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SUMMARY

Biodiversity represents the variability within and between ecosystems, species and
individuals and is critical for ecosystem functioning. The most basic element of biodiversity
is genetic diversity. Genetic diversity is important in defining a species adaptive potential,
yet is still a largely neglected aspect of biodiversity. Moreover, traditional taxonomically
recognized species often conflict with evolutionary or ecologically relevant units, whilst the
ecological significance of intraspecific variants are also often overlooked. Within this thesis,
I assess the genetic diversity of two variant forms of the perennial, marine, brown alga
Fucus vesiculosus (Fucaceae, Phaeophyceae) and their potential ecological differences
within the Baltic Sea. Special focus lies on determining the processes forming and
maintaining populations of the free-living form are and how this influences their genetic
diversity.

This thesis consists of four papers bridging genetics and ecology at varying spatial scales.
Papers I & II use molecular techniques to determine the spatial genetic structure over long
and short temporal scales. I determine that the Baltic Sea free-living Fucus should continue
to be taxonomically classified as F. vesiculosus, yet free-living populations are markedly
different from their attached counterparts. In particular, clonality plays a major role in
forming and maintaining populations yet is nearly entirely absent from the attached form.
This reliance on clonality significantly reduces the genetic diversity of the free-living form,
nevertheless the genetic diversity can still be considered relativity high. Papers III & IV
examine the potential ecological significance of the free-living form. Paper III describes the
heterogeneity of the free-living form’s phenotype in terms of morphological traits. Free-
living thalli are polymorphous with phenotypic complexity varying at the population and
individual level. Consequently, I conclude that free-living mats of F. vesiculosus form highly
complex canopies similar to those of the attached form. Paper IV provides biodiversity
estimates for the associated faunal community. The paper confirms the ecological
significance of free-living F. vesiculosus as a habitat forming species comparable to the
attached form.

The four papers included in this thesis highlight the heterogeneous nature of the free-living
form of F. vesiculosus. Thus for Baltic Sea F. vesiculosus, it is imperative that management
strategies are tailored throughout the varying scales of biodiversity, including that of the
intraspecific variation within and between the two forms.
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“One dream, one vision . . . one day

there will be a way”

Biomekkanik (2009)
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1| INTRODUCTION

Biodiversity loss has continued to accelerate over the last few centuries (Barnosky et al.
2011; Butchart et al. 2010; Ceballos et al. 2015). Genetic diversity, considered the most
basic element of biodiversity (May 1994), represents the variation at deoxyribonucleic acid
(DNA) level among individuals within a population and also among populations themselves.
Genetic diversity signifies the ability of a species to adapt to changing conditions, with
populations with higher genetic diversity having a better chance of adapting under
changed or changing environments (Nevo et al. 1986; Pauls et al. 2013). Despite the
fundamental role genetic diversity plays in a species adaptive potential, it has previously
been a largely neglected aspect of biodiversity (Hoban et al. 2021, 2020; Laikre 2010; Laikre
et al. 2020; Pauls et al. 2013). Furthermore, a failure to preserve genetic diversity impairs
efforts to conserve diversity at all other levels (Laikre et al. 2010).

Habitats with greater anthropogenic pressures are generally less genetically diverse than
those that are less disturbed (Miraldo et al. 2016), with coastal regions being particularly
prone to high levels of disturbance from anthropogenic activities and environmental
change (Azuz-Adeath and Yañez-Arancibia 2019; Holligan and Reiners 1992; Suchanek
1994). Coastal regions that are geographically isolated or ecologically marginal are often
the most at risk of biodiversity losses at all scales (Buonomo et al. 2018; Johannesson and
André 2006), yet often lack crucial intraspecific genetic diversity due to sequential founder
events (Eckert et al. 2008). The Baltic Sea is a prime example of an ecologically and
geographically marginal environment, having approximately 10 times fewer species
compared to the neighbouring North Sea (Elmgren and Hill 1997; Johannesson et al.
2011b) with most populations inside the Baltic Sea being less genetically diverse than their
counterparts in the North Sea and adjacent areas (Johannesson and André 2006). The state
of the Baltic Sea is also heavily influenced by anthropogenic stressors (Elmgren et al. 2015;
HELCOM 2010). Genetic diversity varies over spatial and temporal scales, with the
distribution of intraspecific genetic diversity playing a large role in the potential for
evolutionary change. Populations within isolated or marginal environments often lack the
connectivity required to allow for the adaptation to changing environmental conditions.
Consequently, species within these environments are especially vulnerable to population
declines, extirpations and extinctions (Johannesson and André 2006).

