2001; Parducci et al. 2012; Tzedakis et al. 2013). First concept known as tree-
less tundra model or the classical southern refugium theory was based on
palaeoecological records and first genetic studies (Huntley & Birks 1983;
Bennett et al. 1991; Frenzel et al. 1992; Hewitt 1996, 1999; Taberlet et al.
1998). According to this theory only south of Europe provided topography and
climatic conditions suitable for long term survival of many tree species
through the climatic cycles (Hewitt 1999; Tzedakis et al. 2002). In the contrary,

according to second theory, known as concept of cryptic refugia, southern
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refugia for animal and plant taxa were supplemented by cryptic refugia in

northern parts (Stewart & Lister 2001). Despite the fact that there are many
evidences supporting this theory both for boreal and temperate tree species,
including plenty direct evidences from fossil and genetic analysis (e.g. Willis &
Van Andel 2004; Binney et al. 2009; Parducci et al. 2012; De Lafontaine et al.
2013, 2014), the importance of northern cryptic refugia is still under active
debate (Birks et al. 2012; Tzedakis et al. 2013, Huntley 2014).
Phylogeographic studies have shown that refugia of many European tree
species were located in southern European Peninsulas (King & Ferris 1998;
Palmé & Vendramin 2002; Grivet & Petit 2003) and the most common
migration route was the postglacial colonization from the Balkan Peninsula
(King & Ferris 1998; Grivet & Petit 2003; Hampe et al. 2003; Cottrell et al.
2005; Cornille et al. 2013). From genetic data there is nearly no evidence
pointing to existence of northern refugia for temperate trees. On the other
hand, refugia in northern areas such as northern Carpathians, Russian plains
and central Europe were commonly proposed for boreal tree species (Palmé
et al. 2003a, b; Cheddadi et al. 2006; Maliouchenko et al. 2007; Tollefsrud et
al. 2008). Despite previous phylogeographic studies have brought valuable
knowledge about postglacial colonization of European tree species, they still
have suffered from many limits such as insufficient geographical sampling and
using of less variable genetic markers. It was shown that studies which
combined different methods, ideally review the fossil data and analyse

sufficient number of samples across the whole distribution range by more

N\ : /




CESKA ZEMEDELSKA UNIVERZITA V PRAZE
molecular markers, can shed a new light on geographical position of glacial

refugia and postglacial migration routes (Cheddadi et al. 2006; Magri et al.
2006). Moreover, using more variable molecular markers such as
microsatellites can provide us more detailed picture of postglacial
colonization (Heuertz et al. 2004b; Tollefsrud et al. 2009; Cornille et al. 2013).

There are several reasons, why black alder (Alnus glutinosa) and grey alder
(Alnus incana) are suitable species for new phylogeographic study: (1)
Studying these two species enable us to compare postglacial histories of
temperate tree (A. glutinosa) and boreal tree (A. incana) which are expected
to differ significantly. (2) These two species cannot always be successfully
distinguished based on pollen and macrofossil remains (Huntley & Birks 1983).
(3) Distributions of both alders have not been largely expanded by human
reforestation; thus there are plenty of non-planted stands especially on
waterlogged sites. (4) Alnus species are keystones of alluvial and wetland
habitats (Douda et al. 2009; Douda 2010) distributed through the European
forest zones from the northern treeline to the Mediterranean, therefore
understanding the past history and postglacial migration pattern of Alnus
populations may help understand the resistance and resilience of wetland
forest habitats to global climate change (Erwin 2008; Garssen et al. 2015). (5)
There are substantial gaps in reconstructions of postglacial histories of
A. glutinosa and A. incana in Europe. It partly results from difficulties with

species determination only from fossil records (Huntley & Birks 1983) and

/

partly from the lack of molecular studies.
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Aims, questions and hypothesis of dissertation thesis

