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Abstract

| studied the genetic structure of cladocerans frle@Daphnia longispina complex in
several European mountain ranges. The populatioetgestructure of thé. longispina
complex was studied using mitochondrial (mtDNA,; tigrsequencing of the 12S rRNA
gene) and nuclear markers (nine microsatellitg).loci

Major part of the work was done in the Tatra Moumgathe genetic structure of
populations of th®aphnia longispina complex from two parts of this range (the West #red
High Tatras) was compared. The pattern of mtDNAficmred multiple colonization of lakes
from different source populations, detected hapletyiversity was high and haplotype
sharing only within the West or the High Tatras wasserved. The observed genetic
differentiation indicates low level of gene flowdapersistent founder effect, consistent with
the monopolization hypothesis. Thiternation of asexual and sexual reproductiorh@life
cycle ofDaphnia, cyclical parthenogenesis, may affect geneticctitine of their populations.
This was the topic of a study described in the fiteapter A detailed analysis of population
structure of two closely relateDaphnia species [D. galeata and D. longispina) living in
similar habitats germanent dimictiomountain lakes) in the Tatra Mountains revealed tha
populations show strikingly different genetic comspion depending on their reproductive
strategy during unfavourable periods (overwintersgparthenogenetic females vs. ephippial
dormant eggs). The next chapter focused on thegbastges of taxonomic composition of a
Daphnia population in a single Tatra Mountain lake, andveh the usefulness of paleogenetic
methods for such a purpose. The use of internadgya amplifying only short fragments of
the target mitochondrial gene overcame the proldémegraded DNA in the old ephippial
eggs, and enabled the correct species determirfabion80-years old sediments.

Daphnia populations from other European mountainous regexiended the scope of
my studies. In the third chapter, population®aphnia longispina andEucyclops serrulatus
complexes from the Tatra Mountains were compardd populations from other mountain
ranges in South-Eastern Europe. All studied lakesewnhabited by single lineages of the
respective species complexes (one of Eueyclops clades, andaphnia longispina sensu
stricto) and their sequence variation suggestsmiaaty of the studied regions were colonised
multiple times by both specieB. longispina haplotypes were highly variable, representing a
substantial proportion of the known haplotype dsitgr of the species. We detected six
divergent lineages dtucyclops cf. serrulatus, confirming that this taxon represents a diverse
speciescomplex. The last chapter deals with the populatienetic and phylogeographic
structure oD. longispina in Pyrenean lakes. The diversity in the samplgibreis mostly the
result of a single colonization event. The postodation gene flow has been very rare
indicating that priority effects are major drivesgenetic structure at various spatial scales.
Although the presence of cryptic lineages in theintain lakes does not seem to be a general
pattern, studies of the mountain populations ofptaakton may advance the knowledge on
processes shaping the within- and among-populaliiersity in this group of organisms.



Abstrakt (in Czech)
Geneticka struktura perloo¢ek druhovéeho komplexuDaphnia longispina v evropskych
horskych jezerech

Ve své praci jsem se zabyvala genetickou struktpaqpulaci perlogek z druhového
komplexu Daphnia longispina v horskych jezerechPopulace perlagk D. longispina
a D. galeata byly analyzovany mitochondrialnimedst genu pro 12S rRNA) a jadernymi
markery (dewt mikrosatelitovych loku¥). VétSina prace byla provedena v Tatrach, kde jsem
porovnavala genetickou strukturu populaci komplBxdongispina, a to mezi déma ¢astmi
pohai: Zapadnimi a Vysokymi Tatrami. Dle variability tmchondrialni DNA byla jezera
kolonizovana ziznych zdrojovych populaci, zji&ta haplotypova diverzita byla vysoka a
sdileni haplotyp bylo pouze v ramci Zapadnich nebo Vysokych Talato pozorovana
geneticka odliSnost mezi &wa castmi pohéi nazné&uje nizky genovy tok aiptrvavajici
efekt zakladatele, coz je v souladu s monopdtizdnypotézou vysstlujici zdanlivy rozpor
mezi zn&nou schopnosti disperze, ale zatovananymi genetickymi odliSnostmi mezi
populacemi planktonnich Zigmha. Cyklicka partenogeneze, tj.fi&tani pohlavniho a
nepohlavniho rozmnozZovanihem Zzivotniho cyklu perlaek, miZze ovlivnit genetickou
strukturu jejich populaci. V prvni kapitole je pdpsvliv strategie rozmnozZovanictem
negiznivych podminek (zdaipzimuji jako partenogenetické samice nebo jako datmi
vajicka) na genetickou strukturu populaci dvou blizagbyznych drufh D. galeata
aD. longispina. Detailni analyza ukazala, Ze populace drdijici v podobnych podminkéach
prostedi (dimikticka horska jezera), vykazuji odliSnoengtickou strukturu v zavislosti na
vybéru strategie fezimovani. Nasledujici kapitola je z&f®na na zrny v taxonomickém
sloZzeni populaci perléek r. Daphnia ve Strbském plese za pouZiti paleogenetickych eneto
Pouzitim primei amplifikujicich pouze kratké fragmenty studovanéhdochondrialniho
genu jsme viesili problém degradované genetické informace aeysh trvalych vajiek a
mohli jsme uéit druhy z 80 let starého materialu.