Confounding our understanding of the genetic diversity of a species is the fact that
evolutionary or ecologically relevant units are often at odds with traditional taxonomically
recognized species (Pauls et al. 2013). In fact, the loss of genetic diversity within cryptic
evolutionary lineages is severe and is considered to greatly exceed the loss at the scale of
taxonomically recognized species (Bálint et al. 2011). Furthermore, intraspecific variants
may represent different ecological niches yet are often considered as one unit despite the
fact that responses to environmental change are likely to differ.
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This thesis concerns the important coastal foundation species, Fucus vesiculosus1, within
the ecologically and geographically marginal Baltic Sea. It focuses on assessing the genetic
diversity of two variant forms and the potential ecological differences.

1.1| Fucus as a genus

Fucus is a genus of perennial, brown algae forming structurally complex habitats in
intertidal and subtidal zones. The distribution of Fucus is limited to the northern
hemisphere, with a relatively small number of species represented (Guiry and Guiry 2022).
The genus contains both dioecious and hermaphroditic species. In general, sexual
reproduction is the dominant reproductive mode; however a few species within the genus
are facultatively asexual (e.g. F. radicans and F. vesiculosus (Tatarenkov et al., 2005)). All
parts of the Fucus thallus are able to photosynthesise as well as directly obtain nutrients
from the surrounding water. This promotes the occurrence of asexual reproduction2,
especially in marginal environments, as all parts of the thallus have the potential to
become physiologically independent ‘individuals’ (Collado-Vides 2001; van den Hoeck et al.
1995).

Despite the relatively small number of accepted species, the taxonomic nomenclature
within the genus is often confounded. For example, in Canadian waters 10 traditionally
recognised taxa were reduced to four through the use of molecular methods (Kucera and
Saunders 2008). This is due to high levels of intraspecific morphological variation, high
interspecific morphological similarity, high phenotypic plasticity, and hybridisation (Coyer
et al. 2006b; Kucera and Saunders 2008; Powell 1963; Wallace et al. 2004). The genus is
plagued with taxonomic reclassification and often challenges the species concept. For
example, a recent study redefined F. spiralis from the North Pacific as F. vesiculosus var.
spiralis due to the similarity in mitochondrial genomes with F. vesiculosus (Alvarez et al.
2018) yet this re-designation is not generally accepted (Guiry and Guiry 2022). Currently in
the global algae database, Algaebase, 584 synonymous species names, 125 uncertain
names, and 98 unchecked names are listed within Fucus (Guiry and Guiry 2022). Despite
these complications, three main clades are relatively well supported (Box 1) (Coyer et al.
2006a; Serrão et al. 1999). This thesis does not address the complexities within the genus
as a whole, yet a basic consideration of the taxonomic ‘nightmare’ within Fucus is an
integral part of understanding the taxonomic status of any species within the genus.

1 Common names: bladder wrack, rockweed (English); rakkohauru, rakkolevä (Finnish); blåstång (Swedish)
2 Asexual reproduction is considered synonymous with clonality within this thesis (De Meeûs et al. 2007)
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1.2| Fucus forms

The genus is best known for epilithic
forms (hereby referred to as
attached) forming vast canopies on
hard substrata. These attached forms
are highly productive (Attard et al.
2019; Bordeyne et al. 2015) and
support numerous ecosystem
functions and services (Heckwolf et
al. 2021; Jonsson et al. 2018).
However, several unattached forms
are also observed. Unattached Fucus
can also contribute major quantities
of biomass and primary productivity
(Brinkhuis 1976; Brinkhuis and Jones
1976; Chock and Mathieson 1976).
Unattached forms have a similarly widespread distribution (Figure 1). Unlike the attached
form they are not limited to hard substrata, often being found on any substratum within
embayments, salt marshes and estuaries (Norton and Mathieson 1983). They are
particularly common on soft substrata but also occur on hard, rocky substrata and sandy
shores in association with halophytes (Waern 1952).