My dissertation thesis aims to combine information from fossil records and
genetic analysis to improve knowledge on locations of glacial refugia and
postglacial colonization routes of Alnus glutinosa and Alnus incana. To find
more details, our molecular study will be based on extensive population
sampling, will test hypotheses coming from comprehensive fossil analysis and
will combine two genetic markers, i.e. chloroplast DNA and microsatellites.
Maternally inherited cpDNA will give us coarse picture of individual haplotype
distribution all over Europe and recombining genetic marker, i.e.
microsatellites, will provide us with precise information concerning
population-genetic structure, gene flow among populations, the degree of
inbreeding and isolation by distance. Based on the results, important
guestions concerning the postglacial colonization and changes in genetic
pattern of populations during the last glacial cycle in Europe will be able to be
answered. The thesis will shed light up on: (i) refugia of A. glutinosa and
A. incana important for postglacial colonization of Europe, (ii) possible
existence of northerly located refugia in the proximity of glacier, (iii)
postglacial migration routes of both Alnus species and (iv) character of
colonization, i.e. form of dispersal, gene flow among populations and loss of
genetic variation during migration.

Using published data (Tallantire 1974; Huntley & Birks 1983; Chambers &
Elliott 1989; Hewitt 1996; King & Ferris 1998; Cruzan & Templeton 2000;
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Stewart & Lister 2001; Willis & Van Andel 2004) | formulated a set of specific

guestions and hypotheses that can be directly tested by empirical data.

Q1: Did A. glutinosa and A. incana differ in geographic position of their source
refugia for postglacial colonization? Did they colonize Europe from single
source area or from multiple refugia? More cold-tolerant A. incana could be
present in the central and eastern European mountain areas and north-west
Russia lowlands, whereas southern European peninsulas and lowlands with
large rivers in south-west Russia and Ukraine could be the main effective
refugia for A. glutinosa (H1).

Q2: Did refugia of alders occur in the proximity of glaciers during the LPG; if
so, which role did they play during colonization of Europe? Several northern
areas such as southeast Great Britain, central Germany, Czech Republic and
north-west Russia could be refugia of alders during the LPG (H2).

Q3: Do A.glutinosa and A. incana differ in their genetic population
subdivision? We hypothesize that A. glutinosa as the more sensitive species
to unfavourable climate will be characterized by higher genetic differentiation
than A. incana due to its retirement to more isolated southern refugia during
the last glaciation (H3).

Q4: What role did the long-distance dispersal events play during colonization
of alder species? The coarse patch patterns in genetic subdivision will be
apparent, if the rare long-distance dispersal events were important during the

colonization process (H4).
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Q5: Does genetic variation change with distance to source area of

Holocene range expansion? A decrease of genetic variation along with an
increasing distance from glacial refugia is expected due to the process of

genetic drift following the expansion (H5)
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CHAPTER 2

Migration patterns of subgenus Alnus in Europe since the Last

Glacial Maximum

Abstract

Recently, new palaeoecological records supported by molecular analyses and
palaeodistributional modelling have provided more comprehensive insights
into plant behaviour during the last Quaternary cycle. We reviewed the
migration history of species of subgenus Alnus during the last 50 000 years in
Europe with a focus on (1) a general revision of Alnus history since the Last
Glacial Maximum (LGM), (2) evidence of northern refugia of Alnus populations
during the LGM and (3) the specific history of Alnus in particular European
regions.

We determined changes in Alnus distribution on the basis of 811 and 68
radiocarbon-dated pollen and macrofossil sites, respectively. We compiled
data from the European Pollen Database, the Czech Quaternary Palynological
Database, the Eurasian Macrofossil Database and additional literature. Pollen
percentage thresholds indicating expansions or retreats were used to
describe patterns of past Alnus occurrence.

An expansion of Alnus during the Late Glacial and early Holocene periods
supports the presence of alders during the LGM in southern peninsulas and
northerly areas in western Europe, the foothills of the Alps, the Carpathians

and northeastern Europe. After glaciers withdrew, the ice-free area of Europe
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was likely colonized from several regional refugia; the deglaciated area of

Scandinavia was likely colonized from a single refugium in northeastern
Europe. In the more northerly parts of Europe, we found a scale-dependent
pattern of Alnus expansion characterised by a synchronous increase of Alnus
within individual regions, though with regional differences in the times of the
expansion. In southern peninsulas, the Alps and the Carpathians, by contrast,
it seems that Alnus expanded differently at individual sites rather than
synchronously in whole regions.