Praci jsem rozgila o studium populaci perléek r. Daphnia z vybranych evropskych
pohdi. Ve fteti kapitole bylysrovnany tatranské populace druhovych komplBaphnia
longispina a buchanelEucyclops serrulatus s populacemi z polibjihovychodni Evropy. Ve
vSech studovanych potioh s vyjimkou Tater, kde maji oba druhové komplexyssi
diverzitu, byl kazdy komplex zastoupen jedinci peyedné linie (jedna lini&ucyclops a
Daphnia longispina sensu stricto). Dle odliSnosti sekvenci se daasiz Zefrada pohti byla
kolonizovana obma druhy gkolikrat, ale v gkolika piipadech Ize usuzovat, Ze€kae po
jedné kolonizéni udalosti doSlo naslednk disperzi do okolnich jezer. U perkmak D.
longispina byla prokdzana velkd haplotypova diverzitédedstavujici podstatnou proporci
znamé haplotypové diverzity tohoto druhu. Mezi amdtami uéenymi jakoE. serrulatus
bylo rozliSeno celkem Sest divergentnich linii, godtvrzuje dom#énku, Ze tento taxon
predstavuje bohaty druhovy komplex. Posledi@ist prace se zabyva genetickou a
fylogeografickou strukturou popula€l. longispina v Pyrenejich. Diverzita v této oblasti je
pievazre vysledkem jedné kolonizai udalosti. Ukazalo se, Ze po kolonizaci zde ggrtok
probihal pouze v omezené imia Ze efekt priority & hlavni vliv na genetickou strukturu
zdejSich populaci. Podle vysleédk vychodoevropskych hor a Pyreneji je patrné,rgptické
linie studovanych skupin zooplanktonu nejsou v kyxh jezerech filis bézné, jak by se dalo
usuzovat ze situace v tatranskych jezeredestB jsou populace horského zooplanktonu
vhodnym objektem pro studium proéesvliviwujicich diverzitu na tznych udrovnich, od
koexistence klothaz po interakce mezkipuznymi druhy.
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Daphnia as a model organism

Daphnia (Cladocera) are small crustaceans representinghpartant component of
freshwater zooplankton with many characteristickinga them suitable model organisms
(summarised in Seda & Petrusek 2011). They are acomamd geographically widespread
almost all over the world. Their body size is spsailependent (mm ranges), large enough to
be handled individually but small enough for lasgale experimentaphnia are easy to
culture, can be easily kept in the laboratory asal lineages, have a short generation time;
therefore large populations can be produced intsperiods and populations respond to
environmental changes quickly. They are keystorezisp in many aquatic habitats, with a
central position in aquatic food webs as effectvazers of planktonic primary producers and
prey consumed by both invertebrate and vertebratgpors.

Daphniahave been used in numerous studies in ecology, @&ekseev & Lampert
2001; Gliwicz 1990), host-parasite interactions aagvolution (e.g., Decaestecker et al.
2007; Ebert 2008), studies of hybridization (e$chwenk et al. 2001; Schwenk et Spaak
1997; Spaak 1995), evolution of asexuality (e.gepétt et al. 1988; Paland et al. 2005),
microevolution (Jacobs 1990; Silva et al. 2010)ylpbeography (e.g. De Gelas & De
Meester 2005; Penton et al. 2004; Weider et al 1,999 recently also on global climate
changes (Van Doorslaer et al. 2009).

In aquatic food webBaphniarepresent both, predator and prey. Various ardgice
defences have evolved iDaphnia to escape predation of vertebrate and invertebrate
predators and a lot of studies focused on the @ulgtor strategies, such as morphological
defences (review by Tollrian & Dodson 1999), maxdifions of life-history traits, e.g. earlier
reproduction (Dodson 1989; Mactek & Seda 2008) or changes in behaviour like diurn
vertical migration (e.g., King & Miracle 1995; Stic& Lampert 1981). As an important
consumer of phytoplanktorDaphnia also has impact on its prey and causes inducible
defences in algae (e.g. Van Donk et al. 1999).

Daphniaproduce long-lived resting eggs preserved in kd@diments and resistant to
various environmental factors. This has proven éocabpowerful tool to study natural and
anthropogenic changes in lake ecosystems. Thedinttion of molecular genetic methods
increased the potential of usiaphniaresting eggs in paleoecological and paleogenetical
studies to study long-term shifts in the genetrudture (Brede et al. 2009; Limburg &
Weider 2002; Pollard et al. 2003; Reid et al. 200gsurrection of viable dormant eggs
allowed also studying behavioural traits (e.g., Swuet al. 2001) or host-parasite interactions
(Decaestecker et al. 2007) of past zooplankton latipas.

Daphnia has currently become intensively used in genonicliss. Recently, an
analysis of the wholeDaphnia pulexs. I. genome, the first crustacean genome fully
sequenced, has been published (Colbourne et al)_2@hd the genome sequencing and
assembly of other mod&aphniaspecies is in progress. So fBaphniais the animal with
most known genes (of about 31 000 genes in congraris 23 000 human genes). The
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availability of annotated genome further expandes gotential ofDaphnia as the research
model to environmental genomics, to explore how anigms adapt genetically to
environmental stressors, i.e. rising temperatureayy metals, or diseases (Ebert 2011).

Reproduction, diapause and dispersion

Daphniareproduce via cyclical parthenogenesis, an altermatf asexual and sexual
reproduction during the season (Fig. 1). Usudigphniareproduce most of the time clonally
and switch to the sexual reproduction under unfealde environmental conditions. In that
case, females start to produce sexual eggs and rm@eproduced parthenogenetically. After
fertilization, usually two eggs are encapsulatedairprotective chitinous case called an
ephippium (Zaffagnini 1987). Ephippia undergo apdiase, after which female offspring
hatch from them. Production of resting eggs is edusy numerous environmental factors
(reviewed in Alekseev 2007). There is an evidericebtigate parthenogenesis with asexual
production of ephippia in th®. pulexgroup Cerny & Hebert 1993; Hebert et al. 1988;
Hebert & Crease 1983) but this was never obsenveleD. longispinagroup, on which this
thesis focuses.

