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Abstract

How species form is a fundamental question in evolutionary biology. Northern

postglacial lakes provide an excellent framework for studies of adaptive population

divergence. Different morphs of the same species are commonly found, varying in

genetic divergence, morphology and behaviour.

In this thesis I use genetic markers, morphological measurements and experiments

ofmating behaviour to examine the divergence of threespine stickleback morphs in four

Icelandic lakes. This work provides an unusually unambiguous example of

intralacustrine divergence and provides strong evidence for small scale adaptive genetic

divergence of morphs.

Genetic analysis shows that the morphs are genetically distinct, although with

considerable gene flow in all lakes. Phylogenies based on both mitochondrial control

region sequences and microsatellite DNA provide convincing support for the monophyly

of intralacustrine morphs in at least three of four cases.

To gain a better understanding of the processes contributing to divergence, two of

these intralacustrine systems were examined on a smaller scale. Different methods were

used, comparisons of distance matrices, analysis of clinal patterns and linkage

disequilibrium and levels of allele size variation across loci. The analysis based on

microsatellites, two ofwhich are linked to adaptive phenotypic variation in stickleback

populations, ecological variation and morphological distance.

Results from Lake Thingvallavatn show that there is a zone of divergence with a

clear centre at the transition between habitats, linkage disequilibrium is elevated at the

centre of the zone indicating that the morphs have diverged at several loci. Moreover,
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predation pressure is instrumental in limiting gene flow between the Lake Thingvallavatn

morphs. Mating trials on the Lake Thingvallavatn morphs confirm that they mate

assortativly. In both of the systems examined on a smaller scale, Thingvallavatn and

Hraunsfjordur, there is evidence for the same genetic mechanism being involved in

adaptive divergence as has previously been reported in Canadian sticklebacks.
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Chapter 1. General Introduction

Species and speciation are a key part of evolutionary biology. Early work often

focused on ecological species differences and natural selection as a driving force in

speciation. As the understanding of molecular genetics grew there was a shift

towards studies of neutral population genetics, with research on speciation mostly

relating to the accumulation of species differences in allopatry. However, in the past

decade there has been a resurge of interest in the influence of selection on population

divergence (Schluter 2000). The renewed interest was partly fuelled by numerous

reports of ecologically diverse morphs or species found to coexist in close proximity,

this in turn was followed by renewed theoretical models of ecologically driven

speciation. In particular, recent theoretical models have been a turning point for the

theory of sympatric speciation. Many earlier models assumed simple genetic control

or very high cost of hybridization and highlighted the difficulty of sympatric

speciation. Recent models have addressed these difficulties convincingly and

demonstrated the theoretical possibility of speciation without isolation (Dieckmann

and Doebeli 1999, Kondrashov and Kondrashov 1999).

Geographic Mode of Speciation

Despite the abundance of models of sympatric speciation empirical studies have

lagged behind and it remains exceedingly difficult to identify convincing cases of

primary divergence (Coyne and Orr 2004). Some of the best known examples of

putative sympatric divergence use phylogenetic approaches to support a mode of
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sympatric divergence. The assumption is that in sympatric divergence adjacent

species are more closely related than other such groups. For example the

monophyly of intralacustrine cichlid fish in two crater lakes in Cameroon has

suggested that the different morphs originated within the lake (Schliewen et al.

1994). The monophyly of intralacustrine fish indicates divergence within lake,

especially when including other such populations from connected watersheds.

However, there are several points that need to be taken into consideration before

assuming sympatric divergence. It is possible that the observed range of species is

very different than at the time of speciation, range expansions or extinction from any

part of the previous range will seriously affect the phylogenetic pattern (Losos and

Glor 2003). Moreover, different molecular markers can give very different results,

basing phylogenies on more than one marker type will greatly improve accuracy

(Taylor and McPhail 2000). Phylogeographic approaches might be most relevant in

recent scenarios where the geological history of an area is relatively well known.

This will increase the likelihood of identifying the actual colonisation and

divergence pattern and any historic or geological factors that might influence current

species ranges.

Ecology and Speciation

Over the last decades the debate on sympatric speciation has often been connected

with ecological divergence (Maynard Smith 1966; Rice and Hostert 1993; Bush

1994). However, studies indicating the importance of ecological processes in

speciation do not particularly confirm divergence in sympatry. The observation that

reproductive isolation can evolve rapidly under conditions of variable ecological
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opportunities, for example after colonization of environments with diverse habitats,

has encouraged the idea that ecology is essential in shaping and maintaining new

species. Examples from northern freshwater fish (Snorrason et al. 1994, 2004;

Pigeon et al. 1997; Gislason et al. 1999), East African cichlid fish (Schliewen et al.

1994; Meyer et al. 1990), and Galapagos finches (Grant and Grant 1998) indicate

that evolution in recently colonized lakes and islands can occur extremely rapidly

and involve diverse specialization of a single species (Grant and Grant 1998,

Robinson and Schluter 2000). The closely related fish species residing in northern

lakes often show parallel morphological and trophic adaptations among lakes of

similar ecological characteristics. The persistence of these species or morphs,

despite possible gene flow, further indicates natural selection acting on hybrids

(Robinson and Schluter 2000). Similar results have been found with Anolis lizards.

Soon after introduction to several Bahaman islands, differing slightly in vegetation

structure, local adaptations in limb morphology could be seen between the islands

(Losos et al. 1997). Further evidence for the importance of ecology in speciation

comes from comparison of the strength of premating isolation between closely

related species that exist both in sympatry and allopatry (Rundle et al. 2000; Nosil et

al. 2002).

Analysing Adaptive Divergence

Whatever the geographical mode of divergence, without complete reproductive

isolation groups in close proximity will exchange genes. How adaptive differences

are maintained in sympatry or across ecotones and the effect of gene flow on

divergence is of special interest. Theoretically, reproductive isolation can evolve
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between populations occupying continuous habitats and many recent models predict

that local adaptations are most likely to occur with an intermediate level of gene

flow (Gomiulkiewicz et al. 1999; Dieckman and Doebeli 2003). Divergence will

depend on several variables including dispersal distance (Gavrilets et al. 2000),

asymmetry between habitats (Nagylaki 1978), habitat size and population density

(Ronce and Kirkpatrick 2001). The processes maintaining adjacent species have

been extensively studies in hybrid zones of secondary contact. Observing

continuous variation across a contact zone can give extensive information on the

forces of species maintenance. Cline theory provides a useful approach for the study

of gene flow, dispersal rates and the strength of selection between locally adapted

contiguous populations (Barton and Hewitt 1981, 1985; Szymura and Barton 1991;

Kruuk et al. 1999). Looking at parapatric populations or locally adapted marginal

populations at a small scale allows for the application of cline models, providing

more detailed information on the forces maintaining the populations than can be

deduced by methods commonly used on discrete populations (Ross and Harrison

2000; Hendry et al. 2002). For instance application of cline theory can provide

information on the limitations to adaptive divergence, selection on different

characters and gene flow across contact zones. Character frequencies between

populations that have diverged in response to ecological gradients or selection may

show very different patterns especially when comparing neutral markers and

selected characters (Durrett et al 2000). For example different patterns of

divergence of neutral microsatellite markers and quantitative traits has been used to
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infer divergent natural selection as a primary factor in the divergence ofDrosophila

melanogaster populations across a altitude cline (Gockel et al. 2001).

Genetics of Adaptive Divergence

The genetics of species differences has been studied extensively, but research has

mostly focused on the mechanism of postzygotic isolation ofwell established

species (Orr 2001). With recent technological advances genomic areas underlying

differences in phenotypic traits can be located and individual genes even identified.

Nonetheless, classic questions of speciation genetics are still important, these

include the number of genes, major gene effect and epistatic interactions involved in

the initial divergence of populations. To answer these questions it is important to

look at recent taxa, groups that are still in the "divergence phase" with little

accumulated genetic differences. Quantitative trait locus (QTL) mapping is

increasingly used to identify genes effecting local adaptation in natural populations

and speciation (Via and Hawthorne 1998). However, there is often very little known

about the traits influencing local population adaptation and divergence, limiting the

possibilities ofQTL studies in identifying genes contributing to local adaptation.

With the recent availability of neutral molecular markers distributed across the

genome multilocus screens become increasingly valuable. The idea is based on the

fact that different adaptive forces act differently on parts of the genome leaving

characteristic patterns that may be detected by comprehensive sampling of loci. The

concept was first put forward by Cavalli-Sforza (1966) and further developed by

Lewontin and Krakauer (1973) but the initial approaches based on F statistics had

several flaws. Recently, there has been renewed interest in these methods and new
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test statistics have been developed, providing the means to use genetic markers to

identify regions that appear to be under selection (Bowcock et al. 1991; Beaumont

and Nichols 1996; Schlotterer 2002). In addition to tests for selective sweeps,

analysing cline shapes of genetic marker frequencies can be used to identify varying

selection pressure on genomic regions.

Reproductive Isolation

According to the biological species concept speciation cannot occur without

reproductive isolation. In the laboratory reproductive isolation has been found to

evolve as a by-product of artificial divergent selection on ecological characters

indicating a direct link between disruptive natural selection and sexual isolation.

However, in most cases the character under selection had an unknown fitness value

and biological function in the field (Rice and Hostert 1993). Ecological

specialization, though possibly promoting speciation, is by itself not sufficient for

speciation to occur. For speciation to follow ecological divergence sexual and

ecological traits must be connected in some way, either with simple genetic control

influencing both traits, the build up of linkage disequilibrium between genes or if a

single character is involved in ecological specialisation and mate choice. The

simplest and probably the most convincing example of reproductive isolation being

influenced by ecological factors is premating isolation caused by host or habitat shift

(Nosil et al. 2002; Feder 1998). The apple maggot fly (Ragoletis pomonella) has

been a textbook example of this process, although recent work indicates that a more

complex mechanism is involved (Feder et al. 2003). Their shift of habitat and

adaptation to a newly introduced host from its native host has created two
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reproductively isolated host races (Feder 1998). Similarly, allocronic speciation can

cause almost instantaneous isolation as in sympatric periodical cicadas after rapid

changes in emerging time (Simon et al. 2000). Size assortative mating is another

example of ecological divergence directly resulting in sexual isolation. Size is an

important ecological character in many species and differences in size are often

observed between populations. In many fish species sympatric morphs differ

considerable in body size and size is often involved in premating isolation, e.g.

sticklebacks (McKinnon 2004; Nagel and Schluter 1998) and sockeye and kokanee

salmon (Foote and Larkin 1988). In the case of trait divergence being directly

involved in sexual isolation, speciation can theoretically occur with divergence of

only a single trait or even without any underlying genetic differences. Different

juvenile habitats can for example result in size differences, which in turn may cause

sexual isolation (McKinnon et al. 2004). There is considerable data linking

ecological specialisation to sexual isolation in recent species and morphs (Schluter

2001). However, ecological differences appear not to be always involved in

assortative mating of closely related species. As well as being very ecologically

diverse many extreme and unusual mating systems and secondary sexual characters

have evolved in the cichlids in the African Great lakes (Turner 1999). Seehausen et

al. (1997) suggests that sexual selection is the driving force of reproductive isolation

and high speciation rate. Closely related sympatric species often have colour

assortative mating and ecological differences do not seem necessary to maintain

isolation (Galis and Metz 1998; Seehausen et al. 1997). Despite the common

observation of sexual differences in closely related species there is little direct
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evidence for the role of sexual selection in speciation (Panhuis et al. 2001; Gage et

al. 2002). However, there is little doubt that sexual differences can potentially play

a fundamental role in speciation. Therefore, further research on assortative mating

mechanisms of recently diverged populations that have not yet accumulated neutral

differences will be important in determining the influence of sexual differences in

population divergence.

Northern Postglacial Lakes

In the northern regions ofNorth America and Eurasia innumerable freshwater lakes

formed after the last glacial period (10-16.000 years ago). These lakes were

colonized by fish taxa either by sea or from freshwater refugia, greatly limiting the

number of colonizing species. Colonising fish species often became isolated within

lakes or water systems after postglacial changes in sea levels. These recently

colonized lakes would therefore have many island like features, allowing for

independent evolution within each system. In many of these lakes two or more

morphs of the same species can be found (Schluter 1995; Robinson and Wilson

1996; Robinson and Schluter 2000; Snorrason et al. 2004). Most often two morphs

coexist, adapted to different foraging habitats, for example whitefish (Coregonus

spp.), sunfish (Lepomis spp.), Salmonids (Salmo, Salvelinus spp.) and sticklebacks

(Gasterosteus) (Robinson and Wilson 1994). The remarkable level of phenotypic

variation and varying levels of genetic divergence provide a unique opportunity to

study the effects of ecology and gene flow in population divergences (Schluter 1996;

Bernatchez and Wilson 1998; Gislason et al. 1999; Hindar 1994). .
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The Threespined Stickleback

The threespine stickleback (Gasterosteus aculeatus) species complex has a wide

distribution in temperate and boreal regions of the northern hemisphere, where it can

be found in marine, brackish and a variety of freshwater habitats (Bell and Foster

1994). Over its geographical and ecological range this small fish exhibits

extraordinary diversity in morphology, behaviour and life history (McKinnon and

Rundle 2002; Bell and Foster 1994; Lavin and McPhail 1985; McPhail 1994, Cresco

and Baker 1995; Kristjansson et al. 2002b; Klepaker 1996; Blouw and Hagen 1990).

Closely related ecotypes or species are found across lakes, as well as within lakes,

and stable polymorphism is found within populations (Foster et al. 1998). Many of

the studies describing diversity in the threespine stickleback emphasize the

apparently derived adaptations and the evidence of replicate parallel evolution found

within the species complex (Foster et al. 1998; McPhail 1985; Schluter and Nagel

1995; Walker 1997; Bell 1982). Three types of parallel evolution of sympatric or

parapatric species pairs are particularly well documented, these are anadromous and

stream resident sticklebacks (McKinnon 1995; McPhail 1993); lake and stream

resident sticklebacks (Thompson et al. 1998) and probably the best known example;

benthic and limnetic lake resident species pairs (McPhail 1984; 1994). McPhail

(1984) was the first to describe the coexistence of two forms of stickleback in six

lakes in the Strait ofGeorgia region of British Colombia, Canada. In each lake there

is one form specialized for feeding on plankton (limnetic form) and another one

specialized for feeding on the benthos (benthic form). The body shape of each form

is characterized by the feeding habitat, with the limnetic fish having long snouts,
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narrow mouths and numerous long gillrakers whereas the benthic form is larger and

deeper bodied, with larger mouth and fewer and shorter gillrakers (Bentzen and

McPhail 1984). Since the discovery of the BC stickleback pairs, several sympatric

or parapatric stickleback morphs have been described (reviewed in McKinnon and

Rundle 2002).

The threespine sticklebacks' unique reproductive behaviour that has been the

subject of innumerable studies during the past decades (Tinbergen 1951; Rowland

1982; Bakker and Sevenster 1983; Milinski and Bakker 1991; Bakker and Milinski

1991; Sargent 1986; Foster 1994; Rowland 1994). At the onset of the breeding

season the males develop red throats and forebellies and blue colour in the eyes and

dorsolateral surfaces. Males establish territories in which they build a tubular nest

out of vegetation. The male most often initiates copulation, courting the female with

a complex ritualised dance. The female then releases her eggs in the nest, 1-4

females generally lay eggs in the nests of a successful male. The male guards and

cares for the brood and even juveniles and is the sole provider of parental care

(Foster 1994; Rowland 1994). There is considerable female selection on nesting

males and only few of the males in a breeding population breed each season (Foster

1994). Although mating behaviour in the threespine stickleback has been considered

conservative relative to their great diversity in other phenotypic characters,

considerable variability can be seen between populations (Foster 1994). Predation

risk can significantly influence reproductive behaviour, with both males and females

at high predation sites choosing well concealed, vegetated nest sites and males

showing less conspicuous courtship behaviour (Candolin and Voigt 1998). Sneaky
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mating is also well known as an alternate mating tactic in males (Goldschmidt et al.

1992). Size assortative mating may be very common in the threespine stickleback

(McKinnon et al. 2004; Nagel and Schluter 1998; Borland 1986). Size is considered

to be important in an ecological context and Dolph Schluter and colleagues have

therefore concluded that there is a strong association between ecologically

significant traits and assortative mating (Schluter and Nagel 1995; Nagel and

Schluter 1998; Rundle and Schluter 1998). Several other mechanisms may also be

involved in assortative mating. Among those mechanisms are sexual selection on

hybrids (Rundle and Schluter 1998; Rundle and Schluter 2000; Vamosi and

Schluter 1999) and microhabitat choice on breeding grounds (Vamosi and Schluter

1999).

The Study Area

In the Mid-Atlantic two tectonic plates are diverging, creating a ridge of constant

geological activity. In only a few places does the ridge rise above the ocean surface

as volcanic islands and only in Iceland is the rift zone itself exposed. The spreading

axis of the ridge passes through Iceland from the SW to the NE, characterized by rift

valleys, volcanoes and postglacial lava flows. Within these neovolcanic zones

several lakes have been shaped by the volcanic activity (Jonasson 1979; 1992).

Characteristic of these lakes are extensive lava flows surrounding them and covering

the lake bottoms. The volcanic bedrock surrounding the lakes is extremely

permeable and carries water from high precipitation areas in nearby mountain ranges

and glaciers, adding valuable chemical properties to the groundwater. Consequently,

inflow ofwater to these lakes is mainly through groundwater springs, making them
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relatively stable in terms of temperature, water chemistry and water level.

Moreover, the lava habitat offers predatory refuges for small fish and this substrate

has also been shown to harbour a more diverse and dense invertebrate fauna than

stones with smoother surface (Snorrason et al. 1989; Malmquist et al. 2000). The

lakes found on the rift zone in Iceland are thus entirely different, with more diverse

habitats and often richer of nutrients than lakes of similar latitude in North America

or Scandinavia. The icecap covering Iceland during the last glaciation retreated as

recently as 10.000 years ago, marking the start of freshwater colonization.

Colonization is possible only by sea, limiting migration to saline resistant species.

Thus, only five wild species of freshwater fish are found in Iceland, charr (Salvelinus

alpinus), brown trout (Salmo trutta), stickleback (Gasterosteus aculeatus), salmon

{Salmo salaf) and eal {Anguilla anguilla). These species are all originally

anadromous but many populations of char (Salvelinus alpinus), brown trout (Salmo

trutta) and stickleback (Gasterosteus aculeatus) now freshwater resident. Even

though the geological features characterizing the rift zone lakes are largely similar,

many important differences in ecology exist between lakes; altitude, local climate

and water depth being among the characters contributing to these differences. These

differences along with the diversity of habitats and the young age of these systems

gives a great opportunity to study phenotypic diversification and the role of ecology

in reproductive isolation. The existence of intralacustrine threespine stickleback

morphs was recently reported in several Icelandic lakes (Kristjansson et al. 2002ba;

2002). The morphs were found in lakes in regions of recent volcanic activity with

one of two morphs seeming to specialise on habitats created by submerged lava

12



flows. The morphs where found to differ in several morphological characters,

trophic resource use, feeding and antipredator behaviour (Kristjansson et al. 2002a;

2002b; Doucette et al. 2004; Doucette 2001).
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Theses Objectives

The coexistence of threespine stickleback morphs was recently reported in Icelandic

lakes. The recent colonisation of Iceland's freshwater, coupled with the availability

of variable habitats, formed by recent geological activity, provides an excellent

framework to analyse adaptive population divergence. In this thesis I examine the

origin and nature of adaptive divergence of the intralacustrine threespine stickleback

morphs, using measures of genetics, morphology and behaviour.

■ Chapter 2. Fundamental for subsequent research is to establish the status of

genetic divergence of the intralacustrine morphs. Likewise, I want to

ascertain the colonisation patterns and the most likely mode of geographic

divergence of the intralacustrine morphs.

■ Chapter 3. Based on the phylogeographic results, the factors influencing

divergence are of interest. The stickleback morphs in Lake Thingvallavatn

are the most morphologically distinct. Therefore I focus on Thingvallavatn to

identify if ecological factors are influencing the divergence. Specifically, I

ask if differences in predation pressures or trophic ecology are correlated

with morphological differences or reduction in gene flow.

■ Chapter 4. To further examine the nature of divergence in the Lake

Thingvallavatn stickleback morphs, I analyse variation in morphological

traits, neutral and putatively selected genetic markers across the divergence

zone. Factors such as hybridisation between morphs, movement of
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individuals across the cline, possible centre position of the cline and

potentially selected traits were examined.

■ Chapter 5.1 also examine adaptive divergence of marine and freshwater

populations in a system with very recent isolation. I ask if adaptive

differences have evolved in the 12 generations since the populations became

partially isolated.

■ Chapter 6. Finally I ask if differences in courtship behaviour have evolved

for the different morphs in Lake Thingvallavatn. Moreover, if they mate

assortatively and if any of the factors influencing mate choice can be

identified.
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Chapter 2. Colonisation and intra-lacustrine divergence of

Icelandic Threespine stickleback (Gasterosteus aculeatus)

Abstract

The geographical context of divergence and local adaptation of intra-lacustrine fish

remains controversial. Despite recent theoretical support for sympatric and

parapatric divergence unequivocal empirical studies remain scant. A very

convincing case would be where multiple lakes have different morphs and a range of

markers, both mitochondrial and nuclear, illustrate monophyly within lakes. Here

we describe such a situation for sticklebacks in four lakes in Iceland. The existence

of intra-lacustrine stickleback morphs, apparently specialised on different habitats in

Icelandic neovolcanic lakes was recently reported. We infer the phylogenetic

relationships of these fish and the colonisation pattern, using several freshwater and

marine populations as well as the four pairs of sympatric morphs. We find no

support for multiple colonisations. The data supports a single rapid colonisation and

suggests the monophyletic origin and very recent divergence of the intra-lacustrine

stickleback pairs.
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Introduction

Speciation and the evolution of biological diversity present some of the most

fundamental questions in evolutionary biology. The development of reproductive

isolation during allopatric divergence has been extensively researched and is well

documented (Coyne 1992). Conversely sympatric speciation is controversial and

has lacked theoretical support. However, in recent years there has been increasing

support for this process both from theoretical models and from observations of

natural populations (Dieckmann and Doebeli 1999; Doebeli and Dieckmann 2003,

Kondrashov and Kondrashovl999; Tregenza and Butlin 1999).

Some of the most convincing natural examples for sympatric divergence

come from the diverse morphs and closely related species which occur in sympatry,

often on recently colonised islands or in freshwater systems (Schliewen et al. 1994;

Grant and Grant 1998; Losos et al. 1998; Shaw et al. 2000; Schluter 1998;

Schliewen et al. 2001). These groups frequently maintain clear ecological

distinction, and habitat diversity and high intraspecific competition have been

suggested to facilitate the speciation process (Rice and Salt 1990; Rundle et al.

2000; Skulason and Smith 1995). Several studies have consequently focused on the

role of ecological specialisation in driving and maintaining sympatric divergence

(Schluter 2000; Pigeon et al. 1997; Schliewen et al. 2001). Other evidence indicates

that disruptive sexual selection or a combination of resource based and sexual

selection could be important in population divergence (Seehausen et al. 1997;

Wilson et al. 2000; Higashi et al. 1999; Turner and Burrows 1995).
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Following the retreat of the Pleistocene glaciers, 10.000 -16.000 years ago,

numerous freshwater systems were formed in the northern regions ofNorth America

and Eurasia. These systems were colonised by fish taxa either by sea or from glacial

refugia, greatly limiting the number of colonising species. Moreover, changes in sea

levels following the glacial retreat, as well as newly formed obstructions on river-

lake passageways could result in geographic isolation of one or few fish species

within individual lakes or water systems. These recently colonised lakes would

therefore have many island-like features, allowing for independent evolution within

each system (Robinson and Schluter 2000).

