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Abstract

The aim of my thesis was to investigate neutral and adaptive evolution of a line-
age of macroalga (Fucus vesiculosus) that entered the Baltic Sea about 6000 years
ago, and later gave rise to a new endemic species, I radicans. To examine whether
the two species have adapted to local conditions of the Baltic Sea, or if they
were able to establish due to largely plastic phenotypes, we performed a recip-
rocal transplant experiment with F. vesiculosus from the North Sea, F. radicans,
and F vesiculosus trom the Baltic Sea. The results show that both species have
adapted to the brackish water conditions by evolving asexual reproduction and
faster growth in low compared to high salinity. Noticeably, Il radicans was more
extremely adapted than the Baltic Sea population of F. vesiculosus, which may be
due to its endemism and lack of gene flow from populations outside the Baltic
Sea. A population genetic survey unveiled that sexual and asexual reproduction
are present in Baltic Sea populations of both species, although asexual reproduc-
tion is more common in F. radicans than in . vesiculosus. We also found a com-
plex population genetic pattern with partly geographic segregation of sexual and
asexual reproduction. Furthermore, in F. radicans, a few clones were widespread
and dominant, while most clones were rare and confined to single sites. Using
a modelling approach we tested if such a complex population genetic structure
can be the result of stochastic processes, as opposed to natural selection. We
found that long-range dispersal in combination with asexual reproduction being
successful also in the absence of other individuals, may result in the observed
patterns of distribution of clones without invoking fitnesses-differences among
clones. To test the alternative hypothesis, if the dominance of one clone may be
due to differences in performance among clones, we compared three clones, and
found inherited differences in traits that may affect fitness. The most widespread
clone grew significantly faster than one of the other two clones, but did not show
the highest capacity for asexual reproduction and thus did not show evidence of
an overall higher fitness. Notably groups of individuals of the most widespread
clone sampled in geographically separated areas, showed large differences in po-
tential for sexual reproduction. We concluded that there were no clear evidence
for selection among clones and can therefore not reject a neutral explanation of
the observed complex pattern. Finally, in an attempt to assess population aspects
of the importance of interclonal variation we compared the performance of
three monoclonal groups and a group with unique genotypes.c We found varia-
tion in resistance to various stresses to be larger in the group of unique genotypes
compared to the monoclonal groups. This suggests that genotypic diversity of a
local population may affect its function and resilience. In this way, genotypic di-
versity may be critical for the adaptation to expected further changes in the Baltic
Sea, although stochastic processes seems to have had major impact in structuring
the early phase of establishment in the Baltic Sea.

Keywords: local adaptation, Baltic Sea, asexual reproduction, marginal environment
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Populirvetenskaplig sammanfattning Swedish summary