Production of ephippia has direct impact on ecol@yd evolution ofDaphnia
populations (Caceres 1998). A fraction of dormaggsecan hatch the next season when
favourable conditions are restored and the resireaghe population dispersion in space and
time. Burial of ephippia in the sediment forms ardant egg bank, a reservoir of genetic
variability (De Stasio 1989). Ephippia deep in sleeliment represent an inactive dormant egg
bank where chances for hatching decline becausaiofvailability of hatching stimuli and
decreased responsiveness to it of older eggs (Bstde& De Jager 1993).

Average ephippia abundance in pond and lake setnuam reach £a10° ephippia
per square meter (Brendock & De Meester 2003). figphiare able to remain viable or well-
preserved in the sediment for a long time. An elggrothan 100 years has been successfully
hatched (Cacéres 1998) and successful DNA extragtas done from an egg 400 years old
(Mergeay et al2005). However, neither the evolutionary potentia genetic information in
ephippial eggs is stored forever. The longer peisah ephippium buried in the sediment, the
higher is risk of damage of resting eggs by meahanichemical damage, senescence (De
Stasio 1989), predation (Mellors 1975), parasit{§€aceres & Tessier 2004) or microbial and
fungal activities (Cavarlho & Wolf 1989).

Such archivation of genetic and ecological divgrsitthe sediment is a good tool for
paleolimnological and paleoecological studies, &g on, e.g., temporal changes of species
diversity (Mergeay et al. 2007; Vandekerkhove et28l05), impact of human activities on
Daphnia populations during long periods (Brede et al. 2008apter Il in this thesis),
ecological and evolutionary responses to changé®hic level and fish stock (Brede et al.
2009; Cousyn et al. 2001; Hairston et al. 1999kderski & Straile 2003; Jeppesen et al.
2001), acidification (Pollard et al. 2003) or mievolution (e.g. Weider et al. 1997).

General introduction 3
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Fig. 1. Cyclical parthenogenesis - the reproductive mddBaphniawith the alternation of
asexual and sexual reproduction (drawings by Katl\éen der Gucht).

The main advantage that allo@siphniato be particularly successful colonists is that
a single ephippium is sufficient for founding a npapulation. Portion of diapausing eggs can
disperse in space via environmental (Bilton et28@l01; Caceres & Soluk 2002) or animal
vectors (Frisch et al. 2007; Green & Figuerola 20@8lors 1975). Ephippia are able to resist
desiccation (Davison 1969keezing (Wood & Banta 1933) and mechanic and emtiym
effects (Proctor 1964; Proctor & Malone 1965). Sssful long-distance dispersion of
Daphniaindividuals between continents was observed, Inatinrally and thanks to human
activities (Adamowicz et al. 2009; Fléssner & Krdi$56; Mergeay et al. 2006).

Generally, the dispersal capacity in many zooplamldpecies, particularly cyclical
parthenogens such as cladocerans and rotifergghsdioe to the production of resting eggs.
However, high dispersal ability does not warrarstuacessful colonization of a new habitat.
The “monopolization hypothesis” (De Meester et2802) describes mechanisms that may
cause the often observed discrepancy between lsglerdal ability and reduced gene flow.
The hypothesis states that genetic structure ofvichehls reproducing via cyclical
parthenogenesis is determined by colonizationteds)iand gene flow is regulated by rapid
monopolization of available sources, i.e., the duip of a dormant egg bank and rapid
genetic adaptation to local conditions. Such preegsvere documented in Cladocera (De
Gelas 2004; Louette et al. 2007), Copepoda (Zelleal. 2006), Ostracoda (Schon 2007), as
well as Rotifera (Gomez et al. 2007).
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Genetic structure of Daphnia populations

Genetic structure in natural populations dependsfoumder effects, genetic drift,
mutation, gene flow, natural selection and the tgbeaeproduction (Avise 1994). While
genetic drift and mutations lead to the genetited#intiation of local populations, gene flow
leads to the opposite pattern (Slatkin 198@phniapopulation genetic structure has been an
object of studies for more than 30 years. Firstkwoused allozyme electrophoresis (e.g.
Hebert 1974; Wolf & Hobaek 1986) which still remamsiseful tool (e.g. Piscia et al. 2006).
Later, the DNA sequencing methods became a stamgigrdach (e.g. Colbourne et al. 1998),
often in combination with the preceding method .(&Adamowicz et al. 2004). Less than a
decade ago, more variable high-resolution micrdigatenarkers have become available, and
now are used widely (e.g. Mergeay et al. 2008; [§bieet al. 2009; Yin et al. 2010).

Cyclical parthenogenesis has direct effect on tleeetc structure ofDaphnia
populations because of alternation of asexual @&xdia reproduction. Sexual reproduction
increases genetic variation due to the gene seipagand recombination (De Gelas 2004).
In cyclical parthenogens, high numbers of clonesd(ghus multilocus genotypes) are
expected at the beginning of the growing seasdlopwed by a decrease in genetic diversity
during the period of parthenogenetic reproductibime reduction of clonal diversity within
the population is expected during clonal reprodurctdue to the clonal selection, which
strongly impacts the genetic structure of poputsig¢Vanoverbeke & De Meester 2010a).
Clonal selection can result in the coexistence biméed number of clones and lead to an
erosion of clonal diversity, with the duration bktgrowing season and the size of the habitat
being particularly important factors. The restaratof clonal diversity is ensured by sexual
reproduction and subsequent hatching of resting egthe next season (Fig. 2).

Strong genetic differentiation amor@aphnia populations has been observed in
numerous studies (e.g., Haag et al. 2006; Thietschl. 2009; Vanoverbeke & De Meester
1997; chapter IV in this thesis). The among-populatiomejie differentiation, within-
population genetic variation and the degree of @ionis determined mainly by the size of
the dormant egg bank, length of the growing seaaad, strength of clonal selection (De
Meester et al. 2006). Founder effects also playngwortant role in genetic differentiation
among populations, and have persistent effect apisly the genetic structure among cyclical
parthenogenetic zooplankton populatigBoileau et al. 1992; De Meester et al. 2002).
Several recent studies documented impact of thadeueffect on the variation of natural
Daphniapopulations (e.g. Louette et al. 2007; OrtellaleR011).