The various unoccupied habitats within lakes, coupled with intraspecific

competition and possible lack of competing species, can give rise to rapid

specialisation and resource based polymorphism. More than one morph is commonly

found within lakes (Snorrason et al. 1989; Skulason and Smith 1995; Schluter 1996;

Robinson and Wilson 1994; Robinson and Schluter 2000). Most often two morphs

coexist, which are adapted to the different foraging habitats of the benthic and

pelagic zones of lakes. Examples include whitefish (Coregonus spp), sunfish

(Lepomis spp.), Salmonids (Salmo, Salvelinus spp.) and sticklebacks (Gasterosteus)

(Robinson and Wilson 1994). In many of these lakes a remarkable amount of

phenotypic variation exists among morphs at low taxonomic levels with varying

levels of genetic divergence found between ecologically and reproductively distinct

forms or species (Schluter 1996; Gislason et al. 1999).

It is well known that in many recently deglaciated areas the currently existing

species originated in two or more glacial refugia and have come into secondary
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contact following the retreating glacier (Hewitt 1996; Bernatchez and Wilson 1998;

Turgeon and Bernatchez 2001). Multiple colonisations, either from multiple refugia

or repeatedly from the same source population, are likely to explain the co¬

occurrence ofmorphs in many northern lakes (Taylor and McPhail 2000; Bernatchez

and Dodson 1990, Pigeon et al. 1997). Other studies find that sympatric or

parapatric divergence is the most parsimonious explanation of divergent morphs

(Gislason et al. 1999; Douglas et al. 1999). In recent years advances in molecular

methods have been instrumental in identifying the origin of these sympatric morphs.

Various molecular markers have been used to identify possible glacial refugia and

consequent dispersal routes, but also to test hypotheses of secondary contact or

primary divergence (Gislason et al. 1999; Bernatchez and Dodson 1991; Taylor and

McPhail 1999; 2000; Schliewen et al. 1994). Increasingly phylogenetic studies are

used to try to determine the geographical mode of speciation (Schliewen et al. 1994;

Meyer et al. 1990; Barraclough and Vogler 2000). The pattern of relatedness

between closely related species or diverged populations is used to infer the most

parsimonious mode of divergence. If sympatric speciation occurs the expected

pattern would be of sympatric sister species that are more closely related to each

other than to adjacent groups. However, despite several convincing attempts, it

remains difficult to reject allopatric divergence followed by range expansion or other

modes of secondary contact (Losos and Glor 2003). In most systems historical

population processes are difficult to infer and intralucustrine population relationships

need to be related to other groups to understand possible routes of colonisation

(Verheyen et. al 2003). Moreover, different molecular markers can provide
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conflicting results (Taylor and McPhail 1999; 2000), emphasizing the importance of

using multiple markers to construct population relationships.

Threespine stickleback populations are often characterized by rapid

phenotypic and genetic divergence following colonisation of freshwater by marine

sticklebacks (Bell and Foster 1994; McKinnon and Rundle 2002; Reusch et al.

2001). Sympatric morphs have been found that are divergent in morphological

traits, behaviour and are sometimes genetically distinct. The best documented of

these are the benthic-limnetic species pair in postglacial lakes in British Colombia,

Canada, but several other examples exist including lake-stream morphs, sympatric

anadromous and freshwater populations and different colour morphs (reviewed in

McKinnon and Rundle 2002). Recently, sympatric and parapatric stickleback

morphs have been found in Icelandic lakes (Kristjansson et al. 2002ba; 2002).

These unique morphs have diverged to two different substrate types, lava and soft

mud, and show varying degree ofmorphological divergence.

This study addresses questions on the origin of Icelandic sticklebacks.

Firstly, do the intra-lacustrine morphs represent genetically distinct populations?

Second, have there been multiple colonisations of freshwater, perhaps from glacial

refugia? Finally, have the stickleback morphs diverged in sympatry or do they

originate from repeated marine invasions? Here, results from genetic analysis using

both nuclear and mitochondrial markers is presented. The phylogenetic relationships

of the intra-lacustrine morphs to other freshwater sticklebacks as well as marine

groups provides a comprehensive picture of population relationships and gives

information on the colonisation of Icelandic sticklebacks. The combined evidence
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of phylogenetic tree based on both nuclear and mitochondrial DNA and the well-

documented geological history of the region provides convincing evidence for intra-

lacustrine divergence.
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Methods

Sample sites and collectionof samples

Sample sites from different watersheds and marine locations distributed across

Iceland were chosen, varying in altitudes and distance from sea. Moreover,

sticklebacks were collected from three lakes and a lagoon situated on the

geologically active rift zone, Lake Thingvallavatn, Lake Myvatn, Lake Hredavatn

and Hraunsfjordur. In these four systems different levels of phenotypic divergence

have previously been demonstrated between fish caught at lava and soft substrate

habitats (Kristjansson et al. 2002ba; 2002).

Total sampling included eight sympatric populations from four sites, five

other freshwater populations and four marine populations (Fig. 1 and Table 1). Fish

were collected with unbaited benthic minnow traps except in the lava habitat in Lake

Thingvallavatn where electrofishing was used. Sampling was done in the summers

of 1999-2002. All fish were anesthetized, fin clipped and preserved in 10%

formaldehyde. Fin clippings were preserved in 98% ethanol for genetic analysis. A

total of 505 fish from 18 sites are used in this study, sample size per site ranged from

11 to 62.

Molecular Markers

Total genomic DNA was isolated from fin clips using a standard proteinase K lysis

and organic solvent purification method as described in Sambrook et al. (1989).

Briefly 1-2 g of tissue was digested overnight with proteinase K at 55 °C. DNA was

then extracted by treatment with phenol, phenol/chloroform/isoamyl alcohol
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(25:24:1) and chloroform/isoamyl alcohol (24:1). Adding 1/10 volume 3M-sodium

acetate and two volumes of absolute ethanol achieved precipitation. The DNA was

then washed in 70% ethanol before being resuspended in 50pl of sterile distilled

water.

Samples were scored for 6 microsatellite loci, Gac2111, Gac4174, Gac3133,

Gac7188, Gac7033 and Gael 125 (Largiader et al. 1999). Four of these loci,

Gac2111, Gac4174, Gael 125 and Gac7033 were found to be physically unlinked in

another study (Peichel et al. 2001). However, the loci Gac2111 and Gac7033 are

adjacent to loci effecting the length of the first dorsal spine, and length of the second

dorsal spine and gillraker length respectively (Peichel et al. 2000). These traits are

known to be under selection associated with ecological specialisation in other cases

of intraspecific divergence and have also diverged between some of the lava-soft

substrate stickleback morphs used in this study (chapter 3; Kristjansson et al.

2002ba). Conditions described in Largiarder et al. (1999) were followed for

amplification of markers except for Gac7033 where the annealing temperature was

raised by 1°C. PCR products were mixed with formamide loading dye and heated to

95°C before being loaded onto a 6% polyacrylamide gel. A lObp ladder was loaded

in every tenth well and samples of known allele size were used as additional

standards. The gels were run at 50W for 3-4 hours and the products then visualized

with silver staining.

The entire rntDNA control region was sequenced for a random subset of fish

from each population, sample size range 1-10, in total 42 individuals. We used the

primer pair L-Thr (5 '-AGCTCAGCGYCAGAGCGCCGGTCTTGTAA-3') and H-
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12S (5'TAAAGTCAGGACCAAGCCTT-3'), modified by Takahashi and Goto

(2001) to amplify the total mtDNA control region. The following thermal cycles

were used: 94°C for 30 s; 94°C for 1 min, 58°C for 1 min, 72°C for 1 min (30

cycles); 72°C for 8 min, which amplified a 900-1030 bp fragment from total

genomic DNA. The PCR product was cleaned and isolated using Qiagen PCR-

cleanup kits (Qiagen, Dorking, UK). DNA sequencing was performed by The

Sequencing Service (http://www.dnaseq.co.uk) using DYEnamic ET terminator

chemistry (Amersham Pharmacia Biotech) on Applied Biosystems automated DNA

sequencers. Owing to their high similarities, sequences were easily aligned by eye

and compared to published threespine stickleback control region sequences.

Variable insertions/deletions were observed at the 5' hypervariable end. These

consisted of 11 bp, ATAGGCGCCAA, repeated 4-16 times causing a maximal size

difference of 130 bp between sequences.

Genetic Variation

Population genetic variability, the number of alleles per locus, expected and

observed heterozygosity (Ho, He) was estimated using Genetix vs. 4.02 (Belkhir

2000). The same program was used to test for Hardy Weinberg and linkage

disequilibrium. All multiple comparisons were Bonferroni corrected to maintain a

type 1 probability error at a = 0.05 (Rice 1989). Population genetic diversity was

estimated at the nucleotide level from the number of substitutions between

sequences (Nei 1987) using the Kimura 2-parameter genetic distance (Kimura 1980).

This approach is recommended for analyses of the 5 'hypervariable segment of the

control region and for data sets with different rates of transitions and transversions
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(Nei and Kumar 2000). The 5' and 3' ends of the control region had very different

levels of diversity. The hypervariable region was excluded from the haplotype

parsimony network, where it gave very poor resolution.

Popula tionDivergence

Population divergence based on microsatellite loci was examined by computing Fst

(Weir and Cockerham 1984) and significance determined by permuting the values

1000 times. Rst values, which are based on microsatellite stepwise mutation

models, were also calculated with the program RSTCALC (Goodman 1997).

Population subdivision was also measured using Fst estimates from a Kimura two-

parameter distance matrix based on mtDNA control region sequence data calculated

with ARLEQUIN v. 2.0 (Schneider et al. 2000). The significance of these estimates

was determined by a 1000 step, 1000 iteration, Markov chain Monte Carlo method

(1000 dememorization steps).

Considering the very short divergence time of these populations (-10.000

years) genetic distance estimates that are based on drift rather than mutation are

probably most appropriate (Takezaki and Nei 1996; Goldstein and Pollock 1997;

Gaggiotti et al. 1999). The structuring effect of demographic processes, such as

changes in population size during the colonisation is likely to exceed any genetic

variability due to post colonisation mutation. To investigate the importance of

variability produced by post colonisation mutation we compared the number of

private alleles found in the freshwater populations to those found in marine

populations. The results indicate that most of the microsatellite diversity observed is

25



represented by the marine population as few private alleles are found in the

freshwater sticklebacks.

DistributionofGenetic Variation

Several of the freshwater sites sampled are at altitudes of between 400-600 meters

a.s.l. This could limit the number of colonising individuals and generate founder

effects. Reductions in effective population size (Ne) are accompanied by reductions

in the number of alleles and expected heterozygosity, however, the number of alleles

are expected to be reduced more quickly, especially those which occur at a low

frequency (Cornuet and Luikart 1996; Luikart et al. 1998). A population that has

experienced a recent bottleneck is therefore expected to show a greater HE than

predicted based on the observed alleles. To assess the impact of this type of

demographic change we used the heterozygosity excess test ofCornuet and Luikart

(1996). Heterozygosity excess was estimated and tested for significance (one-tailed

Wilcoxon test) using the computer program BOTTLENECK (Piry et al. 1999).

To further test how genetic variability might have been affected during or

after colonisation the relationships between genetic variation and habitat size and

altitude were estimated. Genetic variability was measured both by HE and the total

number of alleles.

popula tion rela tionships

Several approaches were used to determine population relationships and to estimate

both colonisation history and the origin of the sympatric morphs. All analysis was

performed both using all 7 loci but also by excluding Gac2111 and Gac7033 as they

are possibly effected by selection. These analysis did not give notably different
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results for relationships between lakes, but as the two loci Gac2111 and Gac7033

have been shown to have considerable different patterns of divergence on a smaller

scale within lakes, results ofpopulation relationships presented here are based on the

four neutral loci (chapter 3; chapter 5).

Inferring population relationships from highly variable markers such as

microsatellites has several difficulties (Hedrick 1999; Takezaki and Nei 1996). For

example, reduction in population size effecting genetic variation will artificially

increase measures ofpopulation divergence. This can be especially troublesome

when studying recently colonised populations that are unlikely to have reach

equilibrium conditions and much of the genetic structuring still represents

demographic processes during colonisation. Colonisation of freshwaters in Iceland

has occurred in the last 10.000 years and may in fact still be in process. Population

processes during colonisation will influence the genetic structure and in the Icelandic

sticklebacks this pattern may still be present. To examine if reduction in genetic

variation during colonisation affects genetic distance measures we regressed the

average genetic distance (0) of each population on He from the same population.

Reduction in HE did explain a significant proportion of the genetic distance (r2 =

0.53; p<0.001) emphasizing that care must be taken when interpreting results on

population relationships in recently diverged populations.

Phylogenetic relationships based on microsatellites were constructed using

the modules SEQBOOT, CONTML, and CONSENSE in PHYLIP 3.5 (Felsenstein

1993) to construct a maximum likelihood tree (1000 bootstraps) based on

microsatellite allele frequencies. CONTML uses restricted maximum likelihood to
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estimate phytogenies. Maximum likelihood often outperforms alternative analyses

(Huelsenbeck and Rannala 1997). However, the model makes strict predictions that

drift rather than mutations are affecting allele frequencies. Given the recent

divergence as previously discussed these assumptions are probably not violated.

However, several other estimates were also tested, but produced similar results. The

trees were arbitrarily rooted by one of the marine stickleback groups. Marine

sticklebacks are generally thought to represent the genetic diversity found in a

hypothetical ancestral population as freshwater populations of threespine stickleback

have resulted from recent colonisation of marine stickleback (Hagen and McPhail

1970). This view has been supported by patterns of variation ofmtDNA, allozymes

and microsatellites in several recent northern freshwater and marine populations

(Taylor and McPhail 2000; Taylor and McPhail 1999; Withler and McPhail 1985).

Our approach was further justified by our own results, as analysis ofprivate allele

confirmed that almost all of the alleles found were represented in the marine

populations.

Pairwise distances between populations were estimated from bootstrapped

mtDNA sequences following the Kimura-2-parameter model (Kimura 1980).

Phylogenetic relationships were analyzed using Neighborjoining with PHYLIP 3.5

(Felsenstein 1993). We also represent a Neighborjoining tree based on the pair-wise

distances of individual fish, again following the Kimura-2-parameter model, both

trees are rooted with a published sequence from a Japanese stickleback (Takahashi

and Goto 2001).
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Genealogical relationships among mtDNA sequences were also examined by

constructing a haplotype network with the parsimony method of Templeton et al.

(1992). This method estimates the minimum number of substitutions to connect

parsimoniously any two haplotypes, first linking sequences with the smallest number

of differences. The probability of parsimony (Templeton et al. 1992) is calculated

for pairwise differences until the probability exceeds 95%. The number of

mutational differences just before reaching this probability is then the maximum

number of mutational connections between pairs. This method can provide high

resolution for inferring relationships among genes with low levels of divergence. It

also estimates haplotype outgroup probabilities, allowing identification of the most

ancient haplotypes in the sample. The analysis was performed using the software

TCS vs. 1.06 (Clement et al. 2000).

Finally we used AMOVA (Analysis of Molecular Variance) to test

hypotheses of colonisation patterns and the origin of intra-lake pairs. The AMOVA

produces hierarchical components of genetic variation; variation within populations

relative to the whole species Fst, among populations within groups, Fscand among

groups Fct- The levels and significance of genetic variation based on different

groupings of the populations reflects the structure of genetic variability. The

arrangement that maximizes variation between groups was presumed to represent the

true geographical structure. Several hypotheses were tested, 1. North-south division

of colonisation (groups based on N-S watersheds). 2. Earlier highland invasion

(groups based on sampling site altitude). 3. Double invasions of lakes (groups based
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on different morphs). Analysis of Molecular Variance both for microsatellite and

mtDNA data was calculated in ARLEQUIN v. 2.0 (Schneider et al. 2000).
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Results

MlCROSA TELLITE DIVERSITYAND DESCRIPTIVE STA TISTICS

Genetic variation was generally high across all populations and loci. Microsatellite

allelic diversity ranged from 18-58 alleles per locus and mean heterozygosity from

0.37-0.87. The locus Gac2111, with mean total number of alleles of 7 and mean HE

of 0,37, displayed the least variation across all populations. This locus is closely

linked to genes effecting spine length, so hitchhiking may have acted to reduce

variability (Peichel et al. 2001).

The marine and sympatric populations from Hraunsfjordur had the highest

level ofmicrosatellite variation, corresponding to those reported in a review of 12

species ofmarine fishes (DeWoody and Avise 2000). There was no considerable

difference in variability between sympatric populations except in Thingvallavatn

were the soft substrate population has both higher observed heterozygosity and mean

number of alleles (Table 1). This could be an artefact of sample size, 62 fish were

sampled from the soft substrate site vs. 40 in the lava zone or reflect differences in

effective population size.

Sample size was related to the mean number of alleles but not expected

heterozygosity. Reduced genetic variation in populations might be expected during

colonisation of highland lakes. However, microsatellite variation as measured by HE

was not related to altitude or distance from sea but positively related to habitat size

(r2 = 0.57; p< 0.0001).

We did not find evidence of significant bottleneck effects during

colonisation. Tests for heterozygosity excess produced no significant values either
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using the stepwise mutation model (SMM) or infinite allele model (IAM) (Table 2).

This is consistent with the observation that all populations generally displayed high

levels of variability.

A small percentage of the alleles found are exclusive to the freshwater

populations (8 out of a total of 220 alleles, or 3.6%). These private alleles are found

in the populations Myvatn, Thingvallavatn and Hredavatn, which are the largest

freshwater samples. The lack ofprivate alleles in the other freshwater populations

suggests that post colonisation mutation has not been important in structuring the

observed genetic variability, but that most of the genetic structure results from

reduced population size during colonisation and post isolation genetic drift.

Excluding the marine populations the intralacustrine morphs in Thingvallavatn share

6 private alleles, 5 private alleles are observed in Myvatn and the morphs in

Hredavatn share 3 alleles. This indicates recent or ongoing gene flow between

sympatric populations.

Hardy-Weinberg equilibrium was rejected in 10 out of 126 possible tests, but

only 3 remained significant after sequential Bonferroni adjustment, however these

significant tests showed no consistent pattern either among loci or populations. Four

of the six loci used in this study are positioned on different linkage groups in the

stickleback genome (Peichel et al. 2001). Significant linkage was nonetheless

observed in 12 out of 255 pairwise tests. Although this may be accounted for by

multiple comparisons, 4 of these 12 instances were detected with the soft substrate

population in Thingvallavatn, 3 each in the two freshwater populations in

Hraunsfjordur and 2 in Hnifa. The observed linkage disequilibrium might possibly
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attest real genetic structure within these populations, e.g. sampling at these sites

might have included individuals which originated in genetically distinct but

geographically close populations.

Mitochondrial variability

A total of 28 haplotypes were identified in the sample of 42 individuals. The

distribution of haplotypes reflected geographical distribution and haplotypes shared

among localities were rare. In all 33 out of a total of 1059 sites were variable, not

considering the variable number of repeats observed at the hypervariable 5' end (Fig.

2). Nucleotide diversity for the combined sample was 0.046 +/- 0.012 and haplotype

diversity was 0.9751 +/- 0.0076. A single haplotype was commonly observed within

site, and some samples consisted only of a single individual (Table 1). Nonetheless

haplotype diversity varied substantially among freshwater localities, being lowest in

Lake Galtabol and Lake Hredavatn, with only a single haplotype observed in each

lake, but highest in Thingvallavatn (0.92). Haplotype diversity did not differ among

sympatric morphs except in Thingvallavatn where the soft substrate morph displayed

higher haplotype diversity than the lava morph, 0.92 as opposed to 0.80.

popula tion rela tionships

Fst values based on microsatellite loci range from 0.024-0.46 (average 0.21) and all

pair wise tests were significant (p<0.01). Fixation index values between allopatric

populations range from 0.089-0.46 and are generally very low between freshwater

and the closest marine population (Fst range = 0.089-0.211), as might be expected

given the recent colonisation (Tables 3 and 4).
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Sympatric morphs differ significantly in all cases suggesting that the

intralacustrine morphs represent at least partially isolated gene pools. The level of

divergence for sympatric pairs is generally low compared to allopatric populations,

the Fst values lie between 0.024-0.082, indicating low to moderate divergence.

Divergence estimates based on microsatellite stepwise mutation models give similar

results (Table 3). Fst values based on mtDNA haplotypes range from 0.001-0.79

and were significant for sympatric morphs in three lakes, Thingvallavatn, Myvatn

and Hraunsfjordur.

The maximum likelihood tree based on microsatellite allele frequencies

separates Thingvallavatn, Hraunsfjordur and the marine groups from the other

freshwater sites (Fig. 3). The mitotypes show a similar pattern of divergence

although with the noteworthy difference of the Lake Myvatn morphs that not

monophyletic and cluster with the Hraunsfjordur fish (Fig. 4). With both trees

Thingvallavatn groups with the marine fish rather than the other freshwater groups.

Neither microsatellite distance nor nucleotide diversity indicate a deep split between

any of the populations, the observed pattern seems to represent recent rather than a

preglacial divergence. Similarly on the mitochondrial NeighbourJoining tree

depicting individual relationships (Fig. 5) a single individual from Lake Myvatn

(MYVJL2) is grouped with samples from Hraunsfjordur. The Hraunsfjordur fish

are of a very recent, or current, marine origin and this could possibly point towards a

more recent marine invasion in Lake Myvatn, although this is not consistent for

either morph within the lake. The remaining intra-lacustrine morphs are not

completely separated on the individual level haplotype Neighbor joining tree, though

34



there is a clear tendency for individuals of the same morph to cluster together (Fig.

5). With the exception ofMyvatn, there is support for the monophyly of the

sympatric stickleback pairs that is consistent for both microsatellite and mtDNA

control region data with strong bootstrap support (Figs. 3 and 4). The population

grouping was similar when using alternative methods of analyzes (Neighbor joining,

Maximum Parsimony, Ap).

The haplotype network (Fig. 6) is based on the first 750 bp of the 3' end of

the control region because complex insertions/deletions at the 5' hypervariable end

resulted in very low resolution and multiple networks when using the complete

sequences. The haplotypes cluster according to geographical location and

haplotypes are not commonly shared between sites. Three single morph sites,

Eidavatn, Hnifa and Litla are nonetheless monomorphic for the same haplotype,

which is also the most common haplotype in the sample. Sandvatn and Myvatn

share their most common haplotype, these lakes are very geographically close and

have probably only been isolated the last 2300 years. The marine haplotypes

partially group with freshwater populations in Hraunsfjordur as might be expected,

as there is no geographical barrier between these populations.There is not a clear

distinction between sympatric morphs, these cluster together in all cases and in

Hredavatn they share a single haplotype.

Analysis ofmolecular variance (AMOVA) was used to test different

hypotheses of colonisation, both on a regional scale but also on the origin ofmorphs

within lakes. The results are summarized in Table 5. AMOVA was based both on

microsatellite allele frequencies and on Kimura two-parameter distance estimates
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calculated from sequence data. The between group variance was maximized when

grouping the populations into very small units, each group including one or two

lakes (lakes were grouped when separated by less than 20km), both for

microsatellites (Fst = 0.16) and mtDNA (Fst = 0.29). The between group variance

was lowest when sites where grouped by morphs, i.e. lava group and soft substrate

group, and was not significant for the microsatellite estimate. There was no

convincing support of other multiple colonisation hypotheses, although groups based

on a North-South division gave notably higher resolution than a split based on

Highland-Lowland or Morph groups for the mtDNA data (Fst = 0.16).
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Discussion

The most important conclusion of this study is the convincing evidence for a

monophyletic origin of the sympatric stickleback morphs in each lake. Moreover,

restricted gene flow between morphologically divergent groups of sympatric

sticklebacks has been confirmed, hence verifying that genetic differences rather than

only phenotypic plasticity explains the phenotypic variation observed within lakes.