For att arter ska kunna etablera sig i nya milj6er krivs att de kan anpassa sig till nya
térhallanden. Detta kan antingen ske genom en férmdga att justera fysiologiska proc-
esser till den nya miljén (fenotypisk plasticitet) eller genom naturligt urval av nya egen-
skaper. En kombination av bada idr ocksa mojlig. For att arter ska kunna utveckla nya
anpassningar behovs genetisk variation (dvs att alla individer inte har exakt samma
arftliga egenskaper) och naturligt urval som viljer bland dessa egenskaper. Milet med
min avhandling var att underséka om blasting, nir den etablerade sig i Ostersjon
efter senaste istiden for ungefir 6000 dr sedan, anpassade sig till brackvattenmiljon.
Blastingen avknoppade ocksi en ny art, smalting, vilken ir unik till Ostersjén. De
bida arterna utgér en viktig livsmiljié for andra arter i Ostersjon. Framtida forvintade
milj6férindringar, som for Ostersjon innebir en ligre salthalt, gér det viktigt att ¢ka
kunskapen om dessa arters férmaga att anpassa sig till nya férhdllanden. I papper 1
undersokte vi huruvida de bada arterna har anpassat sig genom evolution till de ex-
trema miljéforhallandena i Ostersjon, eller om de etablerade sig genom en férméga
att justera sin fysiologi. Vi utférde ett experiment dér blastang fran svenska vistkusten
och de bdda arterna frin Ostersjon utsattes for hog och lag salthalt. Resultaten vi-
sade att de bida arterna har anpassat sig till férhallandena i Ostersjén genom en hé-
gre tillvixt i lig salthalt och en férmaga till asexuell reproduktion, vilket saknas hos
blastang fran vistkusten. Smaltaing hade en kraftigare anpassning, vilket kan bero pa
att den dr isolerad till Ostersjon och dirfér inte paverkas av individer utan lokal an-
passning. En populationsgenetisk studie i papper II visade att bada arterna repro-
ducerar sig sexuellt och asexuellt i Ostersjén men att asexuell reproduktion var van-
ligast hos smalting. Dessutom fann vi en komplex populationsgenetisk struktur hos
smaltang, ddr nagra populationer dominerades av sexuell reproduktion, medan andra
var nastan helt asexuella. Vidare sa hade en klon av smalting en vidstrickt utbredning
och dominerade nigra populationer, medan de flesta klonerna representerades av fa
individer och bara dterfanns pa enskilda lokaler. For att underséka om ett sidant kom-
plext ménster kan ha uppstatt utan skillnader mellan kloner si utvecklade vi en neutral
modell i papper III. I modellen antog vi att olika kloner hade samma egenskaper vad
avser Gverlevnad och spridning. Genom slump-processer, i samband med lingviga
spridning och 6verlevnad, kunde var modell reproducera ett komplext monster av
kloners utbredning, likt det vi observerat hos smalting. I papper IV undersékte vi den
alternativa hypotesen: skillnader mellan kloner paverkar deras éverlevnad och f6r6kn-
ing, och dirmed deras utbredning. Genom att i en kontrollerad milj6 jimféra egenska-
perna hos den dominanta klonen med tva kloner med mer begrinsad utbredning fann
vi drftliga skillnader mellan kloner, men att den mest utbredda klonen inte konsekvent
hade bist egenskaper, varfér vi inte kunde forkasta att slumpen haft en stor roll i
klonernas utbredning, Slutligen, i papper V undersdkte vi hur bestind pavkeras av
klonsammansittningen. Vi fann att bestindets variation i egenskaper var hégre inom
en grupp med unika individer 4n inom grupper bestiende av samma klon, vilket kan
forvintas ha en betydelse for smaltingens framtida utveckling i Ostersjén om miljé
térindras yttetligare. Sammantaget sa visar vara studier att de bada arterna har anpas-
sat sig till Ostersjén, men att speciellt f6r smaltingen, slumpmassiga skeenden kan ha
haft stor betydelse f6r utbredningen av de olika klonerna.
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Introduction

Establishment in marginal environments

Species are usually bound to specific geographical areas or certain types of en-
vironments, where they can successfully survive and reproduce. For species to
establish in a marginal environment, outside their optimal range of conditions,
requires either a capacity of the individual organisms to adjust their phenotype
during ontogeny (phenotypic plasticity), or to evolve adaptations to the novel
conditions, or a combination of both (Kawecki 2008). Marginal environments
can either be permanently dependent on immigration from core areas of spe-
cies’ distribution, or can over time achieve local adaptation, maintaining demo-
graphically independent populations (Kawecki 2008). For initial establishment
in a young marginal environment, phenotypic plasticity is likely to be beneficial
(West Eberhard 2005), however, plasticity is considered to come with potentially
high costs (Pigliucci 2001), and may therefore not be a longterm optimal strategy.
Studying the colonisation of marginal environments can provide us with impor-
tant knowledge about what capacity species have to adapt to changing environ-
ments — which is urgent knowledge for our understanding of the potential of
adaptation to environments under global change. Furthermore, we can study the
rate of adaptation as well as the mechanisms involved both at the ecological and
genetic levels.

This thesis deals with a lineage of a common macroalga (Fucus vesiculosus)
that recently (in an evolutionary perspective) established in a marine postglacial
environment (the Baltic Sea). This environment is both geographically periph-
eral and ecologically marginal with, most importantly, a salinity that is constantly
much lower than in the surrounding marine environments (Zillén et al. 2008).
The establishment of populations of marine species in the Baltic Sea some 6500
years ago (Bjorck 1995) have been accompanied by marked genetic changes, ob-
served by population genetic analyses (Johannesson & André 2000). However,
these differences may either reflect local adaptation or neutral differences caused
by demographic isolation and bottlenecks, or possibly both. In this thesis we take
a broader approach, combining population genetic analyses with quantitative ge-
netic approaches to elucidate the role of neutral and adaptive drivers shaping the
lineages of K vesiculosus that entered the Baltic Sea some 6000 years ago.