Daphnia are present in wide range of different waterbqdfesm small temporary
pools to large permanent lakes, with different emunental conditions they have to face (e.qg.
the length of the growing season, food qualitydptn pressure, size of the habitat). The
resulting selection pressures lead to microevahatip changes, and subsequently to
population differentiation (De Meester et al. 2008)particularly important factor | focused
on in one part of the thesis is the length of ttewgng season, and severity of unfavourable
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Fig. 2. Clonal erosion in a cyclical parthenogen popufatiaring the season. Parthenogenetic
females reproduce clonally during the season, difereht clones compete with each other

for resources. Mating at the end of the growingsseaensures the population survival of

unfavourable period in a form of sexually-produdedmant eggs; hatching of these eggs then
restores the clonal diversity. Drawings modifieahfr Vanoverbeke & De Meester (2010Db).

periods. Populations in intermittent habitats,ropermanent habitats with periods unsuitable
for Daphnig need to produce resting eggs to survive unfawaereonditions (e.g. freezing,
drying, lack of food). The population is recoveréom the dormant egg bank when
conditions are favourable again. On the contraogupations in permanent habitats can live
for several years without a production and subsaghatching of dormant eggs. Although
Daphniapopulations living in permanent lakes invest te sliexual reproduction and ephippia
production (e.g., Keller & Spaak 2004; Spaak 1994, see Jankowski & Straile 2004 or
Gliwicz et al. 2001), some portion of individuals&ynoverwinter as active females. Thus, the
genetic structure between populations from intéanitand permanent habitats may differ
strongly.

Populations from intermittent habitats show higlgametic diversity and clonal
richness and genotype frequencies in good agreewitdntHardy-Weinberg expectations due
to the reestablishment from sexually produced dotraggs. On the other hand, deviations of
Hardy-Weinberg equilibrium and limited number of ltlacus genotypes are often observed
in populations inhabiting permanent habitats (DeeMer 1996). The clonal erosion may
result in strong heterozygote excess and extreneelyced clonal diversity (Vanoverbeke &
De Meester 2010a; chapter | in this thesis).
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Phenotypic variability in Daphnia

A huge morphological variability in manpaphnia species makes differentiation of
these individuals, based on morphology only, veffycdlt. This has often resulted in pooling
phenotypically similar lineages within species ctemps under a single name. A cryptic
species complex is usually defined as a group e€isp whose morphology is very similar,
and thus their genetic and evolutionary distinctnemmains “cryptic”; the most suitable
method how to distinguish such species is by mddedools (Pfenninger & Schwenk 2007;
Taylor & Hebert 1992).

Daphnia are able to react to various environmental coowl#ti by changing the
phenotype within a single genotype, a phenomenomwkras phenotypic plasticity. The most
striking are transgenerational changes relatedhtipreadator responses. These are induced by
presence of kairomones, chemical signals indicgpirggence of invertebrate and vertebrate
predators. Detecting kairomones in the environneatls Daphnia to the production of
helmets or spines (e.g. Hanazato 1995), “crownthains” (Petrusek et al. 2009), neckteeth
(summarised in Ju¢ka et al. 2011). However, responses to predatasnat limited to
phenotypic alterations, changes in life historyg(eBernot et al. 2006) and behaviour (e.g.
Muluk & Beklioglu 2005; Dawidowicz & Wielanier 2004re also common.

The interspecific hybridization known iseveralDaphnia groups (see Schwenk &
Spaak 1995) also makes identification of particukara difficult. For example, common
European members of tiie longispinacomplex,D. longispina D. galeataandD. cucullata
often coexist together and commonly hybridize, wsttme of the phenotypes particularly
difficult to properly assign to the respective tat@ouha et al. 2010). Some of the
hybridizing species within the complex are partelyl divergent — for example, interspecies
hybrids betweerD. lacustrisandD. galeatawith mtDNA divergence more than 15 % were
found in nature (Hobaek et al. 2004).

On the other hand, many cases of phenotypic dinesyenDaphniaare due to local
adaptations to particular environmental conditionssulting in dissimilar forms (e.g.,
Petrusek et al. 2008). All these sources of phgnotyariation result in often problematic
interpretation of variation observed in natural dlittes. In my thesis, | tested some
hypotheses related to the presence of cryptic sityeland proper identification of past
Daphniaphenotypes in mountain populations of Begohnia longispinacomplex.

The Daphnia longispina species complex
This speciescomplex represents ecologically very important grofiDaphniain the
Holarctic region. They are mostly inhabitants oflagée environments of temperate
waterbodies, from small fishless pools to lakeshwisirious extent of fish predation. This
complex includes in the Western Palearctic regievesl recognised lineages (see below)
and Nearctic tax®. mendotaeD. dentiferaandD. thorata(which might be conspecific with
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D. dentifera Petrusek et al. 2008). Additional lineages witthie complex still lack proper
description or name assignment (Ishida & Taylor2@etrusek et al. 2008). The taxonomy
of the complex still remains partly unresolved, alfferent literature sources assign to it
different taxa. For example, Benzie (2005) listeddr species than presently recognised but
also included into this compleéX. curvirostris D. cristataandD. longiremis which are more
divergent, and are separated to other species eargpby other authors (Adamowicz et al.
2009)

| studied populations from this species compleuropean mountain ranges, thus |
will focus to the current state of knowledge in &ue. Results published in the latest
taxonomic reappraisal study by Petrusek et al. §2Ghowed six clearly differentiated
lineages in the Western Palearcti: (ongispina, D. lacustrisD. cucullatg D. galeata “D.
umbra” and an apparently undescribed Lake Berse linedgdidalDaphnian. sp. A).