Finally, there is evidence for a single colonisation event both for individual lakes but

also on a national scale.

Genetic variabilityand patterns of colonisation

Demographic processes during colonisation, such as the number of founders and

duration of small population size, are likely to leave a genetic pattern that can be

detected. However, inferring population relationships from genetic data in recently

established populations has proved to be difficult as populations take long to reach

equilibrium conditions and alternative processes can often explain the existing

patterns of genetic variance.

High levels of genetic variability are observed for all the stickleback

populations, especially in marine fish and the larger lakes. Variability was reduced

in the freshwater populations as expected given the marine ancestry hypothesis, this

is also compatible with the loss of variation during re-colonisation (Hewitt 1996; Nei

1975). There is a significant correlation between microsatellite variability and size

of the sampled lake, but not between microsatellite variability and altitude or

distance from sea as might be expected from a stepping stone model of colonisation.
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Despite reduced genetic variability none of the populations showed signs of

significant bottlenecks during colonisation.

The lack of private alleles in the freshwater populations indicates a very

recent divergence, therefore the genetic structure found can be expected to be mostly

explained by genetic drift and demographic processes. This is also demonstrated by

the strong connection between genetic divergence and the level ofmicrosatellite

variability as differences in the genetic variability of populations seems to contribute

strongly to the measures of genetic divergence based on microsatellite variation (Fig.

7). This complicates interpretations of the relatedness among populations, as most

common measures of population divergence are highly dependant on population

genetic variation (Charlesworth 1998; Hedrick 1999). Furthermore, most common

estimates of population subdivision assume drift -migration equilibrium, but this

will rarely be the case with populations in recently colonised areas (Nichols and

Beaumont 1996). Despite the limitations of inferring phylogeographic relationships

of recently colonised populations from microsatellite data, the concurrence of

nuclear and mitochondrial data adds credibility to the results.

It is generally believed that during the last Pleistocene cold stage Iceland was

completely glaciated, excluding only small areas at high altitudes. There is evidence

for the preglacial origin of some plant and invertebrate species but perseverance of

freshwater fish is highly unlikely. Several studies on the postglacial colonisation of

Scandinavia and North America report multiple glacial refugia (Bernachez and

Dodson 1990; Nilsson et a/.2001). The current species of freshwater fish are often

descended from both southern and northern refugia either with a narrow contact
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zone, complete admixture, or they co-occur without interbreeding. We did not find

any conclusive evidence for colonisation by stickleback populations from multiple

glacial refugia, estimates of genetic distance were low between all populations both

for mtDNA and microsatellites and the size distribution ofmicrosatellite alleles was

relatively uniform.

INTERPRETA TIONS OF SYMPA TR Y

Both microsatellite and mitochondrial genetic distance estimates support the

monophyly of intra-lacustrine morphs in Lake Thingvallavatn, Lake Hredavatn and

Hraunsfjordur. Shared private alleles of the morphs in Myvatn, Hredavatn and

Thingvallavatn provide further evidence for sympatric divergence. Double

invasions of freshwater habitats by marine stickleback has been suggested to be a

fundamental part of the evolution of the Canadian limnetic-benthic stickleback pairs,

as supported by the narrow distribution of these species (Taylor and McPhail 2000;

Schluter 2001). We find little genetic evidence for the double invasion hypothesis,

the lakes that we sample are moreover widely distributed across Iceland, not sharing

any obvious postglacial geological history other than occurring on neovolcanic

zones. However, there are two facts that could indicate multiple or prolonged

marine invasions. First, phylogenetic relationships of the Myvatn morphs are not

consistent for mtDNA and microsatellite analysis. Based on mitochondrial DNA

they cluster close to the fish from Hraunsljordur, that are of very recent marine

origin (Fig. 4). However, as can be seen on figure 5 a single mitochondrial

haplotype from the lava habitat in Lake Myvatn falls well apart from the other

Myvatn individuals close to the Hraunsfjordur fish. On the same tree the other Lake
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Myvatn samples are grouped closely together. It is possible that the single

individual primarily explains the pattern ofmtDNA trees. Because of the low

sample sizes it is difficult to ascertain the cause of this pattern, there could be any

number of reasons for a single individual with a dissimilar haplotype to be present in

the lake. As this result is neither consistent for morph nor agrees with microsatellite

data it is most likely to represent either a single or a small number of sticklebacks

introduced to the lake by change or a small influx ofmarine fish after the lake was

first colonised. The second fact possible indicating a double invasion is that in Lake

Thingvallavatn the genetic distance between the closest marine population is

significantly lower for the soft substrate morph than for the lava morph. This might

be indicative ofmultiple colonisation of the lake and that the soft substrate morph is

a product of a later invasion of marine fish. It is difficult to distinguish between this

hypothesis and any effects caused by differences in genetic variability between the

two Thingvallavatn morphs. The reduced genetic variability of the Lava morph as

compared to the Soft substrate morph would act to increase any genetic divergence

estimates (Hedrick 1999).

In general it can be difficult to distinguish between within lake divergence

and a double invasion with subsequent gene flow between morphs. A similar

genetic pattern would be observed if a second colonisation had occurred recently

enough for mixing of the two forms to be incomplete. In this study we find no

evidence for multiple invasions, the island seems to have been colonised rapidly by a

single panmictic population of marine sticklebacks as demonstrated by the generally

high molecular variation and low level of population divergence between all
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populations. These results are concurrent for both microsatellite and mitochondrial

markers. In further support of the molecular evidence the geological history of

Iceland does not indicate multiple marine invasions or allopatric isolation. The

highest sea level is reported about 100m above the current level following retreat of

the Pleistocene glacier 10-11.000 years ago. The land then rose rapidly without

substantial fluctuations in water levels (Einarsson 1998).

Several recent papers emphasize parapatric or micro allopatric processes in

intra-lacustrine population divergence (Turner 1999; Markert et al. 1999; Arnegard et

al. 1998; Danley et al. 2000). In the African Great Lakes complex habitats result in

virtually isolated populations despite geographical proximity. In the four cases of

sympatric ecomorphs reported here the complexity of the alternative habitats could

possible contribute to a similar process. The lakes reported here are all relatively

small, no physical barrier is apparent and in all cases sticklebacks could easily travel

the distance separating the habitats. Therefore, even if stickleback movement

between habitats is limited by ecological factors this would only result in a reduction

in gene flow but not complete isolation.

Parallel Divergence

We find that the ecological morphs previously described in four Icelandic lakes are

genetically distinct populations. Low but highly significant genetic structuring was

detected in all four lakes using microsatellite markers and in all but Hredavatn based

on mtDNA control region haplotypes. Parallel evolution with ecological divergence

has been suggested as an explanation for the existence of the sympatric morphs that

are found within several species in northern freshwaters (Pigeon et al. 1997;
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Thompson et al. 1997; Gislason et al. 1999; Taylor and McPhail 2000). The

consistent occurrence of the Icelandic Lava and Soft Substrate stickleback morphs at

the two distinct habitats as well as morphological characteristics, suggest that

ecological selection is a factor in the divergence of the morphs. Further research is

needed to identify the level of isolation and any other components that might

influence it. Results from this study consistently point toward the independent

evolution of the different morphs within the four lakes studied. All of these lakes

have complex and distinct habitats with potential for significant ecological

specialisation. No significant population structure was detected in the other four

freshwater sites, but the possibility of sympatric morphs in other Icelandic lakes

cannot be excluded, nor that sticklebacks have specialised to other habitats than the

lava substrate, although we have focused on neovolcanic lakes in this study. The

various levels of genetic divergence between sympatric morphs broadly correspond

to the previously observed morphological differences within the lakes (Kristjansson

et al. 2002a;2002b).
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Conclusion

The subject of sympatric speciation continues to be controversial, and despite the

recent abundance of circumstantial evidence, difficult to prove. It has proved

problematic to distinguish the genetic pattern left by secondary contact and primary

divergence and with incomplete reproductive isolation it is still more difficult to

predict if the recent species or morphs will prevail. In Iceland, the short time since

glaciations and geographical isolation results in few species. The results show that

genetically distinct sympatric stickleback morphs coexist in at least four Icelandic

lakes. These morphs vary in genetic distance but all are closely related pointing

towards a very recent origin. Analyses of both nuclear and mitochondrial DNA

moreover suggests monophyly of the sympatric morphs.
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Figure 2.1. Map of Iceland showing the sample localities of the stickleback

populations used in this study. The name of each location is indicated. The large
circles mark the lakes with two morphs, the small dark circles are other freshwater
sites and the small light circles are marine samples. For sample sizes and individual

sample identifications see tables 1 and 2.
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SAN__F2 0
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MYV__L2 4
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THI__S3 ...GT .AA T. T. A 0

THI__S4 ...GT c. T. . 3

THI__S5 ...GT c. T. . 2

THI__L1 ...GT T. . 4

THI__L2 . . . GT T. . 4

THI__L3 ...GT.A... .TA. T. . 3

THI__L4 . . . GT C. A. T. . 2

THI__L5 . . . GT T. . T. . 4

THI__F1 . . . GT T. . T. . 4

EID__F1 T . .A. 4

EID__F2 T 6

EID__F3 T . . . . 6

GAL__F1 T . .A. 0

GAL__F2 T . .A. 0

GAL__F3 T . .A. 0

HNI__F1 T 4

HNI__F2 T 4

HNI__F3 T 4

LIT__F1 T . . . . 4

LIT__F2 T . . . . 4

LIT__F3 T.... 4

HRE__L1 C. .T. . 0

HRE__L2 C. .T. . 0

HRE__S1 C. .T. . 0

HRA_ LI C .G..C.T... 8

HRA__L2 .G..C 10

HRA__S1 T C.T..T 10

HRA__S2 T C.T... .T. . 8

HRA_Ml .G..C.T... 10

HRA__M2 C .G..C.T... 8

REY_Ml T. . C. . . .A. .G. 8
STO Ml T. . C. . 4

Figure 2.2. Variable nucleotide sites for the mtDNA control region. Thirty-three
variable sites were observed in a sample of 42 individuals. There were also varible
numbers of the insertion ATAGGCGCCAA, between 893 and 1003bp. The number
of these repeates is indicated after each sequence. Symbols: . = identical with first

sequence; * variable number of insertions.
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Figure 2.3. Maximum Likelihood tree of interrelationships of stickleback samples
based on allele frequencies at four microsatellite loci. Numbers at nodes represent

percentage bootstrap support. The tree was arbitrarily rooted with the marine

population ofReykholar (REY_M). Sample names correspond to those found in
Table 1. L = lava, S = soft substrate, M = marine and F = other freshwater

populations.
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Figure 2.4. Phylogenetic relationships of the stickleback populations based on

mtDNA control region sequences. The NeighborJoining tree is based on pairwise
distances between populations following the Kimura-2-parameter model. Numbers
at nodes represent percentage bootstrap support. The tree is rooted with a published
mtDNA control region sequence from a Japanese stickleback (Takahashi and Goto

2001). Sample names correspond to those found in Table 1. L = lava, S = soft

substrate, M = marine and F = other freshwater populations.
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Figure 2.5. Phylogenetic relationships of the stickleback populations based on

mtDNA control region sequences. The NeighborJoining tree is based on pairwise
distances between individuals following the Kimura-2-parameter model. The tree is
rooted with a published mtDNA control region sequence from a Japanese
stickleback (Takahashi and Goto 2001). Sample names correspond to those found in
Table 1. as well as individual sample numbers. L = lava, S = soft substrate, M =

marine and F = other freshwater populations.
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• THINGVALLAVATN

° MYVATN

Figure 2.6. Genealogical relationships were examined by constructing a haplotype
network from mtDNA control region haplotype data with the parsimony method of

Templeton et al. (1992). Each node represents a single mutation. Different colours

represent different sample sites.
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Figure 2.7. Average pairwise genetic distance (0) for each population based on

microsatellite data for each of the eighteen populations plotted against expected

heterozygosity (HE). There is a highly significant correlation between reduced

genetic variation and increased average divergence (r2 = 0.53 p<0.0001). This could

potentially influence estimates of population relationships.
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Table 2.1. Genetic variation and sample sizes for both mtDNA and microsatellite analyses.
Number of haplotypes per site and genetic diversity at the six microsatellite loci for the 18
stickleback populations used in this study. Populations are marked with the first three
letters of the name of the sample site followed by one of four letters; L-lava substrate, S-
soft substrate, M-marine and F-other freshwater sites. Location of each sample site can be
seen in Figure 1. For each locus allele size range, observed and expected heterozygosity

(He/Ho) is given as well as the mean number of alleles (A) and multilocus He/Ho.

Population Locus Overall

N Haplotype N
mtDNA U nDNA

Gac4174 Gac2111 Gac3133 Gac7188 Gael 125 Gac7033 A He/Ho

1 MYV-M

2 MYV-L

3 SAN-F

4 E1D-F

5 GAL-F

6 HNI-F

7 OXA-F

8 HRE-L

9 HRE-M

10THI-F

11 TH1-L

12THI-S

13 HRA-M

14 HRA-L

15 HRA-S

16 REY-M

17 STO-M

18 MYR-M

25

25

17

25

25

11

25

25

25

40

62

62

48

17

22

16

24

range

He/Ho

range

He/Ho

range

Hc/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

range

He/Ho

188-222

0,74/0.68
198-224

0,85/0,81
200-222

0,85/0,81
202-264

0,52/0,19
194-212

0,59/0,62
200-218

0,62/0,96
198-212

0,66/0,87

198-202

0,55/0,39
200-202

0,35/0,43
208-212

0,24/0,27
196-218

0,65/0,71
200-224

0,79/0,74
194-274

0,89/0,92
112-274

0,89/0,72
194-212

0,86/0,83

194-218

0.83/0.83

196-264

0.83/0.57

198-236

0.85/0.69

236-244

0,40/0,36
228-240

0,24/0,13
232-240

0,18/0,20

230-232

0,11/0,12
226-238

0,58/0,48
226-236

0,13/0,14
214-232

0,72/0,67

200-238

0,71/0,67
228-242

0,69/0,62
224-230

0,29/0,18
224-232

0,52/0,57
116-232

0,48/0,42
220-242

0.79/0.77

220-242

0,79/0,77
224-236

0.83/0.93

226-238

0.56/0.71

224-238

0.76/0.92

224-244

0.70/0.57

140-180

0.76/0.84

140-174

0.71/0.80

154-174

0.60/0.63

140-188

0.54/0.54

140-152

0.63/0.64

146-150

0.26/0.15

150-164

0,74/0,81

140-172

0.45/0.46

136-172

0.47/0.48

130-178

0.70/0.73

130-170

0.43/0.43

122-174

0.81/0.81

128-172

0.93/0.94

128-180

0.91/0.92

132-172

0.91-0.93

138-182

0.90/0.92

132-178

0.89/0.91

122-182

0.88/0.91

168-236

0.82/0.84

184-196

0.74/0.77

184-200

0.84/0.84

204-230

0.70/0.71

210-246

0.91/0.92

172-194

0.74/0.79

180-184

0,58/0,74

170-200

0.51/0.52

170-200

0.49/0.50

174-208

0.80/0.83

170-224

0.92/0.94

116-266

0.88/0.88

156-244

0.95/0.96

112-244

0.94/0.94

156-244

0.90/0.92

160-238

0.94/0.97

162-256

0.94/0.97

148-244

0.93/0.94

167-189

0.66/0.67

148-190

0.65/0.67

170-184

0.58/0.60

153-177

0.66/0.67

165-181

0.64/0.65

160-164

0.46/0.49

153-173

0,63/86

148-162

0.81/0.83

138-162

0.81/0.83

158-178

0.66/0.69

158-210

0.75/0.76

152-184

0.77/0.77

147-185

0.87/0.87

157-191

0.88/0.89

148-186

0.88/0.91

152-197

0.92/0.95

154-121

0.89/0.92

144-176

0.89/0.90

209-211

0.05/0.05

209-225

0.18/0.19

209-225

0.19/0.19

199-209

0.66/0.20

203-209

0.41/0.42

221-251

0.13/0.14

205-217

0,74/0,78

193-211

0.75/0.80

193-211

0.75/0.80

205-251

0.79/0.43

201-251

0.84/0.46

205-259

0.83/0.63

193-217

0.89/0.93

143-277

0.89/0.91

195-249

0.86/0.82

193-223

0.71/0.71

201-253

0.82/0.84

193-223

0.88/0.91

7,3 0,57/0,57

7,2 0,56/0,49

5.2 0,53/0,52

6.3 0,53/0,38

4.7 0,62/0,56

2.8 0,39/0,47

3,7 0,52/0,51

7,5 0,64/0,57

6 0,59/0,52

5,7 0,58/0,63

10,3 0,68/0,62

15,8 0,76/0,74

16,3 0,87/0,85

12.2 0,86/0,85

12.3 0,87/0,87

12,2 0,81/0,88

12,2 0,85/0,85

13,2 0,85/0,81
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Table 2.3. Population divergence within the four lakes with suspected

sympatric morphs. Fst and Rst values based on microsatellite allele

frequencies and Fst values based on a Kimura two-parameter distance
matrix ofmtDNA control region sequences. All values are highly

significant except for Lake Hredavatn where only a single mtDNA

haplotype was observed.

Microsatellites mtDNA

Fst P Rst P Fst P

Thingvallavatn 0,079 <0.0001 0,062 <0.0001 0,198 <0.0001

Myvatn 0,082 <0.0001 0,027 <0.0001 0,223 <0.0001

Hredavatn 0,042 <0.0001 0,091 <0.0001 - -

Hraunsfjordur 0,024 <0.0001 0,066 <0.0001 0,141 <0.0001



Table 2.4. Genetic divergence between each morph from the four lakes of

suspected sympatric morphs and the nearest marine population. All valus
were significant and relativly uniform within each lake.

Microsatellites mtDNA

Fst P Rst P Fst P

Thingvallavatn SOFT 0,089 <0.001 0,141 <0.001 0,213 <0.01

LAVA 0,131 <0.001 0,192 <0.001 0,334 <0.01

Myvatn SOFT 0,182 <0.001 0,242 <0.001 0,125 <0.001

LAVA 0,190 <0.001 0,188 <0.001 0,103 <0.001

Hredavatn SOFT 0,197 <0.001 0,204 <0.001 0,520 <0.05

LAVA 0,169 <0.001 0,232 <0.001 0,520 <0.05

Hraunsljordur SOFT 0,022 <0.001 0,056 <0.001 0,398 <0.01

LAVA 0,023 <0.001 0,044 <0.001 0,286 <0.01
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Table 2.2. Estimates of bottleneck effects.

Heterozygote excess versus heterozygote

deficiency based both on infinite allele model

(IAM) and a stepwise mutation model (SSM).
None of the values were significant it is
therefore unlikely that a major bottleneck
event has recently occurred.

Population IAM (HE/HD) P SMM (He/Hd) P

1 MYV-S 1/5 NS 0/6 NS

2 MYV-L 1/5 NS 1/5 NS

3 SAN-F 3/3 NS 2/4 NS

4 EID-F 4/2 NS 1/5 NS

5 GAL-F 5/1 NS 2/4 NS

6 HNI-F 3/3 NS 3/3 NS

7 LIT-F 3/3 NS 3/3 NS

8 HRE-L 3/3 NS 0/6 NS

9 HRE-S 3/3 NS 1/5 NS

10THI-F 3/3 NS 1/6 NS

11 THI-L 3/3 NS 0/6 NS
12 TH1-S 3/3 NS 0/6 NS

13 HRA-M 6/0 NS 1/5 NS

14 HRA-L 6/0 NS 2/4 NS

15 HRA-S 5/1 NS 3/3 NS

16 REY-M 3/3 NS 2/4 NS

17 STO-M 2/4 NS 3/3 NS

18 MYR-M 2/4 NS 2/4 NS



Table 2.5. Results from AMOVA. All values were significant at p < 0.01

except variance among groups when microsatellite data is grouped by morph,
indicated with *. This grouping also gives low significance for mtDNA data.
The highest among group variance is found when localities are not grouped
further.

Groups Among groups Among populations
within groups

Within populations

< Highland-Lowland 8,09 43,63 48,28
z
Q South-North 15,53 37,79 46,68
E Lava-Soft substate 4,58 45,8 49,59

<
Individual lakes 28,96 23,8 47,23

z
Q
c Highland-Lowland 5,57 18,49 75,94

South-North 5,64 18,54 75,82
Lava-Soft substate 0,24* 21,9 78,3
Individual lakes 15,66 8,18 76,16



Chapter 3. Local adaptation of the threespine stickleback

within Lake Thingvallavatn, the role of ecology in shaping

genetic and phenotypic variation

Abstract

Substantial phenotypic variation is often observed between closely related sympatric

populations. The apparent ecological specialisation of these morphs has suggested

an important role for ecology in population divergence and small scale adaptation.

To test predictions of the role of ecology in intra-lacustrine population divergence,

here geographical variation in morphological and microsatellites in adjacent

populations of threespined stickleback is examined. Matrix comparisons are used to

test for associations between genetic and morphological divergence of the groups

and the ecological factors associated with divergence. Neither phenotypic nor

genetic divergence can be sufficiently explained by geographical distance. On the

contrary, there is strong evidence for the role of ecological selection in producing

reproductive isolation between the threespined stickleback groups. Specifically,

high predation pressures, in addition to being an important factor in specialisation of

the fish, may limit movement between habitats and contribute to divergence.
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Introduction

There is ample evidence for natural selection leading to rapid changes in phenotype

and local adaptations (Hendry and Kinnison 1999, Hendry et al. 2000; Gilchrist et

al. 2001; Kristjansson et al. 2002b). Moreover, many recent models predict that

intermediate levels of gene flow can facilitate adaptation and divergence of small

peripheral populations (Doebeli and Dieckman 2003, Church and Taylor 2002,

Gavrilets et al. 2000; Kawecki 2000; Gomiulkiewicz et al. 1999). Gene flow may

provide the required genetic resources during early colonisation and even contribute

to the evolution of reproductive isolation (Turelli et al. 2001). However, a perhaps

more common view is of gene flow limiting genetic and phenotypic divergence. If

the level ofmigration between adjacent populations is high, alleles that maximise

overall fitness tend to become fixed even where different selection pressures act on

the populations (Lenormand 2002). The immediate equilibrium conditions will

depend on several factors including the strength of selection, the relative size and

dispersal properties of the populations, the effect of selected alleles and their

distribution in the genome (Lenormand 2002; Kawecki 2000; Gomulkiewicz et al.

1999; Garcia-Ramos and Kirkpatrick 1997; Holt et al. 2004).

It can be difficult to recognize situations where local adaptation is being

restricted by gene flow but some of the best examples come from studying

geographic gradients in allele frequencies (Lenormand et al 1998). However,

studies of discrete groups also provide examples of restricted adaptation. For

instance, sticklebacks in lake outlets seem to be less adapted to a stream

environment than sticklebacks from inlet populations and this corresponds to
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different levels of gene flow from the lake (Hendry et al. 2002). Also, in

salamanders, local colour adaptation as a response to predation seems to be restricted

by gene flow from predation free populations (Storfer et al. 1999).

Despite the apparent obstacles to ecological divergence of sympatric or

parapatric populations, convincing natural examples of ecological speciation are

increasing (Schluter 2001). Although many of these species or morphs have

probably accumulated differences in allopatry they maintain distinct in secondary

sympatry despite some level of gene flow (Taylor and McPhail 2000). The number

of natural examples has subsequently lead to the renewed interest of theoreticians in

the role of ecology in speciation (Doebeli and Dieckman 2003; Dieckman and

Doebeli 1999; Kondrashov and Kondrashov 1999). Both theoretical and empirical

studies have emphasised adaptation to alternative resources, intraspecific

competition and the reduced ecological ability of intermediate forms or hybrids in

utilising distinct niches.