Our synthesis supports the idea that northern LGM populations were
important sources of postglacial Alnus expansion. The delayed Alnus
expansion apparent in some regions was likely a result of environmental

limitations.

Citation: Migration patterns of subgenus Alnus in Europe since the Last Glacial
Maximum: a systematic review. PloS one, 2014, 9, e88709.

Autorship: Douda J, Doudova J, Drasnarova A, Kunes$ P, Hadincova V, Krak K,
Zakravsky P, Mandak B

Keywords: colonization, Holocene, Late Glacial period, LGM refugia, plant
macrofossil remains, pollen records, regional differences, species

expansion, trees
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CHAPTER 3

Cross-amplification and multiplexing of SSR markers for Alnus

glutinosa and A. incana

Abstract.

We investigated 39 previously developed Betula, Alnus, and Corylus simple
sequence repeat (SSR) markers for their utility in the cross-generic
amplification of two European alder species, i.e., Alnus glutinosa and
A. incana. Of these markers, ten loci had successful amplification within Alnus
species.

Finally, we designed two multiplexes composed of eight and nine loci for
A. glutinosa and A. incana, respectively. Multiplexes were tested on 100
samples from five different populations of each species across Europe. The
majority of loci had a relatively high genetic diversity, were in Hardy—
Weinberg equilibrium, and showed low error rates and low occurrence of null
alleles.

By comparing sequences of source species and both Alnus species, we
concluded that repeat motifs of five of these ten loci differed from those
described for the source species. These differences represent mainly the
modifications of the original motifs and affected compound or interrupted
repeats as well as pure ones. The repeat motifs of three loci of the two alder
species also differed. These mutations could lead to erroneous estimates of
allele homology, because alleles with identical lengths will not have the same

number of repeat units. Hence, before using microsatellite markers in studies
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comparing two or more species, they should be carefully examined and

sequenced to ensure that allele homology is really stable and not affected by

various inserts that change the sequence.

Citation: Cross-amplification and multiplexing of SSR markers for Alnus
glutinosa and A. incana. Tree Genetics & Genomes, 2014, 10, 865-873.

Autorship: Drasnarova A, Krak K, Vit P, Doudova J, Douda J, Hadincova V,
Zakravsky P, Mandak B

Keywords: alder, Betulaceae, microsatellites, DNA sequencing
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CHAPTER 4

Putative glacial refugia inferred from the geographic distribution

of Alnus glutinosa cytotypes in Europe

Abstract

Polyploidy in plants is an intensively studied topic. In many groups, two or
more cytotypes represent separate biological entities with distinct
distribution, history and ecology. This paper examines the distribution and
origins of cytotypes of Alnus glutinosa in Europe, Northern Africa and Western
Asia.

Our combined approach involved flow cytometry and microsatellite
analysis of twelve loci in 2,200 plants from 209 populations together with
species distribution modelling by MIROC and CCSM climatic models to analyse
(i) ploidy and genetic variation; (ii) the origin of tetraploid A. glutinosa,
considering A. incana as a putative parent; and (iii) past distribution of the
species.

We for the first time report the occurrence of tetraploid populations of A.
glutinosa in Europe. The distribution of tetraploids is far from random,
forming two geographically well delimited clusters located in the Iberian
Peninsula and in the Dinaric Alps. Based on microsatellite analysis, both
tetraploid clusters are probably of autopolyploid origin with no indication that
A. incana was involved in their evolutionary history. A projection of the MIROC
distribution model into the Last Glacial Maximum (LGM) showed that (i)

populations occurring in the Iberian Peninsula and North Africa are likely to
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have been interconnected during the LGM, and that (ii) populations occurring

in the Dinaric Alps did not exist throughout the last glacial periods and were
retreated south into lowland areas of the Balkan Peninsula.