We can find severdDaphniataxa within the complex, the status of which clehg
several times within a relatively short time (Fliss & Kraus 1986; Petrusek et al. 2008).
Also, numerous “species” were recognised in the, gdten coexisting in a relatively small
area (e.g. Litynski 1913), which more likely remeted different morphs, not different
evolutionary lineages. Some names within this cempvhich persisted in the literature and
have been relatively widely used (elg.,rosea, D. hyalinawere shown recently to represent
different forms with no genetic differentiation 8upport their recognition as a distinct
species. Petrusek et al. (2008) thus suggestedrbgihologically and ecologically plastic
but genetically uniform Daphnia hyalinaroseazschokkeiclade” should be identified as
Daphnia longispinaD. F. Miller, 1776.

Two species of the complex have primarily boreatrdbution:D. “umbra” (a lineage
requiring nomenclatural revision, known from Fersaglia and North America), arf.
lacustris The latter species, described in 1862 from Norwiaywidely distributed in
Fennoscandia, with interesting disjunct recordsftavo lakes from the Tatra Mountains in
Central Europe. These represent the only knownepths viable populations out of the
Fennoscandia (Nilssen et al. 2007; Petrusek €08l7). The only other known locality for
this species out of Fennoscandia is a lake in SBotiemia where it became extinct in the
20" century (Petrusek et al., unpubl.).

Incorrect use of species names, i.e. labellingedkfit lineages by the same name (or
vice versa), may lead to incorrect conclusions, erld&rature records incomparable for future
analyses, and complicate further research. For pbeail. lacustriswas incorrectly labelled
as D. longispinain a strict sense in some recent genetic studies Nilssen et al. 2007),
which resulted in distorted view of the taxonomydamomenclature of the whole species
complex. We can find many examples of similar tamit confusions in the literature
records, e.g., when comparing old and recent ssudien mountain lakes (chapter Il in this
thesis).
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Mountain lakes as a zooplankton habitat

High mountain lakes possess specific environmesaatitions for local organisms.
These lakes are usually oligothropic, with low marit conditions and low water temperature,
with these extreme conditions often lasting throtighwhole year. The ice or snow cover of
high-altitude lakes is usually from late fall tihe early summer and therefore the growing
season is relatively short. In summer, high lew¢lgV radiation could have negative impact
on some organisms, resulting in various speciaptatians to protect from it (reviewed in
Rautio & Tautarotti 2010). Thus, the biotic comnties of high mountain lakes are
simplified, due to the harsh environmental condsgioorganisms have to deal with
(Starkweather 1990).

Mountain lakes are less influenced by pollutionnfragriculture and wastewater,
compared to waterbodies from lowlands, but the apheric transport of pollutants is
possible on long distances (Sommaruga 2001) wigéhpérticular risk of acidification of
sensitive alpine habitats. Most mountain lakes reatrally fishless, but fish introductions
happened frequently in the past (Schindler & Pax@02; Pechlaner 1981) and usually
strongly affected local zooplankton communities giidrelj et al. 2000). Also, large
invertebrate predators (e.@haoboru$ were replaced in many lakes by fish after their
introduction, which affected the composition of pmkton communities. Recently,
eutrophication due to the increase input of nutsetogether with the tourism into the
mountain regions, and fish introductions changesl thtural character of many mountain
lakes (Gliwicz & Rowan 1984; Vreca & Muri 2006).

Mountain lakes could provide suitable conditions &wld-adapted species during
warmer periods (such as the Holocene). Many zod&pbanspecies have a boreoalpine
distribution (Vekhoff 1997; Schindler 2000; kaka et al. 2006; Jersabek et al. 2001).
Morphologically or genetically unique population® aften found in mountain lakes (e.g.,
Markova et al. 2007; Mergeay et al. 2008; chagtar this thesis) or harbour endemic species
(Manca et al. 1994). A particularly conspicuousthe common occurrence of cuticular
melanisation irDaphniaspecies in arctic and alpine regions, apparentbcal adaptation to
high UV doses erny & Hebert 1999; Hebert & McWalter 1983; Heb&rtEmery 1990;
Pelnava-Arana & Manca 2007). Morphologically difetiated populations often represent to
be more or less cryptic species, e.g. differentigmented populations obaphnia cf.
pulicaria observed in the Tatra Mountains were shown toibergent lineages (Markova et
al. 2007; but see Dufresne et al. 2011).

Studied regions
| studiedDaphniapopulations from eleven mountain ranges in Euiépg 3). Major
part of work presented in this thesis was donéhénTatra Mountains, the highest region of
the Carpathians situated on the border of Slovakt Poland, which has been studied at our
department for a long time. This mountain rangeubdivided into three parts, the West
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Tatras and the High Tatras with numerous lakes,Baidnske Tatras (with no major lakes
due to different geology). There are more than Bi&s of glacial origin in the Tatra
Mountain range, the majority of which are locatedhe alpine region above 1800 m a. s. I.
(Kop&ek et al. 2000). Probably all of them were covelsd glaciers during the last
glaciations; glaciers finally retreated from thetr@aViountains by the end of the pre-optimal
part of the Holocene (Lindner et al. 2003). Thisumtain range had been strongly affected by
anthropogenic acidification in the ®@entury, resulting in extinction of crustaceansnany
lakes above the timber line (Stuchlik et al. 198%)e recovery of lake chemistry started in
the 1990s, followed by the return of zooplanktorecps to some lakes (Sacherova et al.
2006).