As with divergent natural selection, several alternatives need to be ruled out

to identify cases of ecological speciation and even where the role of divergent

selection has been ascertained, ecological speciation cannot be assumed. For

ecological speciation to occur natural selection must act directly or indirectly on the

evolution of reproductive isolation (Schluter 2001). Ecological selection has been

suggested where characters under divergent natural selection are also connected to

mate choice, for example size in threespined sticklebacks (Nagel and Schluter 1998)

and beak and body size in Darwin's finches (Podos 2001). Other studies report

environmentally driven divergence of sexual traits, this frequently occurs when
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different environments require modification ofmate recognition systems for

example transmission of song in different environments (Slabbekoorn and Smith

2002). Tests of ecological speciation have included estimating natural selection on

hybrids (Mallet et al. 1998; Hatfield and Schluter 1999), correlations ofphenotypic

and genetic divergence (Lu and Bernatchez 1999) and relating mating behaviour to

divergence of ecologically important traits (Rundle et al. 2000; Podos 2001).

A slightly different role for ecological variation has been suggested in several

recent papers on sympatric and parapatric speciation. These studies have

emphasised the role of habitat complexity in promoting divergence by what has been

described as microallopatry (Van Oppen et al. 1997; Arnegard et al. 1999; Markert

et al. 1999). In Lake Malawi deep waters and sandy bays seem to restrict migration

between rocky patches, even at small distances, although this does not suffice to

completely isolate distinct populations (Arnegard et al. 1999). These isolated groups

do not necessarily exhibit strong ecological specialisation, for example in trophic

resource use, but are kept isolated by site fidelity. Moreover, habitat fidelity plays

an important role in the divergence ofmany phytophagous insects and choice of

mating habitat might also effect reproductive isolation of other organisms. In many

cases mating habitat and feeding habitat will be the same or at least individuals are

more likely to reproduce within an area of their preferred habitat. The apple maggot

fly, Rhagoletis pomonella has been the classic example with reproductive isolation

following host shift of part of the population (Feder 1998), although a recent study

indicates a more complex mechanism (Feder et al. 2003).
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Partial Mantel tests provide a powerful method to test for associations

between variables represented as distances between pairs of populations. They can

simultaneously compare several matrices, distinguishing the relative effect of each.

In studies of geographical variation Mantel tests have been used to test differences in

morphology against one or more putatively causal factors, most often environmental

variation (Brown et al. 1991). The same approach can be used incorporating genetic

divergence as a dependent matrix, this is common when examining the influence of

geographical distance on neutral genetic divergence.

Comparisons ofmorphological variation, neutral genetic divergence and

divergence at selected loci can provide information on the factors that are

contributing to local population adaptation. Divergence at neutral loci will be

influenced only by non-adaptive factors such as drift, although any processes

limiting movement between populations can facilitate neutral divergence through

decreased gene flow. The correlation of neutral genetic variation and phenotypic

differences has therefore sometimes been used as an indicator of selection against

gene flow (Lu and Bernatchez 1999). The expected pattern would portray the

greatest genetic divergence at different habitats, with the strongest divergent

selection, rather than a simple isolation by distance (IBD). However, phenotypic

divergence can follow a completely different pattern than neutral genetic divergence.

The rapid evolution ofphenotypic differences is commonly observed between

adjacent populations without significant genetic divergence and even in the face of

high and continuing gene flow (Smith et al. 2001). This discrepancy between

neutral and selected population variation has been used as evidence of primary
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adaptive divergence (Storz 2002; Smith et al. 2001; Gockel et al. 2001). Moreover,

if the phenotypic differences are genetic, selected genes and linked loci will show a

very different pattern than neutral loci.

The threespined stickleback is common all around the northern hemisphere

and can be found in a variety of habitats, both freshwater and marine. Its extreme

phenotypic diversity has made it a model species for studies of evolution and

phenotypic divergence (Bell and Foster 1994). Since the last glacial period, in the

last 16.000 years, many distinct morphotypes have evolved in response to different

ecological selection (McKinnon and Rundle 2002). The focus ofmost research on

phenotypic divergence has been on adaptation either as a response to alternative

trophic resources or to differences in predation pressures. The best-documented

example of divergent natural selection in threespine sticklebacks is the limnetic-

benthic species pair in British Colombia. These species pairs show strong mate

discrimination and seem to have evolved independently via multiple invasions in

several lakes (McPhail 1993; Schluter 1998). Adaptation to either benthic or

limnetic feeding niches is thought to be instrumental in their divergence but

predation may also play a part in maintaining the isolation (Vamosi 2002). There

are several other examples of sympatric stickleback pairs, for example stream-lake,

marine-freshwater and lava-soft substrate (McKinnon and Rundle 2002;

Kristjansson et al. 2002b). Morphological variability among allopatric populations

is also frequently observed, for instance there is great variability in armour

morphology in response to predation pressures in different environments and it has

been shown that these adaptive changes can evolve in a relatively short time span
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(Reimchen 1994; Reimchen 2003). Although phenotypic divergence in the

threespined stickleback is undeniably both rapid and widespread, there has been

some controversy over whether this extreme phenotypic variation is equivalent to the

early steps of speciation or simply represents the extreme plasticity and adaptability

of the species (Bell 2001).

Here geographical variation in morphological characters and microsatellite

allele frequencies in neighbouring groups of threespined sticklebacks is used to test

predictions of the role of ecology in intra-lacustrine population divergence. Matrix

comparisons are used to test for associations between the genetic and morphological

divergence of the groups and environmental factors at different habitats. Tests are

provided for the adaptive divergence of the stickleback populations.
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Methods

Study systemand sampling

Lake Thingvallavatn is a large oligotrophic lake situated on the Mid-Atlantic rift

zone. Recent geological activity has created variable freshwater habitats

characterised by structural complexities. At the north end of the lake a recent lava

flow has entered, this habitat is characterised by underwater caves and crevasses and

the constant inflow of 4-5° water from numerous freshwater springs. Further from

the lava zone a stony littoral zone of varying complexities characterises the shallow

waters, except in small bays and coves where occasionally a layer of fine sediment

has built up. With increased depth sediment increases and vegetation increases. The

predominant species is the algae Nitella opaca, which is found in high densities at

depths of 10-20 metres. See figure 1 and Jonasson (1992) for further descriptions of

habitats.

Two stickleback morphs have been described in the lake, found in

connection with two very different habitats. One of the morphs occupies small

caves and crevasses created by a recent lava flow into the North end of the lake

(Lava type) whereas the other is found in abundance at depths of 10-20 meters

where the dense vegetation ofNitella Opaca predominates (Nitella type). Genetic

and geographical evidence suggest that these ecotypes form a monophyletic group

and low microsatellite and mitochondrial control region divergence suggest a recent

origin of the morphs (chapter 2). As well as specializing on different feeding

habitats, predation is thought to play a large role in the divergence of these fish.

There are high predation pressures on sticklebacks in Lake Thingvallavatn mostly
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maintained by a large piscivorous morph of arctic char, a specialized stickleback

predator. In accordance the armour morphology of the Lava and Nitella morphs

differs substantially and they have been shown to have very different antipredator

behaviour (Doucette et al. 2004; Kristjansson et al. 2002a).

Samples were taken from several sites in Lake Thingvallavatn in the

summers of 1999, 2001 and 2002 (Fig. 1). The sample sites differ in levels of

predation, substrate type, vegetation and depth (Table 1). Fish were collected with

unbaited benthic minnow traps except at depths of less than 1 metre at the lava site,

where electrofishing was used. All fish were anaesthetized, fin clipped and preserved

in 10% formaldehyde. Fin clippings were preserved in 98% ethanol for genetic

analyses.

GeneticAnalysis

Total genomic DNA was isolated from fin clippings using a standard proteinase K

lyses. Samples were scored for 9 microsatellite loci, Gac2111, Gac4174, Gac3133,

Gac7188, Gael097, Gac7033, Gael 125, Gael 116 and Gac5196 (Largiader et al.

1999). Two of these Gac2111 and Gac7033 have been linked to variation in dorsal

spine length (Gac2111, Gac7033) and gillraker number (Gac7033) in Canadian

sticklebacks (Peichel et al. 2001). Moreover, there is evidence for these loci being

linked to adaptive variation in Icelandic stickleback, although their physical linage

has not been confirmed (chapter 4; chapter 5). Amplification followed the methods

of Largiader et al. (1999) and the products were then separated and visualized on 6%

polyacrylamide gels. See chapter 2 for a more complete description of methods.
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Genetic variation was estimated for each sample by calculating the mean

number of alleles (A), observed (H0) and expected heterozygoty (HE) using Genetix

4.02 (Belkhir 2000). The mean number of alleles (but not He) was correlated with

sample size. Genetix was also used to calculate Fis and estimate heterozygote

deficiencies across samples, significance was confirmed by 1000 permutations. The

same program was used to estimate Weir and Cockerhams 9 between all populations

and to test for significance by permutating the values 1000 times.

Morphologicalmeasurements

After being fixed in 5% formaldehyde for approximately two weeks, fish were

rinsed and transferred to 70% ethanol. To facilitate morphological measurements

fish were stained with Alizarin Red in 1% KOH (e.g. Bell 1982). After staining and

rinsing the stickleback were photographed with a digital camera. Landmarks were

digitised and morphological distances calculated. Additionally, several characters

were measured or counted under a dissection microscope. See figure 2 for further

information on morphological landmarks.

The morphological characters used were chosen to reflect either trophic

specialisation or a possible response to different predation pressures. It is well

documented that adaptive changes in armour morphology of the threespine

stickleback can occur in response to predation (Reimchen 1994). As a measurement

of antipredator morphology the length of the first two dorsal spines and the left

pelvic spine was measured and the number of armour plates counted. Body depth,

gillraker number and length were used to estimate phenotypic differences related to

feeding. The last gillraker on the lower gill arch was measured.
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The effect of size was removed by regressing each size related character

against body length and then using the length adjusted residuals for further analyses.

Pairwise univariate and multivariate tests were used to compare all stickleback

populations. Discriminant function analysis was used to estimate overall

morphological differences between the groups as well as between sexes within

group. To test for differences in individual character means one-way ANOVAs with

post hoc tests were used for each population pair. Three sets of Euclidian distances

were calculated, first based on all morphological traits measured, second based on

trophic morphology, body depth, jaw length and gillraker number and length and

finally, based on antipredator morphology, spine lengths and plates.

Ma trix comparisons

Mantel tests provide a powerful method to estimate the association between two or

more dissimilarity matrixes (Manly 1991; Smouse et al. 1986). Partial Mantel tests

allow the analysis of multiple, correlated, predictor variables in a very similar

manner as multiple regression. They allow for several interacting hypothesis to be

tested simultaneously, separating the effects of often intercorrelated ecological and

historical effects. They have proved especially useful in testing for significant

associations between genetic distance and environmental and historical variation of

closely related populations and species (Thorpe 1996; Ritchie et al. 2001). All

matrix variables were standardised to a mean of 0 and unit variance in SYSTAT 9

(SPSS INC.) before analysis. Matrix comparisons were performed with the program

FSTAT 2.9.3. (Goudet 2001), using 10.000 permutations to estimate significance.
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Hypothesis testing

To test the role of ecology in population divergence five dependent variables were

used, three representing genetic divergence and two estimates of phenotypic

divergence. Genetic divergence was measured both with neutral microsatellite

markers and two markers linked to QTL putatively under divergent selection. 1)

Genetic distance based on seven neutral microsatellite markers 2) Genetic distance

based on Gac7033 3) Genetic distance based on Gac2111.

The structure of neutral genetic variation can give indication of the factors

that contribute to reduction in gene flow between sites. We use neutral genetic

divergence to test two predictions. First, can gene flow between sites be explained

by a simple isolation by distance mechanism? Second, do ecological factors

influence the level of gene flow? The same pattern is not necessarily expected at

loci under direct selection or, as in this study, closely linked to QTL. In fact, these

could experience a direct response to variation in ecological factors. Matrices of

genetic divergence at the two loci linked to QTL were tested separately to see if

there is evidence of direct divergent selection.

Additionally, two morphological response matrices are used. 4) A Euclidian

distance measure representing possible adaptation to varying predation regimes and

is based on the lengths of the first and second dorsal spine, the pelvic spine and

number of lateral plates. 5) The second is based on body depth and the number and

length of gillrakers representing trophic specialisation. The relationship of these

morphological characters to feeding performance and predator avoidance in the

threespine stickleback is well documented (Bell and Foster 1994).
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The association between morphological, environmental and genetic distance

can be used to test several predictions. First if natural selection is shaping the

pattern of phenotypic variance we would expect ecological variation to better predict

phenotype than does geographic distance or historical partitioning, moreover armour

morphology should correspond to different predation pressures whereas

differentiation in gillraker morphology might be associated with environmental

variation in trophic resources. In addition, if predation pressure is instrumental in

maintaining genetic isolation we would expect different armour morphs rather than

trophic morphs to represent genetic structuring and the same is true for differences in

trophic morphology.

Predictor matrices

The three predictor matrices represent 1) Geographical distance; shortest potential

migration distance measured to the nearest 0.1km. 2) Water depth; measured in

metres during sampling. Water depth represent a lot of the ecological variation e.g.

food availability, substrate complexities and vegetation cover (for a review see

Jonasson 1992). 3) Predation Barrier. It has been suggested that predation is

important in divergence and maintenance of stickleback morphs (Doucette et

al.2004; Vamosi and Schluter 2002). In Lake Thingvallavatn there are very high

predation pressures from both piscivorous arctic char and brown trout and

sticklebacks are predominantly occupying habitats where cover from predators is

abundant. However, the stony littoral zone and the dense Nitella belt are separated

by a habitat were little cover from predation is available (Fig. 1). The predation

hypotheses predicts that fish separated by this predation barrier are more distantly
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related than predicted by geographical separation and habitat differences. A simple

matrix was constructed, assigning either 0 or 1 to pairs of populations based on the

presence of a potential predation barrier.
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Results

Phenotypic diversity

There are highly significant morphological differences between groups from

different sample sites (Wilks' Lambda = 0.22, F= 5.36 p< 0.0001; Table 2).

Although it has previously been shown that there are morphological differences

between male and female sticklebacks from Lake Thingvallavatn (Kristjansson et al.

2002b), we did not find significant sex dimorphism in the morphological traits used

in this study.

In general spine length increases both with depth and with distance from the

lava fields in the north end of the lake, with maximum observed spine length in the

Nitella morph (site 9) and the Lava morph (site 2,3) having the shortest spines. Five

out of a sample of thirty female Nitella sticklebacks have four rather than three

spines, a single four spined stickleback is also observed at sample site 4. The

lengths of the dorsal spines and pelvic spine are highly correlated in all groups (r =

0.71-0.83; p<0.0001). The number of armour plates is highest in the Lava morph,

nM = 4.5, compared to an average of 3.8 in the other groups, this being the only

significant difference. This cannot be easily explained by selection acting through

predation, as the Lava habitat is relatively predation free. Other factors, such as

water temperature have been suggested to influence lateral plate number (Bell 2001).

Plate number was not correlated with spine length.

Gillraker length was variable between groups, again with clear differences

related to depth. There were no significant differences in gillraker length between

groups sampled at less than 2 metres or between groups 4,8 and 9 that are all at a
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depth of 10 metres or more (NS in all pairwise comparisons). When grouped by

depth, fish in shallow waters had significantly longer gillrakers than the other

populations (F = 4,11; p < 0.01). The Lava morph also had the highest number of

gillrakers, mean 13.44, and the lowest number, 12.43, was found in Nitella morph.

As with gillraker length, the other groups were intermediate without significant

differences. The same pattern was observed for body depth, fish caught in shallow

waters were deeper bodied than the groups at depths of 10m and more. It should be

noted that sampling at > 10m is mostly represented by sites in and close to Nitella

habitats.

Genetic Variation

Genetic variation is high at all sites both as measured by allele number and mean

heterozygosity (Table 3). The mean number of alleles ranges from 4.0-11.1 being

lowest for the Lava morph but highest for the Nitella morph. A similar pattern is

observed in He, the higher values of 0.67-0.69 are observed in the mid and southern

sites but are slightly lower in the north of the lake, close to and in the lava (Table 3).

In general, estimates of gene flow are quite high between all sites although least

between the Lava morphs and the other groups.

Ma trix comparisons based on genetic distance

A summary of results from matrix comparisons can be seen in Table 4. Mantel

analysis including all matrices on neutral genetic variation provides high partial

regression coefficients for the predation barrier and geographical distance. For

Gac7033 neither of these remained significant, the ecological factor depth explained
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most of the variation (0.452, p<0.01). Depth was also a significant predictor of

variation at Gac2111 (0.306, p<0.001).

Ma trix comparisons based onphenotype

Both ecological factors and geographical distance predicted phenotypic variation but

geographical distance has no effect. For variation in defence morphology,

geographic distance predicted the variation (0.376, < 0.05). Depth is the best

predictor of variation in trophic phenotype (0.561, pO.001).
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Discussion

We studied stickleback groups occupying very different habitats within Lake

Thingvallavatn and varying in the degree of genetic and geographical isolation.

Neither phenotypic nor genetic divergence can be sufficiently explained by

geographical distance. On the contrary, there is strong evidence for the role of

ecological selection in producing isolation between these groups. Specifically, high

predation pressures may limit movement between habitats and contribute to

divergence. Regardless of ecological variation there are high levels of gene flow

between many sites, nevertheless, some level of adaptive phenotypic variation is

maintained.

There are varying levels of genetic and phenotypic differences between the

groups. Often the morphological differences are slight and there is considerable

gene flow between many of the sites. The lava habitat differs considerably from

other sites in several ecological characters, for example vegetation, substrate and

predation pressures and the Lava morph (site 2 and 3) is the most distinct both

genetically and phenotypically. This agrees with the idea of ecological selection

driving the divergence of intra-lacustrine groups. An alternative explanation could

be that the sticklebacks in the north end of the lake (sites 1-3) represent fish that

have been isolated from the main lake population during a period when the water

level was lower than at present. Other studies on population divergence in

sticklebacks have found that historical contingency promotes divergence and the

occurrence ofmultiple marine invasions corresponds to the evolution of sympatric

stickleback pairs (Taylor and McPhail 2000). If historical isolation explains
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phenotypic divergences of groups in the northern most sites we would expect similar

phenotypes in the Lava and the Lava pond groups (sites 1-3). However, these

experience very different environmental selection and shows correspondingly

different phenotypic adaptations.

Geographical distance proved a poor indicator of phenotypic and adaptive

genetic variation. However, both neutral genetic distance and armour morphology

are partially explained by geographical distance. Therefore, increased geographical

distance does seem to reduce the level of gene flow between groups. The affect of

distance on armour morphology is more difficult to explain but the most likely

explanation is that the largest differences in antipredator morphology are seen

between the Lava and Nitella morphs and these are also separated by the maximum

geographical distance. However, ecological variation explains a significant portion

of both phenotypic and putatively adaptive genetic distance, highlighting the

importance of ecology in patterns of divergence within the lake. Our results

therefore support ecological divergence as the most influential factor in the origin of

the Lake Thingvallavatn stickleback morphs.

Research on ecological speciation in northern fish has focused on adaptation

to different trophic niches (Robinson and Schluter 2000). For example in many

northern postglacial lakes two distinct ecotypes are found specialised on different

feeding habitats, most often benthic and limnetic feeding (Robinson and Schluter

2000). These morphs differ considerably in morphological characters that are

associated with feeding, for instance size, body depth, head shape and gillraker

length and number (Robinson and Schluter 2000; Lu and Bernatchez 1999; McPhail
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1994). In this study there are clear differences in both gillraker morphology and

body depth between the stickleback groups, moreover variation in these characters

seems to be predominantly explained by ecological factors that are most likely

related to food availability i.e. depth is a good predictor of trophic morphology.

Depth also explains genetic divergence at Gac7033.

As with trophic specialisation, different selection pressures caused by

predation regimes have received considerable attention in studies of phenotypic

variability and divergence (Vamosi and Schluter 2002; Kruuk and Gilchrist 1997;

Dousette et al. 2004). It has been shown that predation can have important and rapid

effects on population differences, both directly on defence phenotype (Reimchen and

Nosil 2002) but also on sexually selected traits (Endler 1982). Adaptations to

different predation regimes could theoretically increase selection pressure for intra

population mating, especially in the case where heavy defence armour has

detrimental effects on fitness in the predation free habitat.

Dorsal and pelvic spines in sticklebacks provide an effective defence against

gape-limited predators such as piscivorous fish (Reimchen 1994; Reimchen 1990).

Population variation in spine length and number is common in nature and this

variation can be related to different predation regimes (Hagen and Gilbertson 1972;

Reimchen 1994). In Lake Thingvallavatn there are very different predation

pressures from piscivorous fish in different habitats (Jonasson 1992; Doucette et al.

2004; Kristjansson et al. 2002b). The most common stickleback predator is a large

morph of the arctic char that is a specialised stickleback eater. In accordance with

the distribution of predators, highest densities of sticklebacks are found in habitats
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that provide ample cover from predators. Moreover, it has been shown that the Lava

and Nitella morphs have evolved very different antipredator behaviour, the Nitella

fish shows dense shoaling and schooling behaviour whereas the Lava fish use

inspection and then evasive manoeuvres when faced by predators (Doucette et al.

2004).

In this study we found clear spatial differences in antipredator morphology

and these differences are congruent with predation pressures. The Lava sticklebacks

have by far the shortest spines and the other populations in shallower waters seem to

be intermediate to the Lava and Nitella groups. It is noteworthy that there are quite

large and significant differences between the Nitella population sampled at 17-20

metres (site9) and groups at sites 8 and 10, both are very geographically close only

at less depth (Fig. 1; Tablel). This indicates strong but possibly very localised

selection.

Different predation pressures appear to be an important factor in the

evolution of the diverse phenotypes in Lake Thingvallavatn. Nonetheless, a much

simpler mechanism of the way predation contributes to isolation of the groups could

also be suggested. The physical barrier of a predation belt with little available cover,

between more favourable habitats might greatly reduce the dispersal of sticklebacks,

minimise gene flow and thereby aid divergent ecological selection between the

groups. The Mantel analysis provides strong support for the role of a predation

barrier in limiting neutral gene flow.

Several authors have suggested that structured habitats and philopatry

contribute to the divergence of adjacent groups of the same species (Van Oppen et

76



al. 1997). The limited migration of individuals between distinct habitat patches can

results in virtual allopatry. In walking stick insects, predation on less cryptic

migrants in intermediate host habitats directly limits movement of individuals

between hosts and thereby contributes to the divergence of species (Nosil 2004). In

this study it is suggested that predation pressures and perhaps a level of habitat

fidelity contributes to the maintenance of locally adapted stickleback morphs.

Nonetheless, there is considerable gene flow between all of the populations and strict

allopatric conditions do not apply. Moreover, it has been shown that several of the

groups, including the Lava and Nitella morphs, can reproduce and produce viable

offspring (pers. obs.). For these ecotypes to remain distinct, therefore, an alternative

mode of isolation must occur. To complete ecological speciation a mechanism

contributing to the sexual isolation of the ecotypes must evolve. These results

indicate that the rapid phenotypic and genetic divergence has been promoted by the

availability of complex, structured habitats possible representing the early stages of

speciation.