Newly discovered tetraploid populations are situated in the putative main
glacial refugia, and neither of them was probably involved in the colonization
of Central and Northern Europe after glacial withdrawal. This could mean that
neither the lberian Peninsula nor the western part of the Balkan Peninsula
served as effective refugial areas for northward postglacial expansion of A.

glutinosa.

Citation: Putative glacial refugia inferred from the geographic distribution of
Alnus glutinosa cytotypes in Europe. Annals of Botany, in press.

Autorship: Mandak B, Vit P, Krak K, Travni¢ek P, Havrdova A, Hadincova V,
Zakravsky P, Jarolimova V, Bacles CFE, Douda J

Keywords: Alnus, autopolyploidy, cytotype distribution, ecological niche models,

flow cytometry, glacial refugia, microsatellites.
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CHAPTER 5

Recent similarity in distribution ranges does not mean a similar
postglacial history: a phylogeographical study of the boreal tree
species Alnus incana based on microsatellite and chloroplast DNA

variation

Abstract
We reconstructed the historical pattern of postglacial biogeographic range
expansion of the boreal tree species Alnus incana in Europe.

To assess population genetic structure and diversity, we performed a
combined analysis of nuclear microsatellite loci and chloroplast DNA
sequences (65 populations, 1004 individuals).

Analysis of haplotype and microsatellite diversity revealed that (i)
southeastern refugial populations did not spread north and cannot be
considered as important source populations for postglacial recolonization of
Europe; (ii) eastern populations did not establish Fennoscandian populations;
(iii) Northern Europe, i.e. Fennoscandia and Eastern Europe, has no unique
genetic cluster, but represents a mix with a predominant cluster typical for
Central Europe; and that (iv) colonization of Fennoscandia and Eastern Europe
took place from Central Europe and founding Central-European populations
most likely in the Alps.

Our findings highlight the importance of an effective refugium in Central

Europe located outside classical southern refugia confirming the existence of
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northern refugia for boreal trees in Europe. The postglacial range expansion

of A. incana did not follow the model established for Picea abies.
Fennoscandian populations are not derived from Eastern-European ones, but

from Central-European ones that originated from populations in the Alps.

Citation: Recent similarity in distribution ranges does not mean a similar
postglacial history: a phylogeographical study of the boreal tree species
Alnus incana based on microsatellite and chloroplast DNA variation. New
Phytologist, submitted.

Autorship: Mandak B, Havrdova A, Krak K, Hadincova V, Vit P, Zakravsky P,
Douda J

Keywords: Alnus, approximate Bayesian computation, cpDNA, microsatellite,

phylogeography, population structure, postglacial migration.
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CHAPTER 6

Higher genetic diversity in recolonized areas than in refugia of

Alnus glutinosa triggered by continent-wide lineage admixture

Abstract

Genetic admixture is supposed to be an important trigger of species
expansions because it can create the potential for selection of genotypes
suitable for new climatic conditions. Up until now, however, no continent-
wide population genetic study has performed a detailed reconstruction of
admixture events during natural species expansions. To fill this gap, we
analysed the postglacial history of Alnus glutinosa, a keystone species of
European swamp habitats, across its entire distribution range using two
molecular markers, cpDNA and nuclear microsatellites.

CpDNA revealed multiple southern refugia located in the Iberian,
Apennine, Balkan and Anatolian Peninsulas, Corsica and North Africa. Analysis
of microsatellites variation revealed three main directions of postglacial
expansion: 1) from the northern part of the Iberian Peninsula to Western and
Central Europe and subsequently to the British Isles, 2) from the Apennine
Peninsula to the Alps, and 3) from the eastern part of the Balkan Peninsula to
the Carpathians followed by expansion towards the Northern European
plains. This challenges the classical paradigm that most European populations

originated from refugial areas in the Carpathians.
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It has been shown that colonizing lineages have met several times and

formed secondary contact zones with unexpectedly high population genetic
diversity in Central Europe and Scandinavia. On the contrary, limited genetic
admixture in southern refugial areas of A. glutinosa renders rear-edge
populations in the Mediterranean region more vulnerable to extinction due

to climate change.