Three species from thB. longispinacomplex had been previously recognised in the
Tatra Mountains by molecular method: longispina D. galeataandD. lacustris(Fig. 3),
with no evidence of syntopic distribution or hylwiPetrusek et al. 2007). The most common
is D. longispina D. galeatawas confirmed at present in four lakes (Petrudekl.e2007;
Hamrova et al., unpubl.). The occurrence of theebalpine specieB. lacustris(mentioned
above) is particularly intriguing.

Apart from theD. longispinacomplex, populations of the. pulexgroup identified as
D. pulicaria inhabit some high-altitude lakes in the Tatra Maims (e.g.Cerny 1995). In
most cases, these do not co-exist with Bhdongispinacomplex. Although they also have
very interesting ecology and evolutionary histoeyg(, Gliwitz et al. 2001, Markova et al.
2007, Dufresne et al. 2011), they were not theystilojlects for my dissertation.

Daphnia populations from other European mountainous regigranges from
Romania, the Balkan Peninsula, and the Pyrened¢shaed the scope of my studies. These
mountain ranges vary in the geology, most of theencalcareous, but there are some old
granite-gneiss massifs such as the Rila. All Idkas these mountain ranges are of a glacial
origin. There have been several researchers whdaiestudifferent groups of freshwater
zooplankton in Balkan Peninsula, but those invasiogs were mostly done unsystematically
(see the review by Ost6ji 2010). Among Daphnig Pljakic (1961) observed high
morphological variability in the mountain lakes time region of former Yugoslavia, which
suggested possible occurrence of cryptic lineameitasly as in the Tatras.

| also contributed to one study dd. longispinafrom the Pyrenees, a range of
mountains in southwest Europe that separates tkeaib Peninsula from the rest of
continental Europe. The Pyrenees hold more thamstad lakes, the limnology of which was
described by Catalan et al. (1992). In these masia. longispinais very common; other
Daphnia species 0. obtusaandD. cf. pulicaria) can occasionally be found (Catalan et al.
2006).
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Fig. 3. The distribution of eleven mountain ranges fromohH analysedaphnia longispina
populations (1-Tatra Mountains, 2-Retezat, 3-RéeRirin, 5-Sar Planina, 6-Bjelasica, 7-
Prokletije, 8-Durmitor, 9-Zelengora, 10-Treskavita;Pyrenees).

Genetic variation of the D. longispina complex in Tatra Mountains

One goal of my work was to compare the geneticctire of populations of the
Daphnia longispinacomplex in Tatra Mountains. High mountain lakesrespnt relatively
recently formed geographically separated systeres éqr colonization by zooplankton. Due
to their glacial origin, several lakes, which mag isolated or interconnected by flowing
water, are often situated within one glacier valleyobably all lakes in the Tatra Mountains
were colonized ca. 8000 years ago. Thdongispinacomplex inhabits mostly isolated but
also some interconnected lakes in the Tatra Mounsitai

Petrusek et al. (2007) brought some evidence foltipfes colonization of Tatra
Mountain lakes from different source population®1 & larger data set, we wanted to test
whether there is some evidence of gene flow amaRkgsl or whether all populations are
distinctly differentiated. We predicted that due goick monopolisation of resources (De
Meester et al. 2002), relatively homogenous andifsigntly differentiated populations will
be observed in lakes where independent colonizat@s assumed. Within a group of West
Tatra lakes apparently colonised from the samecso(likely due to one founding event
followed by local dispersal), we expected highenaiie differentiation among lakes from
different valleys than between stream-connected@dadituated in the same valley (where
downstream ephippial dispersal and unidirectioralegflow is possible).
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We studied the populations from two parts of thisge, the West and the High Tatras.
We analyzedaphnia populations . longispinaandD. galeata Tab. 1) from isolated as
well as interconnected lakes using the mitochohdDi&lA and microsatellite markers
(methods are in detail described in chapter | farosatellites, and chapter 1l for mtDNA).

The pattern of mtDNA variation further supports tgpothesis by Petrusek et al.
(2007) of a multiple colonization of lakes fromfdifent source populations. I longispina
17 haplotypes among 12 populations (n=65) werectile The detected haplotype diversity
was high with haplotype sharing only within the Wes the High Tatras (Fig. 4a). In the
West Tatras, one dominant haplotype was observebsaveral rare ones derived from it. In
D. galeata five haplotypes among four populations (n=39) eveletected, no haplotype
sharing was observed (Fig. 4b). Domin@ntgaleatahaplotypes in each lake differed from
each other by two point mutations; together witatreely divergent patterns of microsatellite
variation (see Chapter ) this suggests that eaatliesl alpineD. galeatapopulation was
colonised independently.

The results of the factorial correspondence amalgsilculated in Genetix, Fig. 5a), as
well as admixture analysis (performed in Structliig, 5b) based on microsatellite variation
suggest that the lakes of the High Tatra mountaresgenetically clearly separated from the
West Tatra lakes, as well as from each other. @rctimtrary, all analyses confirm that lakes
in the West Tatra Mountains are genetically similevertheless, the extent of among-lake
genetic differentiation (assessed by means e&tDTab. 2) within this region did not
substantially differ between lakes separated ifiediht valleys and those within a single
valley, connected by stream. The difference betwtbese two interconnected lakes (Ro2,
Ro4) was not substantially lower than between stakes in different valleys (Ro vs. Ra vs.
VJ). On the contrary, the population from a doweestn lake (Ro4) was more similar to a lake
over the mountain ridge (Ra) than to a lake locafestream (Ro2), which might serve as a
source of immigrants to Ro4.