Unattached Fucus can be found as various forms, including embedded, turf, and free-living
(benthopleustophytic). These are not mutually exclusive classifications, often forming
transitional series and intermediates between morphotypes (Baker and Bohling 1916;
Cotton 1912; Den Hartog 1959; Mathieson et al. 2006; Mathieson and Dawes 2001; Niell et
al. 1980; Skrine et al. 1932; Svedelius 1901). Within this thesis I focus on a single form:
free-living. Free-living Fucus can be described as stable, perennial aggregations of
unattached thalli lacking holdfasts with a close association to the substratum yet without
any anchorage to the substratum. Some free-living forms can be found entangled in
macrophytes (e.g. Spartina spp. (Baker and Bohling 1916; Polderman 1979), Phragmites
australis (Luther 1981), Armeria maritima, Puccinellia maritima, Salicornia maritima
(Cotton 1912)), aquatic mosses (e.g. Fontinalis antipyretica (Luther 1979)), and algae (e.g.
Chara spp. (Levring 1940)) whilst others form aegagropiloid (ball-like) structures (Bauch
1954; Luther 1981) or entangled mats (Preston, Pers. obs.). Free-living populations are
polymorphous (Figure 2), ranging from luxuriant bushy growths to crisp proliferations, and
filiform, ramified dwarfs (Luther 1981; Svedelius 1901; Waern 1952). This great
morphological variation can even be observed at the individual level (Svedelius 1901).
Though morphologies vary immensely individuals always display the similarities of
appearing healthy with apical tip growth (Svedelius 1901).

Box 1: Taxonomic status in Fucus.†

Clade 1: Clade 2: Clade 3:

F. serratus F. distichus ‡

F. evanescens ‡

F. gardneri ‡

F. ceranoides
F. cottonii §

F. radicans
F. spiralis
F. vesiculosus
F. virsoides

† Taxa are listed under species as the lowest taxonomic
classification with clades based on supporting phylogenies
using nuclear ribosomal (Serrão et al. 1999) and
mitochondrial (Coyer et al. 2006a) markers. ‡ F. evanescens
and F. gardneri are currently considered synonyms of F.
distichus (Guiry and Guiry 2022). § F. cottonii is not a
coherent genetic entity, some specimens associate with F.
gardneri (Neiva et al. 2012; Serrão et al. 2006) whilst
others associate with clade 3 species (Neiva et al. 2012;
Sjøtun et al. 2017).
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1.3| Fucus within the Baltic Sea

Within the Baltic Sea there are three native Fucus species: F. serratus, F. radicans, and F.
vesiculosus and one invasive: F. evanescens (Bergström et al. 2005; Malm et al. 2001;
Wikström et al. 2002). Fucus vesiculosus has the most widespread distribution of all the
Fucus species and is an important foundation species throughout much of the Baltic Sea.
Due to the atidal nature of the Baltic Sea, populations live in the subtidal zone, being for
the most part constantly submerged except for seasonal water range variations (Andersson
et al. 1994). The Baltic Sea can be considered an atypical environment for the marine
species, with Baltic Sea F. vesiculosus being exposed to salinities ranging from true marine
conditions in the Kattegat, 7.5–13 in the Arkona basin down to 2–6 in the Bothnian Sea and
the Gulf of Finland (Meier et al. 2006). Baltic Sea F. vesiculosus shows local adaptation to
the lower salinities, being able to survive within typical Baltic salinities compared to the
death of Atlantic F. vesiculosus within the same conditions (Bäck et al. 1992). Salinity is the
major controlling factor of Fucus species distribution within the Baltic Sea (Isæus 2004).
This creates an unusual situation whereby Fucus species often form expansive canopies of
a single species unlike the
typical intertidal zonation
of a few different Fucus
species generally seen
outside of the Baltic Sea
(Colman 1933; Lubchenco
1980; Zaneveld 1937).
Consequently, variation
within Fucus canopies
predominantly derives
from intraspecific rather

Figure 1: Distribution of observations of unattached Fucus clades. Clades 1, 2, and 3 are
represented by pink, orange, and green lines respectively.