The study organisms

Fucus vesienlosus is a brown macroalga found in the Atlantic Ocean and the North
Sea. It also established in the Baltic Sea around 6000 years ago, shortly after the
formation of this marginal marine environment. Only a few thousand years ago,
the endemic I radicans formed from F vesiculosus inside the Baltic Sea (Pereyra et
al. 2009). Both are foundation species providing an important habitat for associat-
ed organisms (Kautsky et al. 1992, Raberg & Kautsky 2007, Wikstrém & Kautsky
2007). Fucus vesiculosus can be found on hard bottom substratum throughout the
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Baltic Sea, except in the northernmost part (the Bay of Bothnia), while F. radicans
is restricted to the northern Baltic Sea (the Gulf of Bothnia, except the Bay of
Bothnia), and is also found in two Estonian sites (Johannesson et al. 2011). A sug-
gested occurrence of I radicans in the Gulf of Finland is not yet confirmed. This
means that the two species have a largely overlapping distribution in the northern
Baltic Sea (Gulf of Bothnia and Estonia).

In the Baltic Sea, the two species reproduces both sexually and asexually.
Male and female reproductive organs are on separate individuals. Sexual repro-
duction is by means of synchronized release of gamets to the surrounding waters
(Fig. 1) from late spring to autumn, and peaks at calm conditions and full moon.
Since gametes are negatively buoyant, reproduction is mainly local within a few
meters from the mother plant (Serrdo et al. 1997), why gene flow is restricted
(Tatarenkov et al. 2007). Sexual reproduction is partially inhibited in the low salin-
ity waters of the northern Baltic Sea (Serrao et al. 1996). Asexual reproduction is
accomplished by the production of adventitious branches formed from the thal-
lus, which come of and reattach to the bottom through the formation of rhizods
(Fig. 1, Tatarenkov et al. 2005). Although adventitious branches are formed also
by F. vesiculosus outside the Baltic Sea, as a response to tissue damage inflicted by
grazers (as has been shown in other fucoid algae; van Alstyne 1989), asexual re-
production has not been observed in these populations (Tatarenkov et al. 2005,
Johannesson et al. 2011). Importantly, asexually recruited individuals produce
gamets and are sexually functional (Lena Kautsky, pers. comm.).

Germling

Figure 1. Life-cycle of I radicans. Left hand side: asexual reproduction is by
detached adventitious branches that reattach with rhizoids. Right hand side: sex-
ual reproduction by release of gamets. Individuals are either females or males —
sperms and eggs are from different individuals.



The Baltic Sea

The Baltic Sea is a postglacial semi-enclosed brackish-water sea that formed only
around 8500 years ago (Zillén et al. 2008). The Baltic went through a series of
stages with different salinities, starting to acquire its present day salinity only 3000
years ago. Todays’ Baltic Sea has a stable salinity gradient ranging from 2 practical
salinity units (psu) in the north to 20-25 psu at the transition to the North Sea.
Most marine species colonised during the more saline Littorina period, 6000-4500
years ago. Although the Baltic Sea has been colonised by species of both freshwa-
ter and marine origin, it remains an ecosystem with low species diversity of most
groups of organisms (Ojaveer et al. 2010). For example, of the North Atlantic
macroalgae species, only around one fifth are found in the Baltic Sea (Wallentinus
1991, Nielsen et al. 1995). Most species show a steep cline in genetic variation or
differentiation at the entrance to the Baltic, indicating either local adaptation or
limited gene flow, or both (Johannesson & André 20006).