There is considerable phenotypic divergence between many of the

stickleback groups despite extensive gene flow and close geographical proximity. It

has not been ascertained to what extent the observed phenotypic differences are

genetic although both gillraker and spine morphology have proven to have a genetic

basis in other stickleback populations (Lavin and McPhail 1993; Hendry et al. 2002;

Peichel et al. 2001). However, the fact that ecological factors rather than the

matrices that limit neutral gene flow explain genetic distance at Gac7033

andGac2111 provides support for a genetic component of the phenotypic divergence.
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There are many reports of considerable phenotypic divergence between sympatric

populations despite small genetic differences (Smith et al. 2001). Moreover, there

are accumulating reports of adaptive genetic differences being maintained despite

gene flow at neutral loci (Rieseberg et al 1999; Vines et al. 2003). Further research

on the genetic basis of phenotypic divergence of the Lake Thingvallavatn

stickleback morphs is needed to confirm the underlying mechanism.
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Conclusions

To summarize, there is strong evidence for ecological factors, especially predation,

being important in maintaining the isolation between the threespined sticklebacks in

Lake Thingvallavatn. In addition to there being very different predation pressures in

shallow and deeper waters, the lack of cover at intermediate depths seems to limit

the movement of fish between these two habitats.

The distribution of phenotypes in the lake represents environmental selection

pressures and these are maintained despite high levels of gene flow. This study

highlights the rapid adaptation of stickleback to variable environments and

demonstrates that populations at varying stages of phenotypic and genetic

divergence can coexist in close proximity.
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Figure 3.1. Sampling localities
within Lake Thingvallavatn. Site
1 represents a pond

approximately 200m north of the
lake. A recent lava flow has

entered the lake from the north

(indicated with grey dots)

forming the substrate for

approximately 2km. The lava is
most rugged toward the north as

the constant inflow of spring
water (indicated with grey

arrows) prevents accumulation of
sediment. The defined lava

habitat (rugged lava, inflow from

springs) includes sites 2 and 3.
A smaller, more recent lava

patch is found at site 12. Grey areas indicate dense Nitella opaca patches, however,
Nitella opaca is found around the lake at depths of between 10 and 20m. Sample sizes
and further habitat characteristics can be found in Table 1.

80



Figure 3.2. Morphological measurements. 1 - length of the first dorsal

spine. 2 - length of the second dorsal spine. 3 - length of the pelvic spine. 4
- body depth. 5 - number of gillrakers on the lower arch. 6 - length of the
last gillraker on the lower arch.
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Table3.1.Samplesize,habitatcharacteristicsandmorphologicalmeasurementsatthe12sites. Morphologicalmeasureswerestandardisedtoacommonbodylengthof4,7cm.ThecentralLava
andNitellapopulationsaredistinguishedinbold.

Body

Plate

Pelvic

Gillraker

Site

N

Depth

Habitat

length

depth

number

1stSpine

2ndSpine

Spine

length

number

1

18

0

mud

4,7

2,56

3,4

2,51

4,43

3,73

0,7

13,22

2

30

0

lava

4,9

2,47

4,5

1,87

2,33

4,38

0,65

13,44

3

6

2

lava

4,8

2,52

4,4

1,93

2,58

4,39

0,66

-

4

6

10

stony

4,3

2,58

3,5

2,15

3,09

4,82

0,7

13,42

5

19

20

stony

4,3

2,57

4

2,45

3,25

4,46

0,7

13,13

6

14

2

stony

4,9

2,45

3,8

2,09

3,28

3,85

0,64

12,64

7

25

0

mud

4,9

2,48

3,8

2,13

3,21

3,93

0,7

12,86

8

20

10

nitella

4,9

2,44

4

2,26

3,34

3,81

0,62

12,63

9

40

20

nitella

4,7

2,37

3,9

2,56

3,63

3,79

0,57

12,43

10

14

5

stony

4,8

2,47

3,9

2,36

3,41

3,84

0,57

12,58

11

25

0

mud

4,9

2,6

3,9

2,15

3,18

3,9

0,68

12,62

12

8

0

lava

4,6

2,8

4,5

2,2

2,92

4,43

0,75

12,75



Table 3.2. Canonical scores of group

means. Analysis included all groups and

three morphological traits.

Site Body depth Spine Length Gillraker #
1 -0.246 0.599 -0.109

2 1.388 -0.370 -0.128

3 1.343 -1221 -0.118

4 1.338 -1354 0.067

5 0.636 -0.793 0.227

6 0.297 -0.044 -0.260

7 0.632 0.455 -0.259

8 -0.297 0.333 -0.035

9 -1.576 -0.218 0.041

10 -1.043 -0.166 0.114

11 0.906 0.566 0.400

12 1.244 0.402 -0.086



Table 3.3. Descriptive genetic statistics
at the sample sites. Mean number of
alleles (A), expected heterozygosity (He)
and Fis.

Site A HE Fis
1 5,8 0,6 -0,096
2 6,1 0,62 0,027
3 4 0,6 0,029
4 4,2 0,56 -0,091
5 9,6 0,71 -0,043
6 5,9 0,64 0,04
7 9,6 0,69 -0,046
8 6,6 0,65 -0,157
9 11,1 0,68 -0,021
10 6,6 0,69 0,097
11 9,7 0,69 0,009
12 6,4 0,63 0,014



Table3.4.PartialregressioncoefficientsfromMantelanalyses.Distancesarebasedonneutraland putativelyselectedmicrosatellitevariationandtwomorphologicaldistancemeasures.Theindependent factorsaregeographicaldistanceandtwomatricesrepresentingecologicalvariation,predationbarrierand depth.Geographicaldistanceandpredationbarrierexplainneutralgeneticdistanceindicatingtheirrolein limitinggeneflow.Iftheobservedvariationisnotadaptivethesepredictormatricesareexpectedtoequally explainvariationinallcharacters.Depthexplainsdifferencesatlocilinkedtoselectedgenesandintrophic morphology.Thisindicatesthatthereareadaptivedifferencesinmorphologyandthatvariationisatleast partiallygenetic. Distancecalculatedfrom

GeographicalDistance
PredationBarrier

Depth

Neutralmicrosatellites
PartialRegressionCoefficient
0.304

0.401

-0.288

probability

<0.05

<0.001

NS

LocusGac7033

PartialRegressionCoefficient
0.124

0.122

0.452

(Gillrakers;2.dorsalspine)
probability

NS

NS

<0.01

LocusGac2111

PartialRegressionCoefficient
-0.055

0.170

0.306

(1.dorsalspine)

probability

NS

NS

<0.001

Armourmorphology

PartialRegressionCoefficient
0.376

0.245

-0.205

probability

<0.05

NS

NS

Trophicmorphology

PartialRegressionCoefficient
0.011

-0.049

0.561

probability

NS

NS

<0.001



Chapter 4. Patterns of adaptive and neutral variation over a

zone of recent primary divergence

Abstract

The evolutionary processes involved in population divergence and local adaptation

are poorly understood. Theory predicts that divergence of adjacent populations is

possible but the steady state conditions will depend on several factors including,

gene flow, divergent selection, population size, the number of genes involved in

divergence and their distribution on the genome. Here we report a zone of primary

divergence between two stickleback morphs in Lake Thingvallavatn, Iceland. We

analyse variation at 9 microsatellite loci and two phenotypic traits. Despite the

recent divergence (-10.000 years) we find that there is a clear centre to the zone.

This is further supported by the pattern of linkage disequilibrium and results from

nrultilocus assignment of individuals. The centre position corresponds to an

ecological transition found between stickleback habitats. Different clinal patterns of

markers and traits suggest that different selection pressures act on different traits.

Nonetheless, linkage disequilibrium is elevated at the middle of the divergence zone

indicating that several traits are involved in the divergence of the morphs and that

the morphs have already diverged at a number of loci.



Introduction

Population divergence and reproductive isolation under sympatric or parapatric

conditions has received renewed interest in recent years. Numerous models have

been developed to describe the conditions under which a single panmictic population

can diverge and maintain isolation (Doebeli and Dieckman 2003; Kondrashov and

Kondrashov 1999; Dieckman and Doebeli 1999; Higashi et al. 1999; Gavrilets and

Vose 2000; Kawecki 2000; Garcia-Ramos and Kirkpatrick 1997).

Theoretically, reproductive isolation can evolve between parapatric

populations occupying continuous habitats. Indeed, many recent models predict that

local adaptations are more likely to occur with an intermediate level of gene flow

(Gomiulkiewicz et al. 1999; Doebeli and Dieckman 2003). However, the

establishment of locally adapted population is intrinsically difficult as the initial

immigrants will not have an adaptive advantage and may be dependant on gene flow

from the core population (Kawecki 2000; Holt et al. 2004). Conversely, extensive

gene flow can retard or prevent local adaptations (Garcia-Ramos and Kirkpatrick

1997; Gomulkiewicz and Holt 1995; Lenormand 2002). The process of adaptation

to marginal habitats is also heavily dependant on population densities (Holt and

Gomulkiewicz 1997; Ronce and Kirkpatrick 2001). Any changes in the density of

either population will affect the level of migration and consequently gene flow,

influencing the balance of adaptation. Small populations may therefore be very

sensitive to even slight disturbance that results in increased gene flow. As a

population's distribution often covers various habitats of different qualities, source-

sink dynamics may occur (Dias 1996). In extreme cases, for example where the
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habitat quality differs greatly, the low density peripheral population may be entirely

dependant on immigration from the main source population. Under these conditions

the possibility of local adaptation is limited as alleles that are favourable in the

source populations are likely to increase in frequency across the population

distribution. However source-sink dynamics are not necessarily stable and can

drastically change, for example because of changes in population size (Boughton

1999; Ronce and Kirkpatrick 2001).

Cline theory provides a useful approach for the study of gene flow, dispersal

rates and the strength of selection between locally adapted continuous populations

(Barton and Hewitt 1981; 1985; Szymura and Barton 1991; Kruuk et al. 1999).

Although analysis of geographical clinal variation has most often been used to study

mechanisms in tension zones (Barton 1983; Szymura and Barton 1991; Mallet et al.

1990) it can also be useful for understanding the dynamics of local adaptations and

divergence over ecotones (Lenormand et al. 1998; Weeks et al 2002; Gockel et al.

2001; Huey et al.2000). Looking at locally adapted marginal populations at a small

scale allows for the application of cline models, providing more detailed information

on the forces maintaining the population divergence than can be deduced by

methods commonly used on discrete populations (Ross and Harrison 2000; Hendry

et al. 2002). It remains difficult to distinguish between the clinal patterns left by

secondary contact and primary intergradation (Endler 1977; Barton and Hewitt

1981; Durrett et al. 2000). Populations that diverge in parapatry can soon display a

similar pattern as would be observed with secondary contact and despite selection,

differences that have accumulated in allopatry may rapidly decline after secondary
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contact. For example, recent results on microsatellite variation suggest that neutral

variation in the Eastern European hybrid zones of the fire bellied toads Bombina

bombina and B. variegata is rapidly diminishing (Vines et al. 2003).

In general secondary contact is expected to produce concordant clines for

several characters and loci as well as result in strong gametic disequilibrium across

the center of the zone (Barton and Hewitt 1985). This pattern is observed in several

hybrid zones where evidence for the allopatric divergence of species can be further

backed by geological history (Barton and Hewitt 1981; Szymura and Barton 1991).

Character frequencies between populations that have diverged in response to

ecological gradients or selection may show very different patterns especially when

comparing neutral markers and selected characters (Durrett et al 2000). For

example, different patterns of divergence of neutral microsatellite markers and

quantitative traits over a ecological gradient have been used to infer divergent

natural selection as a primary factor in the divergence of Drosophila melanogaster

populations across an altitude cline (Gockel et al. 2001). Variation of neutral

genetic markers is expected to represent only the demographic history of the

populations whereas morphology or behaviour may be shaped by selection, perhaps

related to environmental variation (Bridle et al. 2001). Moreover, examples of

adaptive trait introgression confirm that advantageous genes can freely penetrate the

genome while strong selection is maintained against general integration (Kim and

Rieseberg 1999). Likewise, adaptive genetic variation may be maintained at one or

few selected loci without more widespread divergence or even reproductive isolation

(Dumolin-Lapeque et al 1999).
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Recently there have been a number of studies reporting closely related

species or morphs occurring in sympatry or having adjacent ranges. Despite the

interest in population divergence and adaptation in the face of gene flow there have

been few studies examining diverging populations on a continuous scale. The

pattern of variation on a continuous zone between diverging morphs could give more

information on how parapatric divergence or local adaptation occurs. The current

system provides an excellent example to study recent primary divergence of

threespine stickleback across adjacent habitats.

Lake Thingvallavatn is a large oligotrophic lake situated on the Mid-Atlantic

rift zone. Recent geological activity has created variable freshwater habitats

characterised by structural complexities. The habitat characteristics and population

biology of fish within the lake has been extensively researched and is well

documented (Jonasson 1992). Two stickleback morphs have been described in the

lake, found in two very different habitats. One morph occupies small caves and

crevasses created by tectonic activity and a recent lava flow into the north end of the

lake (Lava type) whereas the other is found in abundance at depths of 10-20 meters

where the dense vegetation of the algae Nitella opaca predominates (Nitella type).

Apparently adaptive phenotypic differences have been reported for the stickleback

morphs. They differ in characters such as size, body depth, head and fin shape

(chapter 3; Kristjansson et al. 2002a). Predation is thought to play a large role in the

divergence of these species. There are high predation pressures on stickleback in the

lake, mostly maintained by a large piscivorous morph of arctic char, a specialized

stickleback predator. In accordance the antipredator morphology of the Lava and
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Nitella sticklebacks differs substantially and they have been shown to have very

different antipredator behaviour (Kristjansson et al. 2002a; Doucette et al. 2004).

Moreover, predation may play a more direct role in maintaining the divergence by

limiting dispersal possibilities of small fish between the different habitats (chapter

3). Genetic and geographical evidence suggest that these ecotypes form a

monophyletic group and low microsatellite and mitochondrial control region

divergence suggest a recent origin of the morphs (~ 10.000 years, chapter 2).

Here we present analyses of the pattern of genetic and phenotypic divergence

and gene flow between the closely related Lava and Nitella morphs. We use both

genetic and phenotypic variation. Nine microsatellite loci are used, two ofwhich

have been linked to quantitative trait loci for traits commonly under strong divergent

selection in sticklebacks (Peichel et al. 2001). The quantitative traits used are dorsal

spine length and gillraker length. By utilizing a variety ofmarkers, comparisons of

neutral and selected markers and quantitative traits can provide additional

information on possible selection acting on the zone (Lenormand 1998; Weeks et al.

2002; Gockel et al. 2001; Bridle and Butlin 2002). Several questions are addressed.

1. Is it possible to clearly distinguish parental types and classify individuals into

hybrid and parental classes based on multilocus genotypes? 2. Is the pattern of

genetic and phenotypic variation between the Lava and Nitella sticklebacks clinal?

3. Does the zone of divergence have a clear centre analogous to zones of secondary

contact and if so does the position of the centre correlate with an ecological feature?

4. Are there different patterns of divergence between neutral and selected genetic
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markers and phenotypic traits and can this pattern be used to infer possible selective

forces acting on the zone?
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Methods

Sampling

Samples were collected between May and July in 2000-2002. Fish were caught with

unbaited minnow traps, except at < 1 metre depth in the lava habitat where

electrofishing was used. Ten sites were sampled over a distance of 9km, the

maximum distance between sites is approximately 2km. A total of 188 fish were

used, with sample sizes ranging between 6 and 40 fish per site (Table 1). At sites 3-

7 the stickleback is at low density, this can possibly be explained by the poor habitat

quality, especially the apparent lack of cover from predation (chapter 3).

GeneticAnalysis

Total genomic DNA was isolated from fin clippings using a standard proteinase K

lysis. Samples were scored for 9 microsatellite loci, Gac2111, Gac4174, Gac3133,

Gac7188, Gacl097, Gac7033, Gael 125, Gael 116 and Gac5196 (Largiader et al.

1999). Amplification followed the description in Largiader et al. 1999 and the

products were then separated and visualized on 6% polyacrylamide gels.

Studies ofCanadian sticklebacks have shown that two of the microsatellite

markers used are closely linked to QTL affecting traits that are commonly under

divergent selection in stickleback. Gac7033 has been linked to gillraker number and

less closely to spine length of the second dorsal spine, Gac2111 is linked to length of

the first dorsal spine (Peichel et al. 2001). Both of these traits are highly variable in

the Lake Thingvallavatn sticklebacks and appear to have diverged between the Lava

and Nitella ecotypes (chapter 3; Kristjansson et al. 2002a).
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Morphological traits

The morphological characters used in this study were chosen to reflect adaptations to

different ecological conditions at each end of the cline. Stickleback populations

commonly show rapid divergence in characters connected to trophic resource use or

different predation pressures (McPhail and Foster 1994). The Lava and Nitella

morphs in Lake Thingvallavatn differ dramatically in armour morphology,

particularly in the length of the first two dorsal spines. There are also significant

differences in head shape and gillraker morphology possibly related to feeding.

It has previously been shown that traits related to feeding ecology, e.g.

gillraker length and number, head and body depth have the same pattern of variation

across the lake and the same is true of antipredator morphology e.g. dorsal and

pelvic spine length (chapter 3). Therefore, data on only two characters is presented

here, 1) spine length of the first dorsal spine and 2) gillraker number.

After being fixed in 5% formaldehyde for approximately two weeks fish

were rinsed and transferred to 70% ethanol. To facilitate morphological

measurements fish were stained with Alizarin Red in 1% KOH (e.g. Bell 1982).

After staining and rinsing spine length was measured, to the nearest 0.1mm, and

gillrakers counted under a dissection microscope. Size effects were removed from

spine length by regression on standard body length (chapter 3.). The residuals were

then used for further analysis.

Morphological measurements were scaled to a value between 0 and 1 before

being used in analysis of clinal patterns.
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POPULA TION STRUCTURE AND CLASSIFICATION OF HYBRIDS

When there are few or no diagnostic alleles, classification of individuals into

parentals, F1 hybrids and backcross types based on allele combinations can be

difficult. Here we employ a model based genetic admixture analysis to identify any

cryptic population structure as well as to assign possible migrant or hybrid

individuals to populations. The algorithm is implemented in Structure 2.0 (Pritchard

et al. 2000, available from http://www.stats.ox.ac.uk/~pritch/home.html). Model

priors are specified for the parameters to be estimated by a Bayesian approach. Then

a Markov Chain Monte Carlo approach is used to estimate the posterior probability

distribution of parameters of interest (number of populations, allele frequencies in

each population) without prior information of allele frequencies in the populations.

The program accounts for deviations from Hardy Weinberg and linkage

disequilibrium by population structure and assigns individuals to a population or

jointly to two populations so as to minimize disequilibrium. As well as estimating

allele frequencies and the number of distinct populations the model can incorporate

population admixture. Each individual can then have a proportion of its genome

originated in different populations and individual admixture proportions (q) is

estimated.

To study the possible admixture of fish from intermediate sites we use prior

information of parental populations. Individuals from sample sites 2 and 9, that

where assigned with more than 95 % probability either as Lava or Nitella, were used

as parental classes. The intermediate fish will then be assigned to either of those

groups or as admixed individuals. The program could not reliably distinguish
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between F1 and F2 commonly assigning individuals to both groups with low

probability. Therefore, we present all admixed individuals as one group.

Additionally, hybrid index values based on diagnostic alleles were calculated

at each site. The index represented here is the number ofNitella specific alleles per

individual divided by the total number of scored alleles of the same individual,

averaged for each site.

Linkage disequilibria

Associations between unlinked alleles are consistently broken down in randomly

mating populations by recombination and mating patterns. Populations will

therefore tend towards linkage equilibrium. Flowever, several evolutionary

processes will result in nonrandom associations or disequilibrium and patterns of

linkage disequilibrium have been extensively used in studies of hybrid zones (Barton

and Gale 1993; Barton 2000; Bierne et al. 2003). As most alleles could be found at

both ends of the cline we chose not to sort alleles as representative of either group

before calculating linkage disequilibrium. The program MultiLocus 1.3. (Agapow

and Burt 2001) was used to calculate a multilocus linkage disequilibrium estimator

rd-

Contact zones of distinct species or ecotypes are expected to result in

increased variance in quantitative traits with maximum values at the centre of the

zone. This is likely to be caused by the mixing of distinct genotypes or variation in

ecological variation (Endler 1977). The covariance between quantitative traits that

vary across a cline will also increase at the zone center because of linkage

disequilibrium between the underlying parental loci (Szymura and Barton 1986,
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1991; Barton and Gale 1993). The increase in covariance can then be used to

estimate pairwise disequilibrium (Ntirnberger et al. 1995). Assuming that the

environment independently affects traits and that populations do not differ

significantly from Hardy Weinberg proportions, this would cause associations

between genetically determined traits and linkage disequilibrium (D*) can be

estimated by the equation:

, ,x AzAz'D *
cov(z,z) =

where z and z' represent the two quantitative traits and Az and Az' the differences in

trait frequencies across the cline. This method assumes that the underlying genetic

components are additive and distributed across the genome (Barton and Gale 1993).

ClineAnalysis

Choosing alleles

The influence ofmarker choice in analysis of population divergence has received

increased attention as considerable variation can result from markers of different

type and variability (Vines et al. 2003; Brumfield et al. 2001). Most analyses of

clinal patterns in allele frequencies have been on distinct taxa with several diagnostic

alleles. The observed alleles are then classified as either representative of species A

or B and rare alleles can usually be ignored. Allele frequency clines between closely

related species or populations are more problematic as these groups often share

many common alleles that can be present in both populations in high frequencies.

Moreover, variable markers such as microsatellites often have high number of alleles

at each locus. Several recent papers have used factorial correspondence analysis
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(FCA) to sort alleles into groups that contribute significantly to population

divergence, these alleles are then used for further analysis (Turgeon and Bernatchez

2001; Bierne et al. 2003)

In the case of the Thingvallavatn fish the alleles that are primarily

distinguishing the Lava and Nitella populations (as estimated by FCA) are often

relatively rare, found in low frequencies in one of the population but almost absent

in the other. Therefore, to best represent the pattern of divergence across the zone we

fit clines for both the most common allele at each locus and group the diagnostic

alleles at each locus (if any) and use the combined frequency for further analysis.

For loci Gac3133 a diagnostic allele was also the most common. Alleles

contributing more than 0.10 to the divergence of Lava and Nitella morphs on axis 1

in the FCA were classified as diagnostic, the analysis was done in Genetix 4.02

(Belkhir 2000). Allele frequencies and diagnostic alleles are listed in Table 2.

Fitting one dimensional clines

We used the computer program ANALYSE (Barton and Baird 1999) to fit maximum

likelihood clines to both microsatellite and morphological data. ANALYSE uses a

Metropolis- Hastings algorithm to fit a tanh curve to the data, estimating the most

likely cline centre, width and character frequencies at each end of the zone given the

observed variation in characters across the zone. The shape of a cline can be

modelled by combining the following three equations (Szymura and Barton 1986;

1991);
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ex{decaya) intercept,, (la)

—l— and (lb)
1 + e

\-e-x(decay»)interceptb, (1C)

where decaya = 2V0a, decayb = 2v9b, intercepts = tb/(ta + tb +tatb), interceptb = ta/(ta +tb

+tatb), ta = Badecayb, tb = Bbdecayb and X = (x-c)/w is the distance X along the cline,

scaled relative to centre and width. Equation lb is sigmoid in the centre and

equations la and lc are exponential decay curves leading from either side of the

cline centre. 9a 0b describe the rate of exponential decay and Bb and Ba describe the

size of the barrier to gene flow in populations a and b. Cline width is defined as the

inverse of the maximum slope and the centre is where the cline slope is steepest

(Barton and Gale 1993).

We used the routine "Fit ID cline" with twenty thousand iterations run from

a 1000 different starting points. Parameter support limits were set by finding the

parameter values where the log likelihood probability drops two units below the

maximum (Edwards 1972).