Figure 2: Examples of ramified dwarf (A) and bushy aegagropiloid (B)
free-living morphotypes of Fucus vesiculosus from Askö, Sweden.
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than interspecific differences. Alongside these expansive attached Fucus canopies, free-
living Fucus appears to also be fairly common within the Baltic Sea. The full extent of the
distribution is currently unknown but free-living Fucus have been observed within several
Baltic Sea subbasins (HELCOM 2013a). It can be presumed that free-living Fucus
populations are far more prevalent than what can be surmised from the limited
observations. For example, 51 free-living sites were observed along a small section (~10
km) of the Finnish coastline at Gennarbyviken (Luther 1981). Taking into account the poor
distributional knowledge, some free-living populations appear to have experienced
declines of over 20% in the past 50 years with complete extirpations occurring in some
locations (HELCOM 2013b).

Current conservation measures under the HELCOM framework classify free-living Fucus as
either typical or dwarf populations of Fucus spp., with the dwarf biotope being considered
within the endangered threat category (HELCOM 2013a). Although the taxonomic status of
this free-living Fucus is unclear, it is surmised using traditional morphological taxonomic
classification that the free-living form associates with F. vesiculosus, with a few extensive
morphological series having been described (Kjellman 1890; Svedelius 1901). The general
acceptance as F. vesiculosus is supported by the surmised origin of the free-living form.
Free-living forms are said to originate from attached populations, whereby detached
pieces of Fucus thalli from attached populations collect in still locations and persist over
time (Bauch 1954; Den Hartog 1959; Häyrén 1949; Luther 1981; Svedelius 1901). As F.
vesiculosus is the most abundant Fucus species within the Baltic Sea this reasoning appears
plausible. Yet little regard has been taken as to the free-living form’s ecological or
taxonomic significance. Luther (1981) goes as far as to state that the free-living form is of
no taxonomic value. However a large proportion of studies mentioning free-living (under
several different descriptive names) Fucus date to before the advent of polymerase chain
reaction (PCR) technology in the 1980s (Mullis and Faloona 1987; Saiki et al. 1985).
Consequently, it is unsurprising that little interest was paid to the free-living form
compared to its more charismatic counterpart.

1.4| Baltic Sea F. vesiculosus population structure, connectivity & reproduction

Several previous studies have documented the population structure of the attached F.
vesiculosus form within the Baltic Sea at various scales. The general consensus supports a
single Baltic Sea population, with greater isolation between closely located populations
alongside occasional larger scale differentiation. However, the geographic range of the
study partially influences the observed spatial genetic structure. Localised studies have
determined spatial differentiation at small scales along the western coast of Finland (Rinne
et al. 2018) and the eastern coast of Sweden (Pereyra et al. 2009; Tatarenkov et al. 2007).
Whilst at larger spatial scales genetic differentiation has been observed throughout the
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Baltic Sea (Ardehed et al. 2016) with connectivity appearing freer among subbasins
compared to within subbasins (Pereyra et al. 2013). Therefore, it can be concluded that the
Baltic Sea F. vesiculosus population is a single population structured at various scales with
gene flow being somewhat limited at both the local and larger spatial scales.

Outside the Baltic Sea, Fucus species reproduce primarily sexually by external fertilisation
(Berndt et al. 2002; Ladah et al. 2008). The dispersal capabilities through sexual
reproduction for Fucus species are considered to be relatively short, with F. vesiculosus
having been observed to be limited to <2 m (Serrão et al. 1997). However, rafting of thalli
with viable receptacles may play a role in longer distance dispersal (Rothäusler et al. 2015).
Within the Baltic Sea Fucus species F. vesiculosus and F. radicans are also known to
reproduce asexually (Tatarenkov et al. 2005). Varying degrees of asexual reproduction
have been observed within F. vesiculosus, with several previous studies having found
clonality in 75–100% of their sampling sites (Ardehed et al. 2016; Johannesson et al. 2011a;
Pereyra et al. 2013; Tatarenkov et al. 2005).