The observed genetic differentiation among studiatia Mountain populations @&.
longispinaindicates low level of gene flow and persistentrider effect, consistent with the
persistent founder effect (Boileau et al. 1992) amwmhopolization hypothesis (De Meester et
al. 2002). As expected under such scenario, a rdetailed analysis did not reveal any
indication of substantial gene flow between theHand the West Tatras populations. The
relatively higher similarity of West Tatra lakesght be explained by a single colonisation
event. Even lakes, in which gene flow enhanced dwyrstream dispersal of ephippia could
be expected, were genetically differentiated teatent similar to that of some lakes located
in different valleys. This suggests that immigratiof genotypes within ephippia from
upstream is not very effective, despite the fadt tthe populations are apparently re-
established from ephippia every spring (see chdpter
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Mt. altitude longitude latitude depth area N N
lake ID  range (m) (E) (N) (m) (ha) mtDNA hapl
D. longispina
Tretie Rohacské Ro2 WT 1648 19.736  49.206 1.3 0.2 7 3
Dolné Rohacské Ro4  WT 1562 19.444  49.122 7.7 2.2 13 4
VySné Rackové Ra WT 1697 19.807  49.200 12.3 0.74 9 3
VySné Jamnické VJ WT 1839 19.738  49.207 3.6 0.4 1 1
VySné Furkotské VF HT 1698 20.031  49.144 2.4 0.41 9 1
Vysné Satanie Sat HT 1894 20.064 49.171 3.5 0.2 8 2
D. galeata
Morskie Oko MO HT 1395 20.072  49.198 50.8 34.5 11 1
NiZné Zabie Bielovodské  NZB HT 1675 20.094  49.198 20.5 4.6 9 1
Strbské SP HT 1346 20.330  49.719 19.7 6.6 18 2

Tab. 1. Basic morphometric and geographic information allbe studied lakes: N mtDNA-

number of analyzed individuals per population falDMA; N hapl-number of haplotypes

identified in population. Abbreviations indicate omtain range: HT-the High Tatras, WT-the
West Tatras.

HT b) HT

Fig. 4. Haplotype network of the 528 bp long 12S rDNA fraemt from the taxon d&aphnia
longispina(65 sequences) and Daphnia galeatg39 sequences). Reference sequences from
other Tatra lakes (n=19, Petrusek et al. 2007, I3theet al. 2009; GenBank acc. nos.
DQ337926-39) to illustrate the overall haplotypeiation of this species within the mountain
range are in grey. Abbreviations indicate mountainge and lakes ID (Tab. 1; reference
sequences from additional lakes: Jam-Jamské, M@Nrne, NJ-Nizné Jamnicke, NR-
Nizné Rakytovske, NTSM-Nizné TemnosHirské, VR-VySné Rakytovske).
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Fig. 5. (a) Factorial correspondence analysis based omosatellite variation of siD.

longispina populations. (b) Admixture analysis based on Bsigse analysis in Structure
(K=6). (See Tab. 1 for abbreviations.)

VF Sat Ro2 Ro4 Ra

VFE

Sat 0.28

Ro2 0.38 0.35

Ro4 0.34 0.45 0.10

Ra 0.29 0.26 0.07 0.21

vJ 041 0.33 0.12 0.24 0.08

Tab. 2. Pairwise divergence based on microsatellite markexpressed as dst values)
between analysed. longispinapopulations from the Tatra Mountains. Lakes adicisted by
their abbreviations (see Tab. 1). Comparisons kédawithin the West Tatra Mountains,
which have been apparently colonised from the ssonece (see also Fig. 4), are highlighted
in bold. Comparison of the two lakes within the sawalley, in which a downstream water-
mediated dispersal might be assumed (from Ro4 &),Rwe in bold italics.

General introduction 14



Outline of the thesis

The following four chapters in this thesis représsveral results of my research on
genetic diversity of th®aphnia longispinacomplex from mountain lakes that have been, or
might be, separately published. Two of the chapteese studies restricted to the Tatra
Mountains, one study dealt with populations fronstHauropean mountain lakes (in which
we compared patterns observedDaphnia with those observed in a similarly widespread
copepod species complex), and the last study Iriboméd to focused on colonisation and
diversification ofD. longispinain the Pyrenees.

Detailed study of the among- and within-populatigenetic differentiation using
microsatellite markers (briefly described aboveksed extremely pronounced differences in
clonal variation among populations of two relatBdphnia species occurring in Tatra
Mountain lakes. We describe these patterns in ehaptand ascribe them to different
overwintering strategies of the local populatio@®nerally, Daphnia have two choices to
survive winter unfavourable conditions (De Meegtral. 2006); as asexual females or as
resting eggs. In harsh environmental conditiongnoiuntain lakes, overwintering females
have to face low water temperature and low foodcentration (Gliwicz et al. 1990), but if
overwintering clones survive these conditions, tleg ready to reproduce as soon as
conditions turn favourable again. Therefore, theyia competitive advantage over sexually
produced clones in spring. Populations of the timdied species differ by their overwintering
strategy in Tatra Mountain lakes, and this hasrangt effect on the clonal richness and
diversity of their populations. The supposed coosege of strong clonal erosion was
observed irD. galeataoverwintering as active females. Two out of thpepulations showed
extremely reduced clonal richness (with an overwingl dominance of a single clone; more
clones were detected in the third population bud otk them were rather common). On the
contrary,D. longispinapopulations, apparently overwintering as sexupilyduced dormant
eggs, showed levels of genotype diversity compardbl obligately sexual species. The
predictions by Vanoverbeke & De Meester (2010ainfla modelling of clonal erosion were
thus supported in the natuihphniapopulations.