Cline shape

Concordance of clines for several different characters, both quantitative and genetic,

is commonly observed in hybrid zones. However, in the case of varying selection on

individual traits, perhaps represented by few quantitative trait loci, a different pattern

may occur and cline positions and shape may shift. Cline shape can be used to infer

selection on traits and the position of the cline centre can give information on the
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factors influencing divergence. In general, stronger selection will cause narrower

clines. Therefore, if selection acts only on a few traits there can be large

discrepancies in cline widths, both in phenotypic traits and genetic markers. If

selection is acting on the markers linked to QTL (Gac7033 and Gac2111), they are

expected to show narrowed clines compared to the neutral microsatellite markers. In

the same way cline width of the phenotypic traits will depend on the strength of

selection, but also on the number of loci affecting each trait. Even with the same

level of selection clines of traits affected by few loci will have narrower clines than

traits with many underlying loci. Lack of cline coincidence can be influenced by

ecotonal selection or for phenotypic traits epistatic effects.

Concordance of clines was visualized by plotting the average frequency of

each trait or allele against the mean frequency at each site. Significance of

differences in cline shape were tested by Bartletf s test of homogeneity as

implemented in ANALYSE. Deviations in position of the centre were tested by

fitting a curve to each character keeping the cline centre position fixed to that of the

character being tested against. Significant deviations in the position of the cline

centre were assumed when the test log likelihood score for the set centre was > 2 as

compared to the maximum likelihood cline. These analyses were performed in

ANALYSE as described above.
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Results

popula tionstructure and individual assignment

The assignment test clearly detected the two ecotypes Lava and Nitella, with more

than 90% of fish assigned to their own sampling site with high probability (>0.95).

When using prior population information on Lava and Nitella morphs, and including

the possibility ofmixed ancestry, 92,2% of the fish sampled at the main Nitella site

where classified as Nitella fish, 2,4% as hybrid and 5,4% were unassigned (assigned

to an undefined third group). At the Lava end of the zone 95,2% were assigned as

Lava morphs and 4,8% identified as possible hybrid (Figs. 1 and 2). At intermediate

sites the percent of fish assigned as parental did not exceed 70% and the number

identified as mixed ancestry varied from 0 to 45%. At site seven, 85% of individuals

could not be assigned to either of the parental populations and the remaining 15%

were classified as hybrid (Fig. 2).

Parental forms were not found at opposing ends of the zones, the Lava morph

was observed at sites 1-5 and the Nitella morph at sites 4-11. The frequency of

Nitella fish was high outside the actual Nitella habitat or as much as 66% at site 4

(Fig. 2).

Figure 3 shows the distribution of hybrid index values based on diagnostic

alleles.

Linkage disequilibrium

With the multilocus disequilibrium measure rd (Agapow and Burt 2001) four sites

were in significant multilocus disequilibrium. These were at sites 4,5,6 and 8 (Fig.
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4). Similarly, linkage disequilibrium estimates (D*) based on the covariance of

phenotypic traits were estimated for all individual sites. Both measurements gave

the highest linkage disequilibrium values at intermediate sites. With the multilocus

estimator the maximal value is at site 4. The linkage disequilibrium estimates based

on quantitative traits is consistently high between sites 2 and 7 (Fig. 5).

CLINE ANALYSIS

A summary of fitted cline shape and the relevant support limits for all characters are

shown in Table 3. Cline centres and width could not be estimated for two of the

nine loci, Gac7188 and Gac5196.

Estimates of the position of the cline centre were comparable for the most

common alleles and diagnostic alleles. Based on the most common allele at each

locus the position varies between 1550m (Gac2111) and 6654m (Gac7033)

measured from the north end of the lake. The centre position of loci Gac4174,

Gac3133 and Gael 097 was in all cases close to 3000m south of the Lava habitat

(Table 3). For diagnostic alleles the position of the cline centre varies from 1454m

(Gac2111 and Gac3133) to 6618m at Gac7033.

There was considerable variation in estimates of cline width. Based on the

most common alleles, estimates of zone width fell well beyond the sampled area, the

narrowest width estimated for Gac4174 is 15.329m. The estimates are generally

narrower based on diagnostic alleles, although again there is considerable variation

between loci (Table 3). Only fits for diagnostic alleles at loci Gac2111 and Gac3133

did not have a significantly reduced likelihood when keeping centre positions fixed.
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Only loci Gac7033 had a significantly different cline shape using the most

common alleles Of (i)= 3.86; p<0.05). A very different pattern emerged when

comparing concordance of clines at the diagnostic alleles, all pair wise comparisons

are significantly different. The two quantitative characters have very different cline

patterns. Variation in spine length has a similar cline width and centre as the

microsatellite markers (Table 3). However, gillraker number, although variable

across sites, does not conform to a clinal pattern. Cline fits for the two "linked" loci

give conflicting results. As would be expected in case of selection the cline of

Gac7033 (gillrakers, 2nd spine) is narrow for both the most common and

"diagnostic" alleles. However, Gac2111 (1st spine) has a very different pattern, both

estimates of cline width falls well beyond the sampled area. The positioning of the

centre is also different, the centre of Gac2111 is more in line with estimates for other

markers whereas the centre of Gac7033 is positioned further south.

103



Discussion

We find that this recent divergence zone has several characteristics similar to those

expected in hybrid zones of secondary contact. There is a clear centre to the zone,

positioned at the habitat transient approximately 2-3 000m south of the Lava habitat.

Moreover, there is evidence for varying selection on phenotypic traits, revealed by

differences in cline width as well as in the position of the centre.

The Lava and Nitella stickleback morphs in Lake Thingvallavatn are closely

related, and have evolved within the lake in the last 10.000 years. Their preferred

habitats are approximately 9 km apart and there is considerable gene flow between

the morphs (chapter 2; chapter 3). Despite ongoing gene flow, parental types can be

clearly identified using multilocus assignment. However, several fish were

classified as having mixed ancestry. The highest proportion of hybrids is found at

the transition between the Lava and the Nitella habitat. Results from assignment

analysis indicate that dispersal of Lava individuals outside the lava zone is limited,

the Lava genotype was not found south of site 5. Conversely, Nitella fish are

present in considerable density out of their preferred habitat including sites very

close to the parental Lava population (Fig. 2).

In contrast to what is observed in hybrid zones of secondary contact,

variation in recent zones of primary divergence often forms a smooth cline (Endler

1977; Gilchrist et al. 2001; Gockel et al. 2001). The strength of selection will shape

the clinal pattern, if there is low selection the cline will be shaped only by gene flow

and drift, and the limits geographic distance puts on migration, and may have no

discernable centre. On the zone between the Lava and Nitella sticklebacks the cline
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centre was most often positioned between 1500 and 3000 metres south of the Lava

habitat. This positioning of the centre is also supported by other analysis.

Classification of fish into parentals and hybrids seems to indicate that movement is

restricted at a similar position, and patterns of linkage disequilibrium, especially the

multilocus estimates, points toward a zone centre a short distance south of the Lava.

Various ecological factors add credibility to this being the central position.

Stickleback densities drop at the proposed site, possible reflecting a poorer quality of

habitat. It is well known that regions of low density can act as sinks for migration,

limiting the gene flow past that area (Barton 1980; Barton and Hewitt 1985). Also,

there is a transition zone between the Nitella and Lava habitat possibly resulting in

lowered fitness of both parental morphs. Finally, the littoral zone is narrow at this

part of the lake and shelter from predators is rare. Movement of individuals might

therefore be limited due to predation risk (chapter 3; Doucette et al. 2004).

Although there is considerable evidence for the position of the centre there

are two noteworthy exceptions. First, the centre position of the cline at locus

Gac7033 is shifted south and is placed at the habitat transition to dense Nitella opaca

vegetation (at app. 6650 metres). Second, the centre position of the spine length

cline is positioned at 4197 metres, again closer to the Nitella habitat. There are also

striking differences in cline width both between markers and morphological traits.

Clines were in all cases unrealistically wide based on variation at the most common

allele at each locus and at some loci for the diagnostic alleles. This most likely

represents the low level of divergence between morphs. Based on diagnostic alleles

loci Gac7033 and Gac3133 have a significantly narrower cline. For two markers,
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locus Gael 116 and spine length, the width of the cline was similar to the length of

the sample area. If selection on loci effecting diverging traits is strong enough or if

the loci are localised within the genome, linkage disequilibrium can be broken down

allowing for differences in cline width of traits. For example in Chorthippus

grasshopper species, differences in cline width of behavioural and morphological

traits across hybrid zones suggest different levels of selection on these traits (Bridle

and Butlin 2002; Butlin et al. 1991).

Initial associations between selected and neutral loci result in the

characteristic steep concordant clines observed in hybrid zones (Barton and Hewitt

1985). Recently, different patterns of introgression or divergence of loci and

phenotypic traits have received considerable attention as studies have shown that

adaptive differences can persist despite extensive introgression of neutral markers

(Dumolin-Lapeque et al. 1999; Rieseberg et al. 1999; Lenormand 2002; Vines

2003). In the same way adaptive gene introgression can occur with little or no

mixing of other neutral sites. The barrier to gene flow will to a large extent depend

on the number of "speciation genes" and their distribution over the genome (Barton

and Bengtsson 1986). Consequently, in zones of primary divergence the cline shape

(or lack of clinal patterns) of neutral markers and selected traits can provide

information on the traits significant in adaptive divergence (Schlotterer 2002).

The cline centre is shifted toward the Nitella habitat both for spine length and

a locus that has been linked to variation in spine length (Gac7033). The cline of

locus Gac7033 is very steep compared to that of other traits, which is consistent with

this region of the genome being under relatively strong selection in these
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populations. Spine length is an important character in predator defence and is likely

to be important in the Nitella population that inhabits a high predation area (chapter

3). Other results suggest that predation pressure is an important factor in the

divergence of the Lava and Nitella morphs (chapter 3; Doucette et al. 2004) and

predation plays an important role in the phenotypic evolution and divergence of

other stickleback populations (Reimchen 1994; Rundle et al. 2003). However, it is

interesting that despite the position and shape of the spine cline, in general gene flow

seems to be reduced closer to the Lava habitat. This pattern is expected if selection

against longer spines outside of the Nitella habitat is shaping the cline rather than

vice versa. It is possible that this is an artefact of differences in cline width and that

the narrowed cline of spine morphology is in fact responsible for the change in

centre position (Butlin and Neems 1994). The steep cline of locus Gac3133 and its

centre position very close to the Lava habitat can represent varying selection

pressures acting on different areas of the genome although we do not know if this

locus is linked to phenotypic traits. However, variation at this locus explains much

of the divergence between the morphs. Locus Gac2111 is putatively linked to dorsal

spine length. However, there is little variation at this locus both within Lake

Thingvallavatn but also in other stickleback populations across Iceland, indicating

possible selection (chapter 2; chapter 5). Despite this there does not seem to be

divergence at this locus between the Lava and Nitella morphs and there is not a

narrowed cline. Very low variation in early divergence of the morphs could possible

explain the lack of observed differences in allele frequencies. To confirm or reject

disruptive selection at this site more loci would need to be examined.
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There is strong evidence for selection affecting locus Gac7033, allele

frequencies at this locus are consistent with disruptive selection on traits coded for

by loci linked to Gac7033, between the Lava and Nitella morph. This locus is

closely linked to adaptive variation in Canadian sticklebacks and although it has not

been directly linked to variation in phenotypic traits in this study, the Lake

Thingvallavatn morphs differ in the same traits, i.e. spine length and gillraker

number. These results may therefore be an exiting example of parallel evolution or

the same genes underlying adaptation and divergence of stickleback populations.

Parallel genetic mechanisms involved in adaptive divergence of threespine

stickleback populations have been confirmed in both genetic mapping and

inheritance studies (Colosimo et al. 2004; Schluter et al. 2004).

There is some controversy over the genetic basis of adaptive divergence, in some

models divergence is facilitated by few "speciation genes" while in others the

associations built up by several selected loci ease the process of speciation

(Kondrashov and Kondrashov 1999; Dieckman and Doebeli 1999). The genetic

basis of speciation has moreover caused discussion on the definition of species. Wu

(2001) suggested that species could be defined based on adaptive genetic difference

rather than reproductive isolation, as RI often requires extensive genome wide

differentiation. However, this model does not consider the role of assortative mating

in speciation, differences in key traits involved in mate choice can cause

reproductive isolation despite low overall divergence of groups. In some threespine

stickleback populations it has been shown that a single ecologically important

character, body size, largely accounts for initial assortative mating and consequential
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population divergence (McKinnon et al. 2004). In the Thingvallavatn system we

find strong selection on distinct traits e.g. spine length and varying selection on the

genome with some areas appearing relatively neutral. However, we also observe

elevated linkage disequilibrium and a clearly identifiable centre of the divergence

zone. In zones of secondary contact the mixing of parental genomes will result in

nonrandom associations between parental alleles where two species are in contact.

The linkage disequilibrium will be at a maximum at the centre of the zone and the

rate of breakdown will represent the strength of selection acting on the zone.

Conversely, when studying clinal patterns formed by primary parapatric divergence,

divergent selection may be more likely to be acting on only few areas of the genome

and the populations may not have accumulated sufficient neutral differences to cause

strong linkage disequilibrium across the cline (Barton and Gale 1993). The observed

pattern of linkage disequilibrium suggests that the Lava and Nitella morphs have

already diverged at several loci and that sufficient time has passed to create

associations of loci across the genome. This is in accordance with phenotypic

measurements of the morphs that show that they have diverged in several traits both

in morphology and behaviour (chapter 3; Kristjansson et al. 2002a; Doucette et al.

2004). Although it is possible that only a few loci contributed to the first steps of

divergence of the Lava and Nitella morphs, given the very recent divergence our

results indicate that several phenotypic characters with a number of underlying loci

are involved in this case of parapatric divergence. A fundamental problem in studies

of the genetics of speciation is distinguishing between genes acting in speciation and

genetic differences accumulated after the initial divergence. Recent systems like the
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Lake Thingvallavatn stickleback morphs can potentially give important information

on the genetics of species divergence.

A one-dimensional cline could not be fitted to variation in gillraker morphology

despite significant differences in gillraker number across the zone. Coupled with the

inability to assign individuals at site 7 this could indicate a more complex population

structure than can be described by a simple one-dimensional cline. It is clear that in

Lake Thingvallavatn depth has a significant influence on the distribution of

phenotypes (chapter 3). It seems that phenotypic variation in gillrakers is correlated

to water depth at sampling sites (chapter 3). An increasing number of studies

emphasize the importance of small scale habitat variations across broad zones of

secondary contact (Harrison and Rand 1989; Sites et al. 1995, Bridle and Butlin

2002). When studied at smaller scales many hybrid zones that appear clinal in shape

are revealed to possess a mosaic structure where each species is predominantly

found in its preferred habitat. The current number of sample sites in Lake

Thingvallavatn does not warrant an in depth study of the influence of small scale

habitat on clinal patterns but addition sampling across depth gradients will be

important in establishing the relation of the Lava and Nitella ecotypes.
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Conclusions

Studying zones of recent adaptive divergence can provide valuable new information

on the evolution of variable morphs and speciation. However, known zones of

continuous variation tend to represent secondary contact of species and few studies

have been presented looking at recently isolated populations over a continuous area

of divergence. We find that there is continuous variation between the Lava and

Nitella morphs in Lake Thingvallavatn and that the observed variation is primarily

clinal. Despite recent divergence there are strong indications of a centre to the zone.

The position of the centre has a clear biological meaning, at the suggested site

"stickleback friendly" habitat is scarce, there is little vegetation and high predation

pressure.

However, there are striking differences in cline shape both between

microsatellite markers and for morphological traits. This indicates variable

divergence of traits important for the local adaptation these fish, specifically, spine

length is important in the divergence of the morphs. Selection for longer spines is

focused on the Nitella population irrespective of neutral gene flow that is restricted

considerable further north. Our results show that analysing populations on a

continuous scale can be used to identify traits under selection in local adaptation and

population divergence.
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Figure 4.1. Sampling
localities within Lake

Thingvallavatn. Site 1

represents a pond

approximately 200m north of
the lake. A recent lava flow

has entered the lake from the

north (indicated with grey

dots) forming the substrate for

approximately 2km. The lava
is more rugged toward the
north as the constant inflow of

spring water (indicated with

grey arrows) prevents
accumulation of sediment.

The defined lava habitat

(rugged lava, inflow from

springs) includes sites 2 and 3. A smaller, more recent lava patch is found at site 12.

Grey areas indicate dense Nitella opaca patches, however, Nitella opaca is found
around the lake at depths of between 10 and 20m. Sample sizes and further habitat
characteristics can be found in Table 1.
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Figure 4.2. Multilocus assignment of individuals to Lava morph, Nitella

morph or ofmixed ancestry. The percentage of unassigned fish is also given,
as not all individuals could be reliably classified to any of the three groups.
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Figure 4.3. The distribution of hybrid index values based on diagnostic alleles.
The index represents the number ofNitella specific alleles against the total
number of diagnostic alleles for each individual averaged over sites.
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Figure 4.4. Multilocus linkage disequilibrium across sites, each bar represents
one sampling site. Multilocus disequilibrium estimator ro. Significant
deviations from linkage disequilibrium were observed at four sites 3,4, (p <

0.001) 5 and 7 (p < 0.05).

115



0,14

123456789 10

Site

Figure 4.5. Disequilibrium between dorsal spine length and gillraker

number. Note that data on gillraker number was not available for sites 3

and 10.



Table 4.1. Sample size and descriptions of collection sites. Habitat type

is categorised as mud, lava, nitella or stony. Morphological measures and

descriptive molecular statistics at are given for each site.

Site N Depth Habitat 1st Spine Gillraker # A HE

1 18 0 mud 0,097 13,22 5,8 0,6
2 30 0 lava 0,072 13,44 6,1 0,62
3 6 2 lava 0,073 - 4 0,6
4 6 10 stony 0,073 13,42 4,2 0,56

5 19 20 stony 0,086 13,13 9,6 0,71
6 14 2 stony 0,083 12,64 5,9 0,64
7 25 0 mud 0,085 12,86 9,6 0,69
8 20 10 nitella 0,091 12,63 6,6 0,65
9 40 20 nitella 0,099 12,43 11,1 0,68
10 10 10 nitella 0,097 - 6,4 0,68



Table4.2.Frequenciesofthemostcommonalleleanddiagnosticallelesacrosssites.Diagnostic frequenciesarebasedonGac3133,alleles130/132,Gac7188;alleles172,192-196,Gac7033;alleles 201/203/205andGael116;alleles132/134/136.AsGac3133allele130isalsothemostcommonalleleat thislociitisonlypresentedonce. SiteMostcommonallelesDiagnosticalleles Gac4174
Gac2111
Gac7188
Gael125
Gac7033
Gael097
Gael116
Gac5196
Gac3133
Gac7188
Gac7033
Gael116

1

0,62

0,6

0,15

0,4

0,34

0,66

0,48

0,68

0,68

0,14

0,18

0,2

2

0,56

0,81

0,38

0,31

0,43

0,56

0,57

0,5

0,68

0,32

0,32

0,36

3

0,59

0,71

0,31

0,31

0,33

0,61

0,43

0,41

0,79

0,28

0,33

0,1

4

0,61

0,61

0,23

0,31

0,23

0,65

0,29

0,31

1

0,25

0

0,5

5

0,43

0,6

0,38

0,52

0,32

0,63

0,33

0,67

0,67

0,17

0

0,33

6

0,59

0,68

0,09

0,41

0,36

0,64

0,41

0,72

0,37

0,08

0,05

0,08

7

0,55

0,62

0,1

0,53

0,22

0,75

0,53

0,6

0,29

0,29

0,14

0,07

8

0,64

0,64

0,07

0,57

0,36

0,79

0,21

0,36

0,43

0,1

0,03

0,03

9

0,39

0,73

0,15

0,26

0,39

0,61

0,39

0,53

0,41

0,09

0

0

10

0,67

0,67

0,67

0,33

0,1

0,67

0,67

0,83

0,35

0,05

0,08

0,03



Table 4.3. Fitted cline centres and widths for each microsatellite loci

and the two quantitative traits. 95% confidence limits are given. The

position of the centre is given in m from site 1 (north end of lake). Log
likelihood score is in the last column. *Gac2111 is linked to variation in

QTL affecting dorsal spine length (1st spine) in Canadian sticklebacks
and **Gac7033 is linked to variation in gillraker number and dorsal

spine length (2nd spine).
~ t 95%Centre

^
Width

95%
CL

InL

Diagnostic Alleles
Gac3133

Gac7188

Gac7033**

Gad 116

1454 1268-1509 38 17-39 -139.90
1772 1289-16566 17265 16566-44400 -2.72

6618 5656-7714 471 403-511 -14.23
2911 2816-4754 9719 4754-12214 -5.07

Most Common Alleles

Gac2111*

Gac4174

Gac7188

Gael 125

Gac7033**
Gad 097

Gad 116

Gac5196

1550 834-3677 30556

3090 1993-3654 15329

-1.07

-5.98

1758 928-4837 30058

6654 4981-7941 34978

3190 3002-4866 54445

2496 2342-2882 23558

-2.70

-3.01

-2.11

-4.69

Phenotypic trait
Gillraker #

Spine length 4197 4065-4773 9541 4932-11077 -2.05



Chapter 5. Rapid adaptation?Microsatellite variation of

recently isolated marine and freshwater sticklebacks

Abstract

Recently it was suggested that different morphs of threespine stickleback found in

Hraunsfjordur, Iceland have evolved in as little as 25 years, or since the fjord was

damned. The dam resulted in increased freshwater influence within the dam and

partially restricts movement of sticklebacks. Here, patterns of variation at 9

microsatellite loci, two ofwhich are putatively linked to variation in spine length,

are used to test for adaptive divergence in the Hraunsfjordur system. There are

strong indications of selection on parts of the genome most likely influencing dorsal

spine length in the Hraunsijordur sticklebacks. There are differences between the

marine and freshwater fish, demonstrating alternative or relaxed selection in the

freshwater populations. Given the magnitude and nature of divergence it is likely

that a local population of sticklebacks existed in the fjord before the dam was built.
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Introduction

In recent years the possibility of rapid evolution and local adaptation has been ever

more accepted. Genetic divergence has been observed between adjacent populations

even after few generations (Hendry et al. 2000; Kinnison et al. 2001; Quinn et al.

2000). It is generally believed that the diverse morphs of threespine sticklebacks

found in freshwater habitats have evolved after colonisation by a marine ancestor

(Hagen and McPhail 1970). Contrary to the diversity found in morphs of freshwater

sticklebacks marine fish are considered relatively uniform, although exceptions exist

(Blouw and Hagen 1990; Klepaker 1993).

Recently, it was suggested that different stickleback morphs found in

Hraunsljordur, Iceland have evolved in as short a time spell as 25 years, since the

fjord was damned. The damming resulted in increased freshwater influence within

the dam and partially restricts movement of sticklebacks. The freshwater morphs are

found in connection with lava and mud habitats and both have shorter spines and

reduced body armor as compared to neighboring marine fish. These differences have

been put forth as a case of rapid adaptive evolution (Kristjansson et al. 2002b).

Microsatellite analysis has since confirmed that there are low but significant genetic

differences between these morphs (chapter 2). Although the nature of the

morphological differences coupled with variation in neutral genetic markers suggest

adaptive divergence, more evidence is needed to confirm selection. Sticklebacks

show considerable phenotypic plasticity in various traits (Day et al. 1994; Day and

McPhail 1996) and migratory barriers can quickly cause small differences in neutral

genotypes.
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Identifying selective divergence without extensive experiments has an innate

appeal. Cavalli-Sforza (1966) suggested that genes subject to local selection would

exhibit larger than average genetic distances. Hitchhiking causes the same effect

for neutral sites linked to selected genes and makes it possible to use marker loci to

identify genomic regions under local selection. Lewontin and Krakauer (1973)

proposed a statistic to test for unusually large Fst values based on the expected

variance in FSt across loci. However, the test did not consider complex modes of

population divergence and has been largely abandoned (Lewontin and Krakauer

1975; Nei and Maruyama 1975; Robertson 1975). Recently, other authors have

again suggested that selection may be responsible for individual loci exhibiting

unusually large genetic distances between populations (Bowcock et al. 1991). With

the increased availability of neutral molecular markers there has been renewed

interest in methods to detect such loci (Beaumont and Nichols 1996; Baer 1999;

Schlotterer 2002; Guinand et al. 2004).