In a species that is capable of asexual reproduction, our understanding of ‘what an
individual is’ is confounded. Can genetically identical thalli (clones) be considered as
distinct individuals? Or should all thalli of a clone be considered as one individual? The
argument for either notion can be compelling, however as this thesis heavily relates to
clonality it is imperative to introduce terminology that will help to alleviate this complex
issue. Ergo, an individual will now be referred to as either a ‘genet’ or a ‘ramet’ (Box 2).
These are units of individuals that provide clarity as to whether an individual is either
genetically or physiological distinct.
Ramet will also be considered
synonymous with clone.

Box 2: Units of individuals: Ramets and genets.

Ramet: a physiological individual

Genet: all the separate units (ramets) derived from a
single zygote
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1.5| Aims and scope of the thesis

The overarching aim of the thesis is to improve our understanding of the lesser-known
free-living Fucus form, using Baltic Sea F. vesiculosus as a case study. I first start by
confirming the previous assumptions that Baltic Sea free-living Fucus originates from
attached Fucus vesiculosus populations (Kjellman 1890; Luther 1981; Svedelius 1901) using
modern molecular techniques (Papers I & II). Next, I investigate the heterogeneity of
individuals and populations in terms of their habitat forming capabilities (Papers III & IV).
This thesis contains four papers bridging genetics and ecology with a focus on populations
at subbasin levels (Papers I & II) down to localised populations (Papers III & IV).

Paper I determines the spatial genetic structure of populations over longer evolutionary
timescales whilst Paper II examines the spatial genetic structure over more recent
evolutionary timescales. These two combined allow for the resolution of the origin and
regeneration of free-living populations. Paper III draws on a combination of genetic and
ecological approaches to investigate the genetic components of phenotypes. The main
focus is to determine how individuals and populations differ in terms of genetic diversity
and morphology. Paper IV documents the associated benthic communities of free-living F.
vesiculosus. From there I consider how free-living Fucus canopies affect the biodiversity of
soft sediment bottoms.

The work addresses the following questions:

1) How free-living populations are formed (Papers I & II)
2) Once formed, how populations are maintained (Paper II)
3) What potential ecological role the free-living form plays and if there are

differences between the potential to provide complex habitats on both an
individual and population level (Papers III & IV)
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2| MATERIALS & METHODS

2.1| Study sites

The studies included within this thesis relate to F. vesiculosus populations in up to six of the
subbasins within the Baltic Sea defined by HELCOM (Zettler et al. 2014) (Table 1, Figure 3).
Within each subbasin 1–9 populations were included. Where feasible, sympatric
populations were sampled, although seven of the 22 sites contained only a single form
(attached [4], free-living [3]). The sites covered a large area of the Baltic Sea distribution of
F. vesiculosus, from the southern, higher salinity areas of the Arkona Basin to the more
northern, lower salinities in the Gulfs of Bothnia and Finland (Meier et al. 2006). All sites
were within close proximity of the shore and F. vesiculosus was the dominant macroalgae.
Sites with free-living populations had distinct features: all being in shallow, sheltered
embayments associated with Phragmites australis reed beds (Figure 4). The bottoms at
free-living sites were generally soft, being either clay or sandy substrata, however sites
with hard bottoms of gravel were also observed. All free-living sites appeared to have
some level of water circulation, albeit far more sheltered than the open coastline, as
corresponds with Luther’s (1981) previous observation that free-living F. vesiculosus
showed a preference for moving water. The sites encompassed a variety of morphologies.

Table 1: Site information for all populations included within this thesis alongside the number
of Fucus vesiculosus thalli used within each paper.
Site Subbasin Region Country Year Number of thalli