The Baltic fucoid system offers unique opportunities to study rapid evolu-
tion of local adaptation and asexual reproduction, the latter being a trait unique
for the Baltic Sea (Tatarenkov et al. 2005). The recent origin of the Baltic Sea
makes it a particularly interesting system for studies of evolutionary processes,
which gives us good opportunities to study ongoing adaptation. Given the ex-
pected decrease in salinity and increase in temperature due to anthropogenically
induced environmental changes (Meier 2000), there is an urgent need to under-
stand the potential for rapid adaptation in Baltic Sea organisms in general. For the
fucoid species studied in this thesis, it seems as if the distribution of both species
is at risk. The situation is especially critical for F radicans because of its endemic
status — with an obvious risk of extinction if not able to adapt to the future Baltic
Sea environment. Needless to mention, a loss of these habitat-forming species
would substantially affect the Baltic Sea ecosystem.

Local adaptation to the Baltic Sea

To investigate the extent of local adaptation in the two species we conducted a
reciprocal transplant experiment with I vesicunlosus from the North Sea and I ve-
siculosus and F. radicans from a sympatric site (Fig. 2) in the the Baltic Sea (Paper I).
Adventitious branches from thalli of all three populations were grown in high (24
psu) and low (4 psu) salinity, representing the two sampling sites. After six months
we measured fitness-related characters such as growth and capacity for asexual
reproduction (formation of adventitious branches and rhizoids for attachment of
adventitious branches), as well as capacity for sexual reproduction (formation of
receptacles containing sexual organs).

Adventitious branches of all three populations grew faster in their native
salinity — I vesiculosus from the west coast grew more in high than in low salinity,
while both species sampled in the Baltic Sea grew faster in the low salinity com-
pared to the high salinity (Fig. 3A). Furthermore, in the Baltic Sea, both species
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have evolved a capacity for asexual reproduction by formation of adventitious
branches (Fig. 3B) and rhizoids, while F. vesiculosus from the west coast did not
form rhizoids in our experimental conditions (Fig. 3C). Notably, I radicans had
the highest capacity to form adventitious branches. Only . vesiculosus from the
west coast formed receptacles, and this only in the high salinity. Taken together,
our results showed that both species sampled in the Baltic Sea have evolved local
adaptations to the novel conditions of the Baltic Sea, and that F. radicans seems to
be the more extremely adapted species.

Since the Baltic Sea is a relatively young habitat, which formed only some
8500 years ago (Zillén et al 2008), and where F vesiculosus established only 6000
years ago and I radicans formed as late as a few thousand years ago, our conclu-
sion is that the adaptations we observe have arisen relatively rapidly, including
the formation of a new species (Pereyra et al. 2009). In the next paragraph we
discuss if the difference in capacity for asexual reproduction seen in paper I is in
concordance with field observations of distribution of asexual reproduction in
the two species.

Figure 2. Map showing sampling sites of F. vesiculosus in the North Sea (dark grey
circle) as well as F. radicans and F. vesiculosus in the Baltic Sea (circle with light grey
and white segments, where the size of the segments indicates the proportion of
F radicans and F. vesiculosus, respectively, in the sample). Insert map shows Europe.
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Figure 3. Results from the reciprocal transplant experiment. White bars, I radi-
cans; light-grey bars, F. vesiculosus from the Baltic Sea; dark-grey bars, F. vesiculosus
from the North Sea. (A) Growth of adventitious branches. (B) Number of new
adventitious branches formed from adventitious branches. (C) Proportion of in-
dividuals that formed rhizoids. Lack of rhizoid formation in F. vesiculosus from the
North Sea is indicated by a zero. Error bars show exact 95% CI.

Geographic patterns of clonal distribution

It has been known for some time that in addition to sexual reproduction (which is
the norm in fucoid species) both F radicans and F. vesiculosus in the Baltic Sea may
in addition reproduce asexually (Tatarenkov et al. 2005). However, the occurrence
of clonality in different parts of the Baltic Sea, and the geographic distribution of
single clones, were not earlier investigated. As part of this thesis we performed a
study to both describe the occurrence and distribution of clones, and to examine
the effects of clonality on genetic variation (paper II). Using microsatellites as
genetic markers, we genotyped samples of F radicans from ten sites and of F
vesicnlosus from seven Baltic Sea sites, and from one sample of F. vesiculosus from
the Swedish west coast. For each sample we estimated genetic variation (e.g. allelic
richness) and clonal richness.