Citation: Higher genetic diversity in recolonized areas than in refugia of Alnus
glutinosa triggered by continent-wide lineage admixture. Molecular
Ecology, in press.

Autorship: Havrdovad A, Douda J, Krak K, Vit P, Hadincova V, Zakravsky P,
Mandak B

Keywords: approximate Bayesian computation, black alder, climate change,

ice ages, phylogeography, temperate tree
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CHAPTER 7

Souhrn (summary in Czech)

Tento projekt objasnil nejenom, kde byla umisténa glacidlni refugia
evropskych dfevin a kterd z nich byla efektivni, ale také ukazal, jaké byly hlavni
sméry postglacidlni migrace. Tyto detailni vysledky bylo mozné ziskat diky
velkému mnozstvi vzorku z celého aredlu druht obou studovanych olsi (Alnus
glutinosa a A. incana), testovanim hypotéz stanovenych na zakladé fosilnich
dat pomoci molekularnich analyz a pouzitim dvou molekuldrnich marker(
liSicich se typem prenosu mezi generacemi a jejich proménlivosti. Tento
pfistup ndm umoznil zménit nékteré dlouhodobé pretrvavajici teorie a pfinesl

nové poznatky o postglacialni historii evropskych drevin.
Migrace podrodu Alnus v Evropé na zikladé paleoekologickych dat (Clanek 1)

Paleoekologicka data ukazala, Ze glacialni refugia podrodu Alnus se nachazela
v zdpadni Evropé, severnim podh(fi Alp, Rumunskych Karpatech a
v rozlehlych oblastech na severovychodé Evropy. Refugia na severovychodé
byla navic podporena nalezy makrofosilii v Polsku, Bélorusku, Litvé a LotySsku.
Z jihoevropskych refugii paleoekologicka data presvédcivé potvrdila pouze
refugium na Pyrenejském poloostrové.

Expanze podrodu Alnus v pobaltskych zemich a ve Skandindvii za¢ala pfed
11 az 10 tisici lety. Chybéjici dikazy o vyskytu olsi ve stfedni a severozapadni
Evropé poukazuji na to, Ze hlavni zdrojové populace pro kolonizaci

Skandinavie se nachdzely v severovychodni Evropé. Oproti tomu,
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zapadoevropské populace byly pravdépodobné zdrojem pro opoidénou

expanzi na Britské ostrovy pred 10 az 8 tisici lety. Vtuto dobu olSe
expandovaly i v hercynskych pohofich a ndsledné ve Francouzském stfedohoti
pfed 7 a 8 tisici lety, pficemz plvod zdrojovych populaci neni znam. Zatimco
v severskych oblastech dochdazelo k nardstu populaci soucasné napfic regiony,
v jizni Evropé se charakter expanze liSil mezi jednotlivymi lokalitami.

Hlavnim limitem této studie je nemoZnost rozliSit od sebe druhy
A. glutinosa a A. incana. Tudiz nemlzZeme na zdkladé paleoekologickych dat
rozhodnout, kterému ztéchto druhl naleZi nalezené migracni cesty.
Makrofosilni ndlezy, které by tento problém mohly vyresit, jsou bohuzel velmi

vzacné.
Rozsifeni a plivod cytotypti druhu Alnus glutinosa (Clanek 1)

V této studii jsme poprvé zaznamenali vyskyt tetraploidnich populaci druhu
A. glutinosa v Evropé. Tyto tetraploidni populace rostou ve dvou geograficky
dobfe vymezenych uUzemich. Prvni z oblasti se nachdzi na Iberském
poloostrové a severu Afriky. Druha oblast se rozklada v Dinarskych Alpach a
na jihozdpadé Recka. Viechny tetraploidni populace jsou pravdépodobné
autopolyploidniho plvodu a nevykazuji zndmky toho, Ze by blizce pfibuzny
druh A. incana hraél roli v jejich evolu¢ni historii.