Here nine microsatellite markers, two of which have been linked to QTL

affecting dorsal spine length in Canadian sticklebacks, are used to examine

divergence between the marine and freshwater populations of threespine stickleback

in the Hraunsfjordur system. Specifically, we use variation in allele size and Fst

values to detect signals of putative adaptive divergence.
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Methods

Sampling

Hraunsfjordur, in northwest Iceland, is a narrow fjord about 4 km2 (Fig. 1). The

fjord is partially divided by a recent lava flow (5000-8000 years old), forming a

narrow channel. The fjord has a natural salinity gradient as a result of inflow of fresh

water. In 1987 the fjord was dammed further limiting water flow and movement of

fish. We caught sticklebacks with minnow traps on 9 July 1999 at two locations

within the lagoon one in the fjord and one in the outer bay (Fig. 1). 1. Marine

(HRA), a marine tide-pool, within the lava connected to the fjord by a narrow

channel (n = 17). 2. Lava, a lava substrate within the lagoon, about 150 m from the

dam. The lava is typical ah-ah lava. Sticklebacks were caught at a depth of l-2m (n

= 62). 3. Mud, a mud substrate at the greatest distance from the sea in the lagoon.

The bottom here consists of soft mud with some vegetation. Sticklebacks were

caught at a depth of about 1-1.5 m (n = 48). 4. Marine (REY), marine tide pools (n

= 22). There were no differences between the marine samples and they were pooled

for analysis.

GeneticAnal ysis

Samples were scored for 9 microsatellite loci, Gac2111, Gac4174, Gac3133,

Gac7188, Gacl097, Gac7033, Gael 125, Gael 116 and Gac5196 (Largiader et al.

1999). Loci Gac2111 and Gac7033 have been linked to variation in spine length in

Canadian sticklebacks (Peichel et al. 2000) and are also likely to be linked to
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selected traits in Icelandic stickleback populations (chapter 4). See chapter 2 for a

more complete description of methods.

Genetic distance between populations was estimated with FSt values

calculated for each locus in Arlequin v. 2.0 (Schneider et al. 2000). We used

population differences in allele size variance to identify loci possibly under selection

(Schlotterer 2002). The InRV is the natural logarithm of the ratio of the variance in

allele size for two populations. Large values indicate that allele size variance is

lowered in one population that could in turn indicate selection on that part of the

genome. A simple way to identify loci with significantly large genetic distances

would be to compare the observed distribution of Fst and InRV values with that

expected under neutrality. However, the expected distribution of Fst values is

unknown, and although simulations show that InRV values tend to follow a normal

distribution these assume isolated populations with no gene flow (Schlotterer 2002).

Nevertheless, assuming that InRV values are approximately normally distributed,

comparing individual values to that distribution can give an estimate of outlying

values. The probability that a given locus deviates from neutrality can be obtained

from the density function of a standard normal distribution. The standardized

distribution of InRV has a mean of zero and a standard deviation of one. Those InRV

values that fall outside of the 0.99 confidence interval were considered indicative of

local selection.
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Results

Genetic Popula tionsDivergence

There is low but significant genetic differentiation between all populations (Table 1).

Factorial correspondence analysis clustered the marine fish together but there is not

much distinction between the lava and mud fish. The first axis explains only 2.24 %

of the variation (Fig.2). Variance in allele size was lower for the lava and mud fish

than for the marine populations at six loci but higher for at least one of the

freshwater populations at loci Gac4174, Gac2111, and Gac7033. (Fig.3).

Identifying Local Adaptation

We assumed that those loci with the highest FSt and InRV values are most likely to

mark genomic regions under selection in one population (Table 1; Fig.4). To identify

such loci, we plotted the Fst versus InRV values for each locus (Fig.5). The

individual Fst and In RV values are significantly correlated (lava; r = 0.63, p < 0.05;

mud; r = 0.55, p < 0.05). This can be expected, as reduced microsatellite variation

will inflate FSt values (Hedrick 1999). With standardized InRV values both locus

Gac2111 and Gac7033 showed a significant reduction in variability. However, InRV

values of Gac2111 were only significant for the mud population, although they were

high for both groups (Figs 4 and 5). At locus Gac7033 InRV values are high and

significant for the lava population only (Fig.4). Again these are the only two values

that are consistently high for both InRV and Fst (Fig.5).
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Discussion

There is evidence for selection acting on certain loci in the Hraunsfjordur system.

Allele size variance as well as Fst values at loci Gac2111 and Gac7033 indicate that

there are different selection pressures acting on the freshwater and marine

sticklebacks. Provided that the loci are linked to variation in spine length, these

results confirm that selection on spine length in an important factor in the adaptation

of marine stickleback to freshwater. Moreover, it implies that the observed variation

in dorsal spines, between the freshwater and marine populations in Hraunsfjordur,

has a genetic basis that is consistent with the similar differences seen in completely

independent Canadian populations.

Rapid reductions in armour morphology are commonly observed after

colonisation of freshwater by marine threespine sticklebacks (Wottoon 1984; Taylor

and McPhail 1986; Klepaker 1993; Bell 2001). These differences could be partly

due to phenotypic plasticity, although variation in lateral plates and spines probably

has a genetic basis (Hagen 1973; Peichel et al., 2001). Strong selection for long

spines is expected in marine populations as they experience high predation pressures

(Reimchen 1994). In freshwater this pressure may be reduced or there may be

selection for shorter spines, especially in structurally complex habitats. For

example, sticklebacks found in lava habitats have short dorsal spines (chapter 3;

Kristjansson et al. 2002a). Another possible explanation for reduction in armour

morphology in freshwater sticklebacks is the lower concentration of calcium in less

saline waters (Klepaker 1993; Bourgeois et al., 1994).
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The Hraunsfjordur lagoon has been used for aquaculture and recreational

angling, therefore predators are present but predation pressures on sticklebacks in

the lagoon are likely to vary. Kristjansson (2002b) found that, in addition to

reduction in spine length and the number of lateral plates, the freshwater

sticklebacks were more morphologically diverse than the marine population. We

observe increased variation in allele size at loci Gac2111 and Gac7033 in the

freshwater populations compared to marine sticklebacks. The increased variance in

allele size (and spine length) in the freshwater population in Hraunsfjordur is

consistent with both relaxed predation pressures and selection for shorter spines, and

it may be difficult to distinguish between those two scenarios.

Exempting the two loci putatively linked to QTL there is very low, although

significant, genetic divergence of groups, between marine and freshwater

sticklebacks (Fst = 0.02) and between freshwater groups (Fst = 0.01). Several

recent papers emphasize rapid divergence of fish populations (Stockwell et al.

2003). For example, guppies show dramatic life history changes after only 4-11

years isolation (Reznick et al. 1997). Populations of Pacific salmon (Oncorhynchus

spp) have adapted to different breeding environments within 13-26 generations as

well as being at least partially reproductively isolated (Hendry et al. 2000; Kinnison

et al. 2001; Quinn et al. 2000). In sticklebacks predator defence morphology has

been found to evolve extremely rapidly. A recent study of an Alaskan lake reports

significant reduction in body armour in as little as twelve years after colonisation by

marine sticklebacks (Bell et al. 2004). Our results show significant differences in

loci linked to variation in spine length despite little or no neutral divergence.
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Therefore, if variation at loci Gac2111 and Gac7033 to some extent represents

variation in spine length it can be assumed that spine reduction is primary in

adaptation to freshwater and occurs very rapidly. This is consistent with rapid

changes in defence morphology after colonisation of freshwater as is commonly

observed in sticklebacks.

Kristjansson et al. (2002b) argues that divergence of the sticklebacks in

Hraunsfjordur resulted from the damming of the fjord in 1987. We observe an

increase in allele number in the freshwater populations (Figure 3). Moreover, the

FST values at loci Gac7033 and Gac2111 range from 0.04 to 0.14. It is improbable

that this change in allele number and frequency has occurred in twelve generations,

even with strong selection on the linked loci. It may be unlikely that freshwater

stickleback existed in the lagoon or contributory streams prior to damming

(Kristjansson et al. 2002b). However, it is known that locally adapted populations

can be found in marine as well as freshwater fish (Pogson et al. 1995; Ruzzante et al

1999; Salvanes et al. 2004). Given these results is possible that a local population of

sticklebacks was present in Hraunsfjordur even before damming of the fjord.

There is evidence for strong selection acting on the two putatively selected

loci, although these results do not confirm linkage to phenotypic traits. The fact that

there is often rapid reduction in spine length after colonisation of freshwater by

marine stickleback and reduction in spine length is observed between the

Hraunsfjordur morphs despite a low overall divergence, may suggest that these loci

are linked to variation in defence morphology in Icelandic sticklebacks. Parallel

genetic mechanisms underlying adaptive divergence in lateral plate reduction has

128



recently been confirmed in two different populations of threespine stickleback at the

west coast ofNorth America (Colosimo et al. 2004). The results on the genetic

divergence of stickleback morphs in Hraunsljordur indicate that the same loci may

control dorsal spine length in Icelandic and Canadian stickleback.
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Conclusions

There is evidence for adaptive differences between the marine and freshwater

populations in Hraunstjordur. There is very low divergence at neutral microsatellite

markers, indicating resent divergence and continuing gene flow. However,

divergence at loci linked to variation in spine length and gillraker number in

Canadian stickleback is higher and there is increased variation at these loci in the

freshwater groups. This may indicate different selection pressures or relaxed

selection in the freshwater groups. Moreover, these results may provide an

interesting example of adaptive divergence acting on parallel genetic traits.
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Figure5.1.SamplinglocationsinHraunsfjordurandatReykholarwhereareferencesampleof marinesticklebackswastaken.Thelavafieldisindicatedindarkgreyandthepositionofthedam
inblack.



Table 5.1. FST values based on the seven

neutral microsatellites and the two loci

suspected to be linked to variation in spine

length. All values are significant, p < 0.01.

Neutral loci Gac2111 Gac7033

Mud - Marine 0.02 0.14 0.09

Lava - Marine 0.02 0.04 0.10

Mud -Lava 0.01 0.03 0.03
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Figure 5.2. Factorial correspondence analysis based on the microsatellite genotypes

of the sample fish. The correspondence analysis separates marine and freshwater
sticklebacks on axes 1, although only a small part of the variation is explained.
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Figure 5.3. Microsatellite allele frequencies at locus Gac2111 (upper) and locus
Gac7033 (lower). There is increased variation in allele size in the freshwater

populations.
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Figure 5.4. InRV across all loci. Values represent the natural logarithm of
the ratio of allele size variance between the marine sticklebacks and the

lava (■) and mud (□) groups respectively. Values of locus Gac2111 for the
mud group and locus Gac7033 for the lava group lie outside of the 0.99
confidence interval on a normal distribution.
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group, mud = •; lava = ■. Outlying values represent locus Gac2111 (•)
and locus Gac7033 (■).
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Chapter 6. Courtship behaviour and assortative mating in the

Lake Thingvallavatn Threespine stickleback morphs

Abstract

Without selection for reproductive isolation, for example through mating preferences

or selection against hybrids, divergent species will converge in sympatry. Results

from no-choice mating trials show that the Lake Thingvallavatn stickleback morphs

mate assortativly. Despite the extreme differences in habitats of the morphs there

are no significant differences in courtship behaviour. However, some of the Lava

males build less structured nests and this may contribute to female choice. In

general, mate choice appears to involve several traits and although size is involved

in mate discrimination there is no size assortative mating. Moreover, there are

important differences in both the level and direction of choice between the sexes.
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Introduction

Reproductive isolation allows genetic differences between species to persist despite

changes to selection regime. In allopatric speciation differences accumulated over

time cause pre- or postzygotic isolation that will prevent mating if the species come

into secondary contact. However, assortative mating is central in the early stages of

population divergence in sympatric and parapatric speciation. In nature we often

observe rapid divergence in both ecological and reproductive characters in closely

related sympatric species. After an initial emphasis on ecological divergence in

speciation (Dobzhansky 1940, Mayr 1963), many later authors highlight the role of

sexual selection in sympatric divergence (West-Eberhard 1983, Dominey 1984,

Lande 1982, Endler 1989; van Doom et al. 2004). Early models of sympatric

divergence often assumed that the same trait is involved in ecological divergence

and mate choice while most recent models involve interactions between these

characters (Kondrashov and Kondrashov 1999; Dieckman and Doebeli 1999;

Doebeli and Dieckman 2003).

Individual traits may have an important role in species divergence if they

contribute to both ecological specialization and mate choice. For example, size

assortative mating may evolve as a result of size divergent adaptation to different

ecological niches and is common in many species (Schluter 2000). Recent work

supports the evolution of reproductive isolation as a by-product of ecological

divergence in body size (McKinnon et al. 2004; Cruz et al. 2004).

The threespine stickleback (Gasterosteus aculeatus) species complex has a

wide distribution in temperate and boreal regions of the northern hemisphere, where
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it can be found in marine, brackish and a variety of freshwater habitats (Bell and

Foster 1994). The threespine stickleback mating behaviour has been the subject of

innumerable studies and is well documented. Males establish territories in which

they build a tubular nest from vegetation. The male most often initiates copulation,

courting the female with a complex ritualised dance. The female then releases her

eggs in the nest, 1-4 females generally lay eggs in the nests of a successful male.

The male guards and cares for the brood and even juveniles and is the sole provider

of parental care (Foster 1994; Rowland 1994). Although courtship behaviour in the

stickleback is considered conservative, relative to their morphological diversity,

considerable variation is seen between populations (Foster 1994). The white

stickleback inhabiting marine and brackish waters at the coast ofNova Scotia,

Canada provides a good example of the diversity observed in courtship (Blouw and

Hagen 1990). They nest above the ground in filamentous algae and shows no

parental care, after fertilization the male disperses the eggs away from the nest

(Jamison etal. 1992).

Among sexually selected characters described in threespine sticklebacks are

the intensity ofmale nuptial colour (Rowland 1982; McPhail 1969; Milinski and

Bakker 1991; Bakker and Milinski 1991), male size (Rowland 1982), nest site and

territory quality (Sargent 1982); and sexual selection on female size by male choice

(Rowland 1982, 1989; Sargent 1986). As with many other fishes with paternal care

there is increasing evidence that female sticklebacks base their mate choice partially

on nest characters such as water depth (Mori 1994), nest concealment (Sargent 1982;

Candolin and Voigt 1998; Kraak et al. 1999) or nest structure and ornaments (Barber
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et al. 2001; Ostlund-Nilsson and Holmlund 2003). In habitats where nests and

mating individuals are at high predation risk, females show a preference for males

defending well vegetated nest sites with inconspicuous nests (Candolin and Voigt

1998; Sargent 1986). Small scale differences between nest sites or even nesting

material of sympatrically breeding threespine sticklebacks have been suggested to

contribute to assortative mating (Vamosi and Schluter 1999).

Assortative mating between sympatric pairs of threespine stickleback has

been studied in several systems. Size assortative mating has been found to be

important in at least two, the Canadian limnetic-benthic stickleback pairs (Schluter

and Nagel 1995; Nagel and Schluter 1998) and in populations of anadromous and

freshwater sticklebacks (McKinnon et al. 2004; Ishikawa and Mori 2000). Size is an

important ecological trait and has adaptive significance in both of these systems

(McKinnon et al. 2004; Schluter and Nagel 1995; Baker 1994) indicating an

association between ecological trait divergence and the evolution of assortative

mating (Schluter 2001). Although body size seems to be instrumental in the

evolution of reproductive isolation of sympatric populations, several other factors

may also be involved. These include, male nuptial colour (Boughman 2001;

McKinnon 1995), small scale habitat choice (Vamosi and Schuterl999) and direct

selection on male preference by female cannibalistic behaviour (Albert and Schluter

2004).

There is considerable variation within the threespine stickleback population

in Lake Thingvallavatn, Iceland. Initially, two morphs were described in two

different habitats within the lake, Lava type, found in complex lava caves and
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crevasses in the north end of the lake and Nitella type, found in dense vegetation of

the algae Nitella Opaca at depths of 10-25 meters. These morphs differ in several

morphological characters, most importantly in antipredator morphology, as the Lava

fish have considerable shorter spines, but also in characters related to feeding, body

depth, head size and gillraker length and number (chapter 3; Kristjansson et al.

2002a). The Lava morph are "chunkier", with deeper bodies and larger heads. More

recently genetic research has confirmed that these morphs are genetically distinct

and are likely to have diverged very recently within the lake. A degree of sexual

dimorphism has been found within these populations, the sexes differ in head and fin

shape (Kristjansson et al. 2002a). Sexual dimorphism in size and colour is common

in sticklebacks (McPhail 1994, Bakker and Mundwiler 1999, Nagel and Schluter

1998) and has also been reported in pectoral fin size (Bakker and Mundwiler 1999)

and in trophic characters (Bentzen and McPhail 1984; Caldecutt and Adams 1998).

Despite morphological differences and evidence for a reduction in gene flow

between the Lake Thingvallavatn morphs, a behavioural basis of the reproductive

isolation has not been identified. There is some evidence that ecological factors,

especially predation, directly limit movement of fish between habitats. Therefore it

is not necessary that assortative mating has evolved in order to explain the current

pattern of genetic and phenotypic differences.

The inaccessibility of the habitats makes it all but impossible to observe

courtship of the fish in the wild, and very limited information exists on their

behaviour. Therefore, laboratory experiments recording courtship behaviour and

determining the role of behaviour in reproductive isolation is essential for
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understanding the evolution of these morphs. Here we examine differences in the

courtship behaviour of the Lava and Nitella stickleback morphs in Lake

Thingvallavatn. Factors shown to contribute to mate choice in other stickleback

populations were measured as well as some of the morphological traits that differ

most between the morphs. The following questions were addressed; 1) Is the

courtship behaviour of each morph typical of the threespine stickleback and are there

differences in courtship behaviour between the morphs? 2a) Is there assortative

mating between the groups? 2b) Is assortative mating based on body size? 3)

Finally, can we determine ifmate choice is based on a) body size b) sexually

dimorphic traits c) courtship behaviour or d) nest characteristics?
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Methods

Sampling and fishmaintenance

Experiments were conducted from late May through July in the summers of 2001,

2002 and 2003. Fish were collected throughout the breeding season using unbaited

minnow traps in the Nitella habitat but electrofishing in the Lava habitat. Mature

fish were immediately transferred the short distance (~40min) to the aquarium where

they were stored in 0.25m3 tanks. The fish quickly recovered after capture and

mortality as a result of capture and transport did not occur. The fish were fed daily

to saturation with dried tubiflex worms. All fish were allowed to adapt to the

laboratory for 18-24 hours, then males were transferred to individual tanks as they

became available but as a rule females were used in experiments within four days of

capture. Fish that were not used in experiments were released at the site of capture

as soon as possible.

Experimental set-up

-j

A single male was transferred to one half of a 0.25m aquarium. The compartments

of the tanks were separated with an opaque glass partition. The substrate consisted

of gravel, sand and mud. In each compartment there was also a nesting disk (10 cm

diameter) containing sand, mud and fresh vegetation collected from nearby ponds.

Behind each nesting plate a flowerpot provided shelter for nesting males and females

(Fig. 1). A just criticism on the experimental set up is that laboratory conditions do

not adequately represent natural conditions of the Lava fish. This may well be a

factor in the lower mating propensity of Lava females and the reluctance of nest

building in Lava males. However, laboratory conditions seldom capture the exact
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conditions in the wild, and actually this set up was probably no closer to conditions

in the Nitella habitat. Pilot experiments trying to imitate natural conditions, chunk

of lava, inflow ofwater, Nitella vegetation, did not increase the probability of

spawning of the Lava morph. Moreover, even though in nature the lava habitats

seems to provide more sheltered nest sites, the Lava males are in fact less likely to

build nests close to shelter. Therefore, it was decided to keep the experimental set

up as simple as possible with any error due to laboratory conditions likely to effect

both morphs.

To stimulate nest building, males were presented with gravid females as

needed. Most males built nests within two days and were removed if they did not

build a nest within five days. Once males finish nest building they creep through

their nests, this usually signals that they are ready to mate (Rowland 1994). The

Lava males where often slow to build nests, actively courted females without having

a completed nest and spawning was occasionally observed without a completed nest.

Therefore, males were judged ready to mate either after they had crept through their

nests or when they actively courted the females, leading and indicating a spawning

site. In the cases where males did not build complete nests, the spawning site

consisted of a hole dug in sand or mud, the males then covered the eggs after

spawning.

Each trial started when a single gravid female was introduced. The females

were transferred in a plastic container and released slowly into the experimental

tank. The experiment lasted for 30-40 minutes (time was cut to 30 minutes as most

females spawned well within 30 minutes). The experiments were videotaped for
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later analysis of behaviour. Male nuptial colour intensity was scored by eye on a

scale from 0-4.

Experimental males were used 1 -3 times, females were used only once

except Lava females as the shortage of gravid females made it necessary to reuse

females that did not spawn. After experiments fish were anaesthetised, fin clipped

and preserved in 5% formaldehyde for morphological analyses.

Beha vioural analysis

From the videotapes several behaviours were recorded for both males and females.

Stickleback mating behaviour is well recorded and the traits recorded followed

standard protocols (for example Nagel and Schluter 1998). For males the following

behaviours were recorded: (1) approach (2) zigzag (3) bite (4) lead (5) show nest (6)

creep-through and (7) nest maintenance. Female behaviour included: (1) approach

(2) follow (3) head-up (4) examine nest (5) enter nest (6) leave nest without

spawning (7) spawn.

Morphological measurements

Size assortative mating is commonly observed in sticklebacks, but there is little

evidence for the importance of other morphological traits in mate choice.

Considerable sexual dimorphism has been reported in stickleback populations from

several Icelandic lakes, the differing traits include head size, body depth and fin size

(Kristjansson et al. 2002a). After being fixed in 5% formaldehyde for

approximately two weeks, fish were rinsed and transferred to 70% ethanol. To

facilitate morphological measurements fish were stained with Alizarin Red in 1%
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KOH (e.g. Bell 1982). After staining and rinsing the sticklebacks were

photographed with a digital camera. After staining and rinsing the sticklebacks were

photographed with a digital camera. Landmarks were digitised and morphological

distances calculated (Fig. 2). Additionally, several characters were measured or

counted under a dissection microscope. The following morphological traits were

measured on each fish; 1. Standard length. 2. Head length 3. Body depth. 4. Ventral

fin size.

Nests and nest sites

There is considerable evidence that both nest structure and nest site influence female

mate choice in sticklebacks (Ostlund-Nilsson S and Holmlund 2003; Barber et al.

2001; Sargent 1982; Candolin and Voigt 1998; Kraak et al. 1999). The available

cover from predators near the nest seems to be especially important. Some

stickleback males are known to decorate nests with twigs, often indicating the

entrance to the nest and there are recent reports of this nest ornamentation effecting

female choice (Ostlund-Nilsson and Holmlund 2003).

To estimate the influence of nest structure nests were given a score from 0-4

depending on; the amount of vegetation used (1-2 points), the opening to the nest (1

point) and the presence of nest ornaments (1 point). A nest with neither vegetation

nor a clear opening scored 0, and a fully structured nest, with high vegetation, a clear

opening and nest ornamentation scored 4. Moreover, nest sites were scored from 0-2

according to the position in the tank, 2 points representing nests built in nesting disk

or in flowerpot (< 10 cm from flowerpot), 1 point nest built 10-30 cm from pot and 0

point nests built more than 30cm away. Information on nest scores was not available
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for all males. As the nest disk was positioned in front of the flowerpot this area also

provided the most attractive nest site in terms of vegetation available.