Clonality was more common in F. radicans compared to I vesiculosus, and
tended to increase northwards in both species, although clonality sometimes var-
ied extensively among nearby sites (Fig. 4). In F radicans many of the populations
were dominated by asexual reproduction, and while most clones were local (only
found in one site) and present in small numbers, one female clone was very wide-
spread and dominated several of the populations along 550 km coastline. How-
ever, some populations were instead completely sexual, but these populations
were only found in the south east area of the distribution (Estonia). No clones
were detected in F vesiculosus from outside the Baltic Sea, and in light of the results
of paper I this is probably due to that these populations do not have the capacity
to form rhizoids from adventitious branches.

It seems to be a general trend that clonality is more common inside the
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Baltic Sea (Hillefors 1981), with two other species being particularly well-doc-
umented; Zostera marina and Ceraminm tenunicorne (Reusch et al. 2000, Gabrielsen
et al. 2002, Bergstrém et al. 2003). This fits conclusions from other areas that
clonality increases towards marginal areas of species’ distributions (Eckert 2001,
Kearney et al. 2000, Silvertown 2008), a phenomenon sometimes referred to as
geographic parthenogenesis (Horandl 2006). However, the extensive distribution
and numerical dominance of a female clone of F radjcans is intriguing, and sug-
gests, in the first place, that this clone is old. Old clones have also been found in Z.
marina in the Baltic Sea (Reusch et al. 2000). Notably, these observations contrasts
with what is known for terrestrial flowering plants where clones are usually not
old and widespread (Ellstrand & Roose 1987, Wilk et al. 2009). One hypothesis
to explain the observation of few old and widespread clones in terrestrial plants
is the accumulation of deleterious mutations (mutational meltdown, Lynch &
Gabriel 1990).

Even though it has been suggested that asexual reproduction in itself does
not result in a loss of genetic variation, but that this is set by the effective popula-
tion size — which is not expected to decrease in populations dominated by asexual
reproduction (Balloux et al. 2003, Bengtsson 2003, but see Orive 1993) — we
found evidence that genetic variation decreases as clonality increases in I radi-
cans. One explanation for this may be that dominance of one clone contributes
a disproportionately high amount of gamets, and hence decrease the effective
population size. A complex genetic pattern may also arise as a consequence of
local adaptation and selection among clones, which we examined in paper IV.
However, complex patterns as the one observed in F radicans could also arise as
a consequence of stochastic processes during establishment, without selection
among clones, as discussed in the next paragraph.

A neutral model may explain clonal distribution

To follow up on the study of clone distribution, and the observations made in F.
radicans in particular (paper II), we used a modelling approach to test if these in-
triguingly complex patterns of clonal distribution, may be the result of stochastic
processes during establishment of this young species, without the need to invoke
selection among clones.

Our model, where all individuals were allowed to reproduce both sexually
and asexually, did not involve adaptation, and genetic differences were assumed
to be neutral. Therefore, there was no difference between clones in dispersal and
survival capacity, or in capacity to produce sexual or asexual recruits. The model
allowed occasional long-range relocation of individuals, and while colonisation
of empty sites were only possible by asexual reproduction due to allee effects,
recruitment by sexual reproduction could only take place when there were indi-
viduals of opposite sex in the neighbouring area. We ran the model both with and
without a fixed rate of stochastic extinction.



The modelling results reproduced core features of the patterns we had
eatlier observed in F. radicans, such as a few clones that were widespread while a
larger number of clones were local, as well as populations dominated by asexual
reproduction while others were completely sexual (Fig. 5). This without invoking
fitness differences between clones. Indeed, most earlier attempts to explain simi-
lar patterns with geographic differences in the frequency of sexually and asexually
reproducing individuals (geographic parthenogenesis) have most often suggest-
ed a selective advantage of asexual reproduction in marginal habitats (Kawecki
2008). In contrast, our model suggests that patterns as the one observed in F
radicans may instead be a consequence of the interplay between stochastic long-
distance transport of individuals and the obvious advantage of asexual reproduc-
tion in an eatlier empty habitat. Since in F radicans, as in many other organisms,
sexual reproduction is a local process, then if a relocated individual, arriving alone
at a distant empty site, can reproduce asexually, asexual reproduction can outpet-
form sexual reproduction in the short term and result in genetic patterns depend-
ing on random effects of dispersal. However, with a finite extinction rate, sexual
reproduction is able to outcompete asexual reproduction in the long run, if it is
less costly and therefore more efficient. However, an alternative explanation to
the observed patterns in F. radicans is that there are differences between clones in
fitness-related traits, resulting in selection among clones, which we discuss in the
next paragraph.