samples
I II III

AS1 Northern Baltic Proper Askö Sweden 2017 6 100 -
AS2 Northern Baltic Proper Askö Sweden 2017 6 100 -
AS3 Northern Baltic Proper Askö Sweden 2017 5 99 -
AS4 (AS1) † Northern Baltic Proper Askö Sweden 2017/19 6 100 20
AS5 (AS2) † Northern Baltic Proper Askö Sweden 2017/19 6 100 20
AS6 (AS3) † Northern Baltic Proper Askö Sweden 2017/19 6 99 20
HS1 Arkona Basin Hiddensee Germany 2018 6 64 -
HS2 Arkona Basin Hiddensee Germany 2018 3 32 -
OL1 Gulf of Bothnia Olkiluoto Finland 2017 2 - -
SA1 Gulf of Riga Saaremaa Estonia 2018 3 45 -
SA2 Gulf of Riga Saaremaa Estonia 2018 3 35 -
SE1 Archipelago Sea Seili Finland 2018 5 89 -
SE2 Archipelago Sea Seili Finland 2018 4 60 -
TZ1 Gulf of Finland Tvärminne Finland 2017/19 6 60 20
TZ2 Gulf of Finland Tvärminne Finland 2017/19 6 60 19
TZ3 Gulf of Finland Tvärminne Finland 2017 6 60 -
TZ4 Gulf of Finland Tvärminne Finland 2017 6 60 -
TZ5 Gulf of Finland Tvärminne Finland 2018 6 61 -
TZ6 Gulf of Finland Tvärminne Finland 2017 3 68 -
TZ7 Gulf of Finland Tvärminne Finland 2017 3 77 -
TZ8 Gulf of Finland Tvärminne Finland 2017 3 74 -
TZ9 (TZ3)† Gulf of Finland Tvärminne Finland 2019 - - 16
† Site names in brackets refer to the alternative site codes used in Papers III & IV.



[9]

2.2| Molecular approaches

2.2.1| Sample acquisition

For genetic analyses (Papers I, II & III) all sampling was performed by SCUBA, snorkelling or
wading. Small pieces (~5 cm) of apical vegetative tissue were excised from individual thalli
randomly throughout the population (n = 30–50 per site and habitat type). The pieces of
apical vegetative tissue were cleaned from epiphytes and stored in silica/orange gel for
molecular analyses.

A B

Figure 4: Examples of the surrounding environment and Phragmites australis reed beds at sites
AS4 (A) and AS5 (B).

Figure 3: Locations of the 22 sampling sites within the Baltic Sea.
Black circles represent each sampling site. Inset maps show sites at
Askö (A) and Tvärminne (B). Dashed lines indicate divisions of
subbasins defined by HELCOM. Site abbreviations: AS, Askö; HS,
Hiddensee; OL, Olkiluoto; SA, Saaremaa; SE, Seili; TZ, Tvärminne.
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2.2.2| Barcode sequencing

DNA barcoding targets a short highly conserved section of DNA to create a ‘barcode’
allowing the user to distinguish taxonomic information. In Paper I the mitochondrial
(mtDNA) intergenic spacer (IGS) (535 bp) and 23S (331 bp) were targeted. The mtDNA IGS
is currently considered the most informative marker available for Fucus phylogenies (Coyer
et al. 2006a). As the mitochondrial genome has a slower mutation rate this allows for
phylogenetic analysis in the longer evolutionary scales. Thalli of 100 genets were
sequenced with additional sequences also being obtained from the National Center for
Biotechnology Information (NCBI) Genbank (Altschul et al. 1990). The two gene regions
were combined to create a longer concatenated-barcode sequence (866 bp). Due to messy
signalling in the sequencing chromatograms cloning of PCR-amplified fragments was also
employed. Phylogenetic relationships were investigated using several genetic analyses
including haplotype diversities (Hd) calculated by DnaSP v6 (Rozas et al. 2017) and
haplotype networks drawn by PopART (Leigh and Bryant 2015).

2.2.3| Microsatellite genotyping

Genotyping is the determination of an individual’s genetic makeup (genotype) at a specific
set of genetic markers allowing for comparisons between individuals, populations or
species. Genotyping within this thesis refers solely to microsatellites. Microsatellites are
highly polymorphic, co-dominant, tandem repeats of DNA that are generally considered
neutral (Schlotterer 2000). Microsatellites are useful in determining inter- or intraspecific
phylogenetic relationships, even in closely related species (Wang et al. 2009).