Sta tistical Analysis

Differences in the basic courtship behaviour ofmorphs were tested using two way

ANOVA on the square root transformed counts of behaviours. The typical courtship

behaviour of the threespine stickleback is well documented and most often follows a

similar pattern (Foster 1994). The male performs a courtship dance comprising of

several behaviours performed in a set order. Typical behaviour consists of the

following; approach, bite, zigzag, lead and show nest. This sequence can be

interrupted for example due to lack ofwillingness of the females.

Morphological traits were log transformed before using them in statistical

analysis. Both differences between morphs and between the sexes within morph

were examined. Univariate tests on trait differences were done with a t-test,

Bonferroni corrected. We also use discriminant function analysis to describe

multivariate morphological differences between morphs and calculated Mahalanobis

morphological distances. Differences in nest structure and nest site scores were

tested with a Mann Whitney two sample test.

Logistic regression was used to test for significant departure from random

mating between the groups, examining the effect of male group, females group and

the interaction between male and female groups on mating probabilities. Sexual

isolation is indicated by a significant interaction and significance is assessed using a

likelihood ratio test (LR). The same method was used to test for assortative mating

based on body size with interaction between male and female body size indicating
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assortative mating. Logistic regression was again used to test for effects of courtship

behaviour, morphology or nest structure on the probability of spawning. To increase

sample size tests on mate preferences included data with Lava and Nitella fish paired

with sticklebacks from other sites within Lake Thingvallavatn, this resulted in a

sample size of Lava females = 29, Lava males = 42, Nitella females = 46 and Nitella

males = 53. Statistical analysis was done in Systat 9.

Spawning was used as indication of female mate choice. However, it is

possible that spawning does not adequately represent choice in laboratory

conditions. The condition of fish, time in the breeding season and previous exposure

to possible mates will all influence the likelihood of spawning (Luttbeg et al 2001).

Therefore, the initial response of females, the head up behaviour indicating interest

in the male, was also used in statistical tests. This did not give significantly different

results, either on assortative mating nor mate choice, and only results based

spawning are presented. The typical male courtship involves the behaviours,

approach, bite, zigzag, lead, show nest in a set order. The bite of the male at the start

of this sequence is therefore not necessarily a sign of aggression. However, the

males also bite females aggressively, in that case it does not signal the start of the

courtship sequence. The number of bites directed towards females that were not a

part of the courtship sequence where used to indicate male preference.
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Results

Morphological variation

There is considerable morphological variation between the sticklebacks in Lake

Thingvallavatn, both between morphs but also between the sexes of each morph.

The results are therefore presented separately for each sex. Morphological

measurements can be seen in Table 1. Discriminant function analysis clusters males

according to sample site (Wilks' X = 0.52, p < 0.001). The males differed

significantly in all of the characters except body length (head length, t = 3.347, p <

0.001; body depth, t = 4.778, p < 0.001; fin length, t = 4.292, p < 0.001). There was

also a significant multivariate difference between sample sites amongst the females

(Wilks' X= 0.68, p < 0.001). With univariate tests the Lava and Nitella females

differed significantly in all of the measured characters (standard length, t = 2.139, p

< 0.05; head length, t = 2.387, p < 0.05; body depth, t = 3.226, p < 0.001; fin length,

t = 2.519, p < 0.05).

There are significant morphological differences between the sexes. Mean

Mahalanobis distances are greater between the sexes in the Lava habitat (14,24, as

opposed to 11,94 for the Nitella fish). The average Mahalanobis distance between

morphs is also higher for males than females (Table 4). For the Lava morph, Wilks'

X = 0.31, p < 0.001), with 83% of males and 95% of females correctly assigned.

There are significant multivariate differences between the sexes in the Nitella

habitat, Wilks' X = 0.39, p < 0.001, with 87% ofmales and 91% of females correctly
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assigned. For both morphs females had smaller ventral fins and shorter jaws.

Additionally the Lava morph males have considerable shorter tails than females.

Nests and nest sites

In most cases the males built nests typical of threespined sticklebacks, well

structured, using vegetation and sand. The most common nest score is three, with an

occasional score of 4 when nest ornamentation was observed (3 Nitella males).

However, the Lava males were sometimes observed actively courting females with

incomplete or poorly structured nests, 10 Lava males had a score of 0 or 1

corresponding to no or very little vegetation used in nests, scores of 0 and 1 are

never observed with Nitella males. Accordingly the Lava and Nitella males differed

in mean nest structure score (p < 0.001). Moreover, 86 percent ofNitella males

nested within 10 cm of the flowerpot provided for cover but 65 percent of Lava

males. Nest site score differs significantly between these groups (p < 0.05). In 2001

and early season of 2002, Lava males with unconventional nests were not used in

experiments, their tendency for incomplete nest building might therefore be

underestimated with this data.

Courtship behaviour

Both male morphs showed typical threespine stickleback courtship behaviour and

there are no noteworthy differences in male courtship behaviour. Nitella males show

nests more often than Lava males (t = -2.389, p < 0.05). The Lava and Nitella

females differ significantly in only one character, Nitella females follow males to the

nest more often than Lava females (t = -2.691, p< 0.001). Mean number and
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variance of behaviour can be seen in Tables 2 and 3. Assortative mating and mate

choice

There was positive assortative mating between the Lava and Nitella morphs. Lava

females spawned with Nitella males in 2 out of 14 trials and Lava males in 10 of 18

trials. Nitella females spawned with Lava males in 4 out of 20 trials and Nitella

males in 18 of 25 trials (Fig. 2). The interaction between male and female morphs

had a significant effect on the probability of spawning (x2 [if= 10.67, p = 0.014).

Interaction ofmale and female size did not have a significant effect on the

probability of spawning (x [i]= 0.377, p > 0.05).

We also tested for the influence of body size, head and fin size, male

behaviour, and nest characteristics on the probability of spawning. Morphology

influences mate chose of the Nitella females, they preferred males with smaller

heads concordant with the characters differences of Lava and Nitella males (x2 [i]=

3.62, p < 0.05). Lava males bite larger females more often (F = 5.237, p < 0.05) and

are in fact more likely to spawn with smaller females (x2 [i]= 3.67, p < 0.05). This is

significant even when analysing each female morph separately. Female morphology

had no effect on the behaviour ofNitella males.

Courtship behaviour elements did not seem to have a large effect on the

probability of spawning. Both Lava and Nitella females were less likely to mate

with males that bite often (x2 [i]= 6.33, p < 0.01; x2 [i]= 4.12, p < 0.05). However, it

is difficult to ascertain whether this represents female or male choice and is also

likely to be an effect ofmales simply biting unreceptive females more often.
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Nest structure and nest site position did not have a significant effect on the

probability of spawning for the Lava females but Nitella females were more likely to

mate with males that nested closer to cover (F = 3.172, p < 0.01).
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Discussion

The Lava and Nitella morphs in Lake Thingvallavatn mate assortatively. However,

assortative mating does not appear to be based on body size. There are insignificant

differences in the courtship behaviour of the fish, all males performing a typical

zigzag dance courtship sequence. There are differences in nest building of the male

morphs. Nitella females prefer nests with available cover there was not a significant

effect of nest structure or site on the preference of Lava females. As the Lava males

often have poorly structured and hidden nests, nest structure may well be a factor in

sexual isolation of the morphs.

In northern freshwater fish ecological specialisation often involves

divergence in size with a large and small morph coexisting, moreover, mate choice is

often based on body size and assortative mating may evolve between fish of

different size groups (McKinnon et al. 2004, Foote and Larkin 1988). The common

observation of size-assortative mating in systems of sympatric morphs of freshwater

fish has important implications for speciation models. In fact, it seems to indicate

that the necessary linkage of ecological and sexual characters described in many

models rarely evolves in nature. In Lake Thingvallavatn there are no significant

differences in body size of the male stickleback morphs but the Lava females are

larger than females from the Nitella habitat.

Despite significant assortative mating we did not detect any single trait that

forms a basis for sexual isolation. Mate preferences and mate choice in the

threespined stickleback is based on multiple characters (Bakker and Rowland 1995)

and it is possible that mate choice in this system involves different characters or a
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more complex interaction of characters than was measured. Even though individual

traits causing assortative mating were not detected, both morphology and nest

structure partially explained the likelihood of spawning. The Nitella females

preferred males with smaller heads, a trait that is clearly different between male

morphs. There was not a significant effect of morphology on mating of the Lava

females. However, it is possible that we did not detect a preference in the Lava

females because of small sample size, in fact there does seem to be a trend toward

Lava females choosing larger males, although this was not significant (Fig. 5). A

noteworthy difference of the males involved nest building and nest structure. Nitella

females were shown to prefer the nests ofNitella males. It was of particular interest

to examine the courtship and nest building behaviour of the Lava morph. The Lava

habitat is mostly free of piscivorous fish and at least to the human eye does not seem

to provide ideal conditions for nest building, with little available vegetation.

Although the nests of Lake Thingvallavatn male sticklebacks are mostly typical of

the species, the unique habitat of the Lava males seems to partly affect their nest

building and choice of nest site. In laboratory conditions they are less likely to

choose nest sites close to shelter and they invest less in nest structure than do the

Nitella males. It is of course possible that because of the difficulties in observing

nest building or available nest sites in the field that the laboratory did not provide

adequate building material or nest sites based on their conditions in nature. A pilot

experiment trying to imitate lava habitat nest sites, using lava substrate, inflow of

cold water and vegetation from the lava, did not affect the nest building of the lava

males, they did not prefer the "lava like habitat" and the nest structure remained the
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same. In fact the Lava males were slightly less likely to build nests when presented

with Lava like habitat. In any case it is safe to conclude that the nest building and

guarding experience of the Lava fish is to some degree different than that of the

other stickleback in the lake.

Female size had effects on the behaviour of Lava males, they were more

likely to spawn with smaller females and bit larger females more often. Female

sticklebacks are often larger than males and males have been found to court larger

females more actively (Rowland 1982, 1989). In Lake Thingvallavatn the Lava

females are larger than the Nitella female but the males do not differ in size.

Therefore it is surprising that the Lava males are more likely to mate with smaller

females. Cannibalism on eggs may result in increased aggression of nesting males

toward females. It is not known if the Lava females (or larger females) are more

active nest raiders, but cannibalism was commonly observed in the laboratory in

females of both morphs.

Sexual selection theory predicts that in species where both parents make a

considerable parental investment, both sexes should show active mate discrimination

(Anderson 1994). Parker (1983) was the first to consider mutual mate choice where

mate discrimination results from relative investment in each mate and variation in

mate quality. Male sticklebacks have been shown to discriminate among females

based on body size but only a few empirical studies have concentrated on male mate

choice (Rowland 1982,1989, Sargent et al. 1986; Bakker and Rowland 1995; Kraak

and Bakker 1998). Kraak and Bakker (1998) have shown that discrimination by

males depends in part on their own quality, with redder males choosing bigger
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females. Although stickleback males are known to show active mate choice it can

be difficult to separate the effects of male and female choice on spawning

probability. Among other factors, initial behavioural cues will affect the subsequent

behaviour and ultimately spawning. However, in ten trials out of a total of 147,

males did not perform a complete zigzag dance. This was often but not always

associated with aggressive behaviour by the male. None of these trials resulted in

spawning. Therefore it seems that males do not court females indiscriminately and

that male choice could contribute to sexual isolation.

The Lava male actually shows a preference for traits more common in

females of the Nitella morph and Nitella males seem to mate indiscriminately.

Whereas females from each morph seem to prefer their own type. Different

evolutionary interests ofmales and females, for instance in mate discrimination, can

result in sexual conflict. Sexual conflict can in turn influence the process of sexual

isolation, sometimes hindering reproductive isolation (Chapman and Partridge 1996;

Magurran 1999; Partridge and Parker 1999). It is too early to tell if the mate choice

or lack of it in males will influence the divergence of the Lake Thingvallavatn

stickleback morphs.

However, there is also some evidence that females move more readily

between habitats than do the males. Distance measures based on morphology are

higher between males than females and males are more clearly separated with

multivariate assignment. This may represent higher mobility of females during the

breeding season, as more female immigrants influence the measures of

morphological distance. Moreover, genetic analysis suggest that there is
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considerably less movement of males between habitats, based on multilocus

assignment, the number of female migrants between the Lava and Nitella habitat is

double that ofmales (G.A. Olafsdottir unpublished results). Movement of breeding

females may therefore be partially responsible for the gene flow between morphs.
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Conclusions

The main conclusion remains that there is assortative mating between the Lake

Thingvallavatn stickleback morphs. However, the mechanism involved in mate

choice does not seem to be as straightforward as previously reported in systems of

sympatric stickleback populations. Mate choice appears to involve several traits and

although size is involved in mate discrimination there is no size assortative mating.

Moreover, there are important differences in both the level and direction of choice

between the sexes.
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Figure 6.1. Experimental set-up of behavioural trials. A single male was placed in
half of a 0,25m3 aquarium. The substrate consisted of gravel, sand, mud and

vegetation from a nearby pond. Each compartment contained a nesting plate and a

flowerpot, providing shelter for males and females.

159



3. Body Depth

2. Head Length
4. Fin Length

1. Standard Length

Figure 6.2. Morphological measurements used in analysis ofmate choice. 1

- standard length. 2 - head length. 3 - body depth. 5- length of the ventral

fin.
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Figure 6.5. The relationship between the number ofbites directed
toward females and female size. The Lava males directed more bites

toward larger females. As a typical non-aggressive courtship sequence

involves the same number ofbites and zigzags the difference between
the numbers is used as an indicator of aggressive bites.
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Figure 6.6. The effect of male size on spawning probability for each
female morph. 0 represents pairs that did not spawn and 1 represents
trials that resulted in spawning. There seems to be a trend for Lava
females mating with larger males but this was not significant.
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Table 6.1. Variation in morphological traits used in analysis
ofmate choice. Measurements presented in the table are

standardized to a mean Standard length of 4.3 cm.

Males
Standard Head Body Ventral

Length Length Depth Fin

Males

Lava Mean 4.208 0.842 0.961 0,791
n = 23 SD 0.168 0.037 0.048 0,075

Nitella Mean 4.136 0.825 0.915 0,738
00COIIc SD 0.331 0.075 0.079 0,087

Females

Lava Mean 4.360 0.787 0.972 0,679
n = 22 SD 0.399 0.089 0.098 0,114

Nitella Mean 4.166 0.770 0.927 0,648
n = 43 SD 0.419 0.085 0.108 0,082



Table 6.2. Mean number of female behaviours per minute, averaged from the
first five minutes of trial or until spawning occurred if trial lasted less than five
minutes. Only one trait was significant indicated with *.

N Approach Head up Follow* Try nest Go through Retreat

LAVA 29
Mean 0.545 1.302 1.220 0.237 0.082 2.128

SD 0.585 1.304 1.051 0.332 0.182 2.339

NITELLA 46
Mean

SD
0.603

0.520

1.644

1.380

2.042

1.370

0.381

0.616

0.051

0.156

2.671

2.295



Table 6.3. Mean number of male behaviours per minute, averaged
from the first five minutes of trial or until spawning occurred if trial
lasted less than five minutes. Only on trait differed significantly,
indicated by *.

N Chase Approach Zigzag Bite Lead
Show
nest *

Lava

Nitella

42

53

Mean

SD

Mean

SD

1.384

1.029

1.766

1.454

1.876

1.016
1.941

1.462

1.866

1.269
1.542

1.257

2.448

2.184

2.605

2.355

1.971

1.448

1.962

1.681

0.220

0.242

0.458

0.672



Table 6.4. Mean Mahalanobis distances based

on four morphological characters. Distances
between females and females were calculated

separately. The last two rows represent the
distance between the sexes of each morph.

Between morphs Distance
Males 7.55

Females 9.78

Between sexes

Lava

Nitella

14.24

11.94
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Table 6.5. Mean scores and variance of

nest structure and nest site. There are

significant differences in both traits.
Site n Nest Structure Nest Site

Lava 21 1.62 (1.08) 2.57 (0.50)

Nitella 35 2.93 (0.27) 2.79 (0.49)
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Chapter 7. Conclusions and Further work

The subject of sympatric speciation continues to be controversial, and despite the

recent abundance of circumstantial evidence, difficult to prove. It has proved

problematic to distinguish the genetic pattern left by secondary contact and primary

divergence (Schliewen et al. 1994; Verheyen et. al 2003; Losos and Glor 2003), and

with incomplete reproductive isolation it is still more difficult to predict if the recent

species or ecotypes will persist.

This work confirms that genetically distinct sympatric stickleback morphs

coexist in four Icelandic lakes. These morphs vary in differentiation but all are

closely related and have the potential to interbreed. Analyses of both nuclear and

mitochondrial DNA supports the monophyly ofmorphs in at least three of the four

systems examined. In addition to the high support for the monophyly of morphs, the

low genetic divergence and existence of private alleles within lakes suggest a very

recent intralacustrine divergence (chapter 2). These results conform well with the

recent geological history of Iceland. As the ice cap retreated new lakes were

populated with sticklebacks and as the land rose rapidly many of these populations

will have become quickly isolated. In the light of the geological history the present

genetic results on the stickleback morphs provide an unusually convincing case of

intralacustrine divergence.

Understanding the dynamics of intralacustric divergence calls for analyses of

genetic variation at a smaller scale. It is known that small scale variation in habitat

and habitat patchiness can influence the movement of fish resulting in virtual

allopatry even when populations coexist in close proximity (Markert et al. 1999;
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Arnegard et al. 1999). Combined studies of population genetic structure at different

geographic scales and measures of phenotype and ecological characteristics are

therefore essential to try to understand the origin and maintenance of closely related

sympatric morphs or species. There is considerable evidence of a role for ecology in

speciation, for example from studies on parallel evolution and species divergence or

rapid local adaptation (Schluter 2000).

In all systems studied here the morphs were found in different habitats

suggesting an important role of ecology in promoting population divergence.

Moreover, by looking closer at Thingvallavatn there is evidence for ecological

factors influencing divergence. The morphs have adapted to the different habitats of

lava caves and crevasses and patches of the algae Nitella opaca, and this is likely to

contribute to their divergence. However, ecology also has a more direct role, the

high predation risk from arctic char seems to limit movement of sticklebacks

confining them to sites with available cover. There is also continuous small scale

variation in both genetic and phenotypic characters in the Lake Thingvallavatn

stickleback morphs.

A more detailed mapping of habitat characteristics, for example vegetation

density, substrate complexities, food availability and predation along with

measurements of stickleback phenotypes and/or genotypes would allow more

detailed correlations of ecological variables and stickleback diversity. This could

provide more information on the role of ecology on phenotypic variation and how

variation in phenotype correlates to reduction in gene flow.
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Analysis of small scale variation also demonstrates that populations of

Icelandic stickleback are divergent at both morphological characters and genetic

markers between habitats indicating local adaptation in at least two separate

localities, Thingvallavatn and Hraunsfjordur (chapter 4 and 5). Studies of variation

in phenotypic traits and microsatellite markers found that two loci that are putatively

linked to variation in morphology showed a clear centre to their divergence along a

zone between the Lava and Nitella morphs. Linkage disequilibrium is elevated at the

centre indicating that the morphs have already diverged at several loci. Of particular

interest is the conclusion is that in both Thingvallavatn and Hraunsfjordur increased

divergence is observed at loci that have been reported to be linked to QTL

controlling spine length and gillraker number in Canadian sticklebacks. In both of

the Icelandic systems divergence of dorsal spines and gillraker morphology is

observed to at least some extent. Recently, parallel evolution of reduced number of

lateral plates in different threespine stickleback populations in Canada has been

shown to involve the same genetic architecture (Colosimo et al. 2004). Moreover,

parallel inheritance of both lateral plates and body shape was found in a quantitative

genetic study on Canadian and Japanese stickleback (Schluter et al. 2004). The

results of high divergence in stickleback populations in Iceland at loci linked to

phenotypic variation in Canadian sticklebacks may therefore provide a remarkable

example of not only divergence of parallel traits but with the same underlying

genetic mechanism across systems, and even across continents.

The evidence for adaptive genetic divergence in two of the systems opens up

exiting avenues. Studies of the genetics of speciation are often limited because of
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the amount of differences that have accumulated occurred after the speciation event.

It is difficult to separate genetic changes contributing to divergence to those

following through later adaptation or neutral processes. In the same way genetic

studies of local adaptation require populations to be recently diverged (Coyne 2001).

The Icelandic system, especially Lake Thingvallavatn provides ample opportunity to

study the genetic mechanism underlying local adaptation and population divergence.

These include further identifying areas of the genome likely to be under selection,

examining the genetic mechanism of adaptive traits and ones influencing

reproductive isolation and identifying the number of genes responsible. The

genomic location of important traits and possible linkage between them will answer

important questions on evolution of diversity. There are several approaches that can

be taken to address these questions, clinal analysis and genome scans to identify less

variable regions of the genome, can give information on the number of genomic

areas under selection and the strength of selection, estimating the heritability of the

traits of interest will provide the groundwork for further work and finally mapping of

QTL can potentially identify the specific traits important in primary divergence and

the underlying genetic mechanism.

The results on assortative mating and courtship behaviour confirm a role of

behaviour in the divergence of the Lake Thingvallavatn morphs and provide an

important basis for further experiments (chapter 6). In contrast with previous work

on assortative mating in the threespine stickleback, size assortative mating does not

seem to be instrumental (McKinnon et al 2004). However, the body size differences

are not as great between the Lake Thingvallavatn Lava and Nitella morphs as is
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often the case for sympatric stickleback morphs. Based on these results it is difficult

to conclude exactly what are the most important factors constituting to assortative

mating. It may well be that extreme differences in habitats, e.g. in the availability of

suitable nest building material, affect the nest building behaviour of males that in

turn results in differences in female choice. Moreover there are indications for

females to be more discriminating than males and perhaps contributing more to

isolation.

Further work on mate choice and assortative mating in the Lake

Thingvallavatn system will be important to understand the factors involved in

reproductive isolation of the morphs. A different experimental design that would

allow for better measures of male and female choice would probably be useful. This

work shows that direct contact is not necessary to measure mate choice and other

experiments even indicate that spawning might be a worse indicator than the initial

respond to a potential mate (Lutberg et al. 2001). An experimental set up that would

allow for each individual to be presented with multiple mates, both simultaneously

and sequentialy would more than make up for any information lost by not observing

the actual spawning, by allowing more realistic measurements of choice and

multiple measures on each individual. Furthermore, direct measures of nest

characteristics would allow for a better understanding of possible differences in nest

building. Also, if different habitats do result in different nest building tactics which

in turn influence assortative mating the natural next course would be to establishing

the genetic component of nest building. This would of course involve developing a
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clear measurement of nest differences. Ultimately, the challenge will be to observe

the courtship behaviour of the morphs in nature.

In summary, analysis of the evolution and divergence of Icelandic sticklebacks

shows that intralacustrine morphs form monophyletic genetically diverged groups.

In two of the systems studied, Thingvallavatn and Hraunsfjordur, there is evidence

of adaptive divergence of different morphs. In Lake Thingvallavatn ecological

variation, especially predation pressure from artic char facilitates divergence.

Moreover, in Lake Thingvallavatn the morphs mate assortatively and there is a clear

divergence zone of continuous variation in phenotypic and genetic traits. Linkage

disequilibrium across this zone provides evidence for divergence at several genes.

Patterns of divergence at loci Gac2111 and Gac7033, linked to variation in spine

length and gillraker number in Canadian sticklebacks, suggest parallel genetic

mechanism involved in adaptive divergence of stickleback populations across

continents.
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