The alternative explanation: interclonal selection

Although the distribution of clones are usually restricted to one or a few nearby
sites while widespread clones are rare (Ellstrand & Roose 1987), a few species
contrast in having a few widespread and dominant clones (Kliber & Eckert 2005,
Datling et al. 2009, Pfeiffer et al. 2012). Our modelling approach in paper III
showed that such complex patterns of clonal distribution, where most clones
are local and present in small numbers while a few are widespread and dominant,
may arise as a consequence of stochastic processes during colonisation, without
invoking selection among clones. In paper IV we tested the alternative hypoth-
esis: there is competition among clones, where the most widespread clone in F
radicans, present over 550 km of coast line, is expected to be the one with the
highest overall fitness. Including this particular clone, we investigated the poten-
tial for interclonal selection by comparing fitness-related traits among individuals
of the widespread clone with that of individuals of two other clones with more
restricted distributions, sampled in the northern Baltic Sea (Fig; 0).

Already from comparing phenotypes of the three clones sampled at a sym-
patric site (and thus grown in a similar natural environment) we found differences
in size distributions, while the three clones largely overlapped in shape variation
(Fig. 7). However, these results were somewhat inconclusive, as differences may
emerge from microhabitat differences rather than inherited differences. Thus, in
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Figure 6. Map showing sampling sites in the Baltic Sea in northern Europe. The
three light grey circles show sampling sites of the widespread clone. The circle
with white, light grey and dark grey segments show sampling site of the three
clones at a sympatric site, where the size of the segments indicates the proportion
of each clone in the sample, and the light grey segment represents the widespread
clone.

a next step we incubated adventitious branches from thalli of the three clones in
common gardens at two different salinities (4 and 24 psu). After several months
of growth under the same conditions we compared growth of new tissue and
characters related to asexual reproduction (formation of adventitious branches
and rhizoids), to assess the presence of inherited phenotypic differences that may
provide a potential for interclonal selection.

We found inherited differences among clones of F. radicans in fitness-relat-
ed traits. For example, the widespread clone grew significantly more than one of
the other clones, while not faster than the third clone (Fig. 8A). A faster growth
could potentially explain a clone’s dominance, since it may confer advantages such
as larger surface to form adventitious branches from, ability to outcompete slow-
er-growing clones or other organisms, and to more efficiently compensate for
grazing damage. However, the widespread clone did not produce more adventi-
tious branches than the other two clones; on the contrary, it was one of the other
clones that were more successful in this respect (Fig. 8B). These results suggests
that there is potential for selection among clones that may affect their distribution
and frequency. However, we did not find any specific evidence for the widespread
clone being at a general advantage to the more local clones with respect to these
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Figure 7. Principal components analysis of morphometric data from the three
clones sampled at a sympatric site.

studied traits. Differences between clones were also found in paper V, discussed
in more detail later, but also these differences indicated inherited differences in
traits that may be under natural selection. Previous studies have also found dif-
ferent clones sampled at the same location to show potential for interclonal se-
lection, at least under experimental conditions (Pistevos et al. 2011, Kremp et
al. 2012, Lohbeck et al. 2012, McLeod et al. 2012, Schwarzenberger et al. 2012).
Selection has also been suggested to be involved in cases when one clone is domi-
nant over a large geographic area, as for example in the aquatic plant Butomus
umbellatus (Kliber & Eckert 2005). However, despite evidence for inherited dif-
ferences in many trait that may affect fitness, there is as yet no experimental data
showing a positive relationship between fitness and geographic distribution; that
is, the most widely distributed clones also being those showing superior fitnesses
in key traits. We can therefore not at this stage reject the neutral hypothesis (paper
III) as an explanation to the distribution of different clones of F. radicans.
However, a clone could also become widespread by adapting to local con-
ditions through somatic mutations that may accumulate, specifically in old and
large clones (Whitham & Slobodchikoff 1981), providing intraclonal variation.
Reusch and Bostrom (2011), for example, found somatic mutations to be present
in half of the investigated clones of Zostera marina in the Baltic Sea. However, as
variation in neutral genetic markers cannot be directly translated into variation
in phenotypic traits, we took another approach and instead assessed degree of
inherited variation directly on the level of the phenotype, comparing phenotypic
traits among groups of the widespread clone sampled at geographically distant
sites (Fig. 6). We thus performed additional common garden tests, this time us-
ing four different salinities (2, 4, 5.5 and 24 psu), representing both extreme and
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Number of secondary adventitious branches formed by the three clones from
Skagsudde. Error bars show exact 95% CI.