The second study from the Tatra Mountains did mau$ on present patterns of
population diversification but rather focused oa gast changes of taxonomic composition of
a specificDaphniapopulation. Petrusek et al. (2007) showed eviddrased on comparison
of present and paflaphniaphenotypes from Strbské Lake, that a speciesaepiant took
place there, apparently due to the environmentahgés during the twentieth century. Given
the presence of unusually long-spined phenotypesnieably similar to the boreal species
Daphnia lacustris we tested the hypothesis that this species hadl lin the lake before
anthropogenic impact. In this study, paleogenepipr@ach to study the resting egg bank
showed to be a powerful tool. Although we obtained number of ephippia containing
preserved eggs suitable for genetic analysis, wairtdx genetic data from two-thirds of all
eggs found, unlike in previous studies from Cerialopean mountain lakes (Faustova et al.
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2004; Markova et al. 2006) that failed to amplifpgyaDNA from subfossil eggs. The
hypothesis thab. lacustrismight have lived in this lake at the beginningtted 20" century
seemed to be supported by the phenotypes of lange&gphippia found in the sediment but
was finally rejected by DNA analysis. The shortgireent of DNA was sufficient to
distinguish the species, and long-spined morphatypere unambiguously identified &s
longisping which was replaced bp. galeatadue to the increase of trophic level and fish
predation pressure in the second half of tH& @htury.

The third study also originally focused on the skaof cryptic Daphnia lineages,
which was motivated by interesting phenotypes metrin the historical literature. In
comparison with the previous two, the chapter edddmoth the geographical and taxonomic
coverage. It combines results from the Tatra Mdnstand several other East and South-East
European mountain ranges, and analyses the variatimitochondrial DNA of populations
of Daphnia longispinaand Eucyclops serrulatusspecies complexes. While the genetic
variability of D. longispinacomplex has been intensively studied and seveyptic lineages
were confirmed in Tatra Mountains (Petrusek et2807), the knowledge of genetic and
cryptic diversity of the copepoBucyclops serrulatuss still superficial. We predicted that
cryptic diversity should be found in other Europealpine lakes where morphological
variation inDaphniawas reported (Pljakic 1961). Multiple colonizatiewents by both taxa
in several of the studied lakes was confirmed hiyresults. However, all analyzéshphnia
were confirmed genetically &3. longispina On the contrary, six highly different lineages of
Eucyclopswere confirmed, two lineages in Tatra Mountaind four lineages from European
lowland localities. Some lowlands populations addlied with mountain populations. Our
results for Eucyclops serrulatuxomplex show that seemingly widespread copepod taxa
harbour high cryptic diversity, a situation welldwn from Daphnia research but still not
fully acknowledged for other crustacean taxa. ldespread mountain clades of bBtphnia
and Eucyclops we found evidence of multiple colonisation of srmmountain ranges.
However, contrary to our expectations, we did nogesve any pattern that would suggest
substantially more limited dispersal abilities af@epod compared with a cladoceran.

The last chapter to which | contributed by genetalyses is the study of detailed
population genetic and phylogeographic structuralpineD. longispinapopulations in the
Pyrenees. In this study, we particularly focuseditenrole of spatial structure ddaphnia
genetic variation, and on habitat shifts (lake—gor&@milarly to Balkan alpine lakes, all
analysed individuals belonged B longispinaand no other lineage of the species complex
was found. The mtDNA showed that most Pyreneanslakere colonized in a single
colonization event at the end of the Pleistoceokowed by a spatial expansion throughout
the Pyrenees. Within the eastern Pyrenees, highl tdvgenetic diversity combined with a
high degree of haplotype endemicity, both at thellef individual valleys and at the level of
individual water bodies, was observed. Priorityeef§ and local adaptation were proven to be
major drivers of genetic structure at various spattales.

General introductiorr 16



Conclusions
In this thesis | have investigated the genetic ctétine of Daphnia longispina

populations in mountain lakes. The comparison gbldtgpe variation ofD. longispina
populations throughout the Europe with the studrexintain ranges revealed an interesting
pattern; within a small mountain region (Tatra Mtauns), it was almost as high as within the
whole continent. Other studied mountain ranges aissted a wide array of haplotypes,
confirming that mountain lakes may be reservoirgasfetic diversity of local species.

Detailed analysis of population genetic structuismag microsatellite markers revealed
another important result within my thesis. In raly similar habitatspermanent dimictic
mountain lakes of different sizeBaphniachoice between two overwintering strategies had a
strikingly different impact on the genetic struewand clonal diversity of the populations.

The genetic study of resting egg bank restrictedrie lake helped to uncover the
history of Daphnia species composition and replacement during tHec2dtury due to the
anthropogenic changes. The paleogenetic approkxieal the reliable species determination,
and the use of internal primers amplifying only sHoeagments of the target mitochondrial
gene overcame the problem of degraded DNA in theephippial eggs.

The comparison obaphnia and Eucyclopspopulations highlighted a very different
level of taxonomic advances between the two groAfilough no cryptic lineages through
the Balkans were found and all lakes were inhabiigda singleDaphnia or Eucyclops
lineage, the comparison with reference sequencesaled thatE. serrulatusrepresent a
species complex of high diversity. Tatra Mountaame particularly rich in diversity, they
harbour three species of tB@aphnia longispinacomplex, and twdcucyclopscf. serrulatus
linages. Further sampling in geographic regiongast and South-East Europe (e.g., Greece,
Ukraine) would be beneficial for possible detectadrcryptic lineages and also to extent the
knowledge of colonization of European populatiasf theDaphnia longispinaomplex.

The detection of cryptic lineages is not the genpedtern in mountain lakes was
revealed by the study of Balkan lakes as well aghin Pyrenees, where all analysed
individuals belonged t®aphnia longispinaThe results of genetic structure @f longispina
populations from Pyrenees show that more attertbdie role of priority effects in ecology
and evolutionary biology should be paid.

Obviously, studies of the genetic diversity of mtaim Daphnia species still bring
new insights on the evolutionary history of thegganisms. The application of genetic
methods is also useful for studies of other zodftam species that have not been so
intensively studied so far (e.Bucyclops serrulatusomplex) and can help us to understand
the processes of shaping the within- and among{ptipn diversity.
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