Vyskyt tetraploidnich jedincl je vazan na oblasti dvou dulezitych
glacidlnich refugii na Iberském a Balkdnském poloostrové. Z tohoto dlivodu
tyto oblasti nemohly slouzit jako efektivni refugia, protoze v severnéjsich

¢astech Evropy rostou pouze diploidni populace. Zdrojové populace pro
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postglacidlni kolonizaci se tedy mohly nachdzet v oblastech s vyskytem

diploidnich populaci jako jsou Pyreneje, vychod Balkanského poloostrova,
Apeniny nebo v severnéjsich oblastech jako jsou Karpaty, severni podh(fi Alp,
zapadni nebo severovychodni Evropa.

Vysledky modelovani ekologickych nik a Bayesianskych analyz
mikrosatelitd ukazuji, Ze oblasti s vyskytem tetraploidnich populaci se lisi svoji
historii. Zatimco populace na Iberském poloostrové pravdépodobné
dlouhodobé prezivaly na stejnych lokalitdch, Balkanské populace jsou spiSe

vysledkem postglacidlni migrace.
Postglacialni historie druhu Alnus incana v Evropé (Clanek 1V)

Konzervativnéjsi chloroplastovda DNA ukazala, Ze haplotypy v jihovychodni
Evropé jsou vzdjemné rozriznéné a lisi se od haplotyp( ve zbyvajicich ¢astech
Evropy. Postglacidlni kolonizace boredlniho druhu A.incana se
pravdépodobné liSila od scénarl navrhnutych pro jiné borealni dreviny.
Vétsina evropskych populaci druhu A. incana byla totiz kolonizovana spiSe z
jiznéji polozenych oblasti nez ze severovychodni Evropy.

Na zakladé analyzy mikrosatelitd usuzujeme, Ze populace v Sudetskych
pohofich, na zapadé Karpat a vychodé Alp pochazeji z kryptického refugia,
které se nachazelo ve stfedoevropskych nizinach a pravdépodobné také
v nizSich polohach horskych oblasti s pfiznivym mikroklimatem. Kryptické
refugium ve stfedni Evropé bylo zdrojem pro postglacidlni kolonizaci severni
Evropy a je dlikazem, Ze refugia boredlnich drevin se vyskytovala i v severnéji

poloZenych oblastech Evropy. Oproti tomu populace, které prezivaly posledni
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glacidl v jihovychodni Evropé, nepfispély ke kolonizaci stfedni a severni

Evropy.
Postglacialni historie druhu Alnus glutinosa v Evropé (Clanek V)

Chloroplastova DNA rozlisila nékolik vysoce rozrGznénych haploskupin a
vysokou haplotypovou diverzitu v jiznich oblastech. To poukazuje na vyskyt
refugii na lberském, Apeninském a Balkdnském poloostrové, na Korsice,
v severni Africe a na Anatolském poloostrové. Kromé toho jsme objevili dikaz
pro existenci severnéji polozeného refugia v Karpatech, kde jsme objevili
unikatni haploskupinu.

Analyza mikrosatelit ndm poskytla detailnéjsi informace o pribéhu
postglacidlni kolonizace nez chloroplastovd DNA. Ukazalo se, Ze vSechna tfi
jihoevropska refugia prispéla k postglaciadlni kolonizaci Evropy. ABC analyza,
kterd proti sobé testovala vice moinych scénarli, vybrala
nejpravdépodobnéjsi cesty postglacidlni kolonizace: 1)z Iberského
poloostrova do stfedni a zapadni Evropy a ndsledné na Britské ostrovy, 2)
z Apeninského poloostrova do Alp a 3) z Balkanského poloostrova do Karpat a
nasledné do severni Evropy. V pribéhu kolonizace vznikly dvé sekundarni
kontaktni zény: (i) migraéni proudy ze zdpadni Evropy a z Karpat se setkaly ve
stfedni Evropé a (ii) skandindvské populace jsou tvoreny zapadoevropskymi a
vychodoevropskymi  populacemi. Setkdvani rGznych linii v prabéhu

postglacidlni kolonizace se zda byt hlavnim ddvodem vysoké genetické

/

diverzity i mimo refugialni oblasti.
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