normal salinities of F radicans. Among three groups of the widespread clone,
one grew less than the other two, while another developed considerably more
receptacles than the other two groups (Fig. 9). This suggests inherited differences
among groups of the same clone which are most likely due to somatic mutations.
With respect to formation of receptacles, the differences were remarkable and
may perhaps suggest mutations in control sites rather than in the genes directly
responsible for the trait. Although again, our results provide a potential for inter-
clonal selection, we have no direct evidence for these traits being in any way cor-
related with the distribution of the different groups of clones. Indeed, differences
in receptacle formation was observed only in a salinity much higher than what is
found in the Baltic Sea.
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Figure 9. Number of receptacles per 300 tips, formed by the widespread clone
sampled at three different sites. Error bars show exact 95% CIL.
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In conclusion, although we found evidence for inherited differences among
different clones in some traits, and among geographically distant groups of the
same clone, differences did not correlate with distribution success, and thus we
cannot reject the alternative hypothesis of a completely neutral mechanism as an
explanation of the complex distribution of clones observed in F. radicans.

Ecosystem effects of clonality

In ecosystems dominated by one or a few foundation species, phenotypic diversity
within the foundation species may be more important than species diversity, and
is likely to affect function and resilience of the ecosystem (Reusch et al. 2005).
It has been shown experimentally that increased genotype diversity of plants has
positive effects on for example primary production, carbon storage, nutritional
load of surrounding soils and diversity of associated species (Bailey 2011). Fur-
thermore, experimentally manipulated seagrass meadows with high genotypic
diversity have been shown to better resist grazing, grazing from specific graz-
ers, extreme conditions, and have higher productivity and biomass of associated
species than meadows with low genotypic diversity (Hughes & Stachowicz 2004,
Reusch et al. 2005, Hughes et al. 2010). The aim of paper V was to investigate
whether phenotypic diversity within F radicans can be explained by genetic varia-
tion. This is important knowledge since populations of F. radicans dominated by
one or a few clones would than be expected to show lower capacity with respect
to ecosystem function and resilience compared to populations of high genotypic
diversity (that is, composed of many different clones).

In the lab, we created four groups, where three groups were monoclonal
(each group with a different clone), while the fourth group consisted of a mix of
unique genotypes. We compared the performance of all the individuals of these
groups with respect to nine phenotypic traits, where some trais were assessed di-
rectly after forming the groups, while other traits were assessed after some time in
lab culture (in a common garden). We measured two morphological traits (thallus
width and distance between dichotomies), phlorotannin concentration, and palat-
ability to grazers shortly after sampling. Of these characters we found significant
differences among genotypes only in phlorotannin concentration (Fig. 10A), indi-
cating that variation in this trait is at least partly inherited. This has been shown to
be the case also for the sister species F. vesiculosus (Jormalainen & Honkanen 2004,
Jormalainen & Ramsay 2009). While in brown macroalga, including F. vesiculosus,
phlorotannin concentrations are to some extent also induced by UV light and
grazing (Peckol et al. 1996, Pavia et al. 1997, Pavia & Toth 2000).

After treatment in a common garden we measured growth and photo-
chemical yield under normal conditions, photochemical yield and water content
after desiccation and photochemical yield after freezing. Of these characters, pho-
tochemical yield after freezing and photochemical yield after desiccation showed
differences among genotypes that were highly significant and nearly significant,
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respectively (Fig. 10B-C).

In the measurements done immediately after collection of the individuals
in the field, the differences in traits found among clones may be due to genetic
differences but also to clones being non-randomly distributed over different envi-
ronments that may have affected the phenotypic traits, and thus these results are
somewhat inconclusive. In contrast, the measurements done after cultivation in a
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Figure 10. Trait values for traits that showed significant inherited variation. Val-
ues for each individual thalli are indicated (separate bars). The coloured bars rep-
resent individuals from the three monoclonal groups, while black bars represent
unique individuals. Letters above groups indicates significant comparisons be-
tween clones. (A) Phlorotannins. (B) Photochemical yield after desiccation and
recovery. (C) Photochemical yield after freezing and recovery.
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common garden on newly formed tissue, are most likely to reflect differences that
were to a large extent genetically determined.

The variation in the same three traits within the groups of unique geno-
types was significantly larger compared to within the monoclonal groups, which
further supports our conclusion that variation in these traits are largely inherited.
Moreover, it suggests that the higher phenotypic variation in groups of unique
individuals, compared to the monoclonal groups, there will also be a difference
in terms of ecosystem function and resilience between high and low clonality
groups. High clonality likely has negative effects on ecosystem function, as has
been shown in stands of Zostera marina (Reusch et al. 2005, Ehlers et al. 2008,
Hughes & Stachowicz 2009). Populations of F radicans dominated by one, or a
few clones, may also be more vulnerable to expected environmental changes of
the Baltic Sea (Meier 2000).

Conclusions and future prospects

Our results show that, even though the Baltic Sea lineage of F. vesiculosus estab-
lished relatively recently, F. radicans and Baltic Sea populations of F. vesiculosus have
adapted to the local conditions. Furthermore, the results strongly suggest that F
radicans is even more adapted to the Baltic Sea than the population of I vesiculosus.
A major, and indeed rather unique adaptation among the group of fucoid species
in general, is that both species have evolved a capacity to reproduce asexually,
and again F radicans being more extreme in this respect than F vesiculosus. Asexual
reproduction is likely an adaptation to the low salinity waters of the Baltic Sea,
where sexual reproduction is partly inhibited. Another key adaptation is that both
species grow better in low salinity compared to high. Thus, there seems to be clear
evidence for local adaptation to the Baltic Sea, in general, in these two species.
On the other hand, the complex distribution of clones within F. radicans, includ-
ing the occurrence of one clone which is extremely widespread and dominant,
seems not easily explained by a selection-based hypothesis. Although we found
some evidence of inherited differences among clones, suggesting possibilities
for interclonal selection, we did not find the widespread clone to be outstanding
in fitness compared to other clones. Instead, our modelling approach showed
that the observed pattern may indeed arise as a consequence of stochastic proc-
esses during establishment, without invoking selection among clones. Finally, we
showed that asexual reproduction resulting in low genotypic diversity decreases
phenotypic variation, which might decrease ecosystem services and resilience.
Therefore, anticipated environmenal changes (Meier 2006) will likely have more
negative consequences in populations dominated by one or a few clones, than in
populations of high clonal richness. Even though the Baltic lineages have been
able to adapt to the marginal conditions to some extent, future environmental
change is expected to occur over shorter time scales. The question is then, will
the Baltic populations of fucoids be able to adapt fast enough to withstand even
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more extreme conditions? If not, their disappearance will likely have ecosystem
consequences, as they constitute a habitat for many species. Therefore, more re-
search is needed to investigate effect of future scenarios on the fucoids, and what
can be done to facilitate their continued existence.

This thesis has contributed with pioneering data for an evolutionary line-
age and a new endemic species of key importance to the Baltic Sea. Future re-
search initiatives will need to further address both the role of local adaptation of
these macroalgae to the extreme conditions of the Baltic Sea, the role of stochas-
tic processes shaping population genetic structures, and how the existing genetic
patterns will be able to cope with future environmental changes. For example,
there is a need to understand the genetic mechanisms behind the evolved adapta-
tions, and the role of unique genetic elements in the evolution of adaptation to
even more extreme conditions than in today’s Baltic Sea environment.
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