The fast rate of mutation of microsatellites predispose them for use under contemporary
evolutionary timescales (Sanchez et al. 2020; Waples 1998). Microsatellites are commonly
employed within Fucus, and in cases are the only method to distinguish between certain
species, although their accuracy at doing so is at times flawed (Bergström et al. 2005;
Billard et al. 2005; Engel et al. 2003; Wallace et al. 2004). A suite of loci developed by Engel
et al. (2003) and Perrin et al. (2007) have been frequently used globally (Almeida et al.
2017; Lourenço et al. 2016; Teixeira et al. 2016) and in the Baltic Sea (Ardehed et al. 2016,
2015; Pereyra et al. 2013; Rinne et al. 2018; Rugiu et al. 2018a). Within Papers II and III
eight of these loci were successfully amplified.

The basis of population genetics is the accurate estimation of alleles and allele frequencies.
However, a sizable portion of our samples consistently displayed signs of >2 alleles
providing indication that polyploidy was present within the samples. This challenges the
aforementioned requirement and thus I employed the use of the specially designed
software Genodive version 3.05 (Meirmans 2020) to aid with the estimation of alleles in
polyploidy samples. Under this, ploidy level was discerned by the maximum observed allele
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count of a sample with a maximum likelihood method using a modified version of the
method of De Silva et al. (2005) correcting the unknown dosage of the alleles. To fully
understand the population structure and mating system it is required to identify any
clonality within the sample pool. For this Genodive version 3.05 (Meirmans 2020) was
employed to identify clonal lineages using a Stepwise Mutation Model. The accuracy of
clonal determination was tested based on the concept of clonal diversity (Gómez and
Carvalho 2000) using Corrected Nei’s diversity index. After data correction, standard
analyses were able to be performed, including genetic diversity (Hs, heterozygosity within
populations) and several tests assessing spatial genetic structure using Genodive version
3.05 (Meirmans 2020). Tests to assess spatial genetic structure were analysis of molecular
variance (AMOVA), pairwise genetic differentiation, and principal component analysis
(PCA). To compensate for mixed ploidy levels within populations the index Rho, analogues
with the fixation index (FST) yet independent of the ploidy level (Ronfort et al. 1998), was
used in AMOVAs and pairwise genetic differentiation.

2.2.4| Metabarcoding

Similar to barcode sequencing, environmental DNA (eDNA) metabarcoding targets a short
highly conserved section of DNA, although at larger-scales. Metabarcoding uses
environmental samples, in the case of Paper IV sediment samples, to simultaneously
identify numerous taxa within a sample. The target gene region used within Paper IV was
the V4 region of the 18S nuclear small subunit (nSSU) ribosomal RNA (rRNA) (Stoeck et al.
2010). The 18S was chosen as it is considered an excellent candidate gene for eukaryotic
diversity estimates, being universally present and having a very conservative organization
of conserved and divergent regions (Markmann and Tautz 2005). The ubiquitous nature of
its use in biodiversity assessment also supports the utilisation of this marker. Sequence
processing followed a standard bioinformatic pipeline (e.g. cutadapt (Martin 2011), DADA2
1.18 (Callahan et al. 2016), MEGAN 6.22.2 (Huson et al. 2016), vsearch v2.14.1 (Rognes et
al. 2016)). Taxonomic affiliations were based on NCBI GenBank (23/05/2022) (Altschul et
al. 1990) and the PR2 reference database (Guillou et al. 2013). Data was normalised to
relative abundances.

2.2.5| Justification & challenges of molecular approaches

Fucus, as a non-model organism, is infamous among many algal geneticists for being
challenging to work with. What would be considered simple techniques in model
organisms are often complex and prone to failure when involving Fucus. Thus I highlight
here, for any aspiring Fucus researcher, some of the many conundrums that may be
encountered.



[12]

2.2.5.1| Sequencing

The first step is to consider the marker of choice. Within Fucus there is no universally
accepted marker of choice, with studies employing mitochondrial (Coyer et al. 2006a),
chloroplast (Bergström et al. 2005), and nuclear ribosomal DNA (nrDNA) (Serrão et al.
1999) genes. Each marker comes with a set of advantages and disadvantages for selection.
The obvious solution would be to employ multi-locus barcoding (Liu et al. 2017), yet this is
not as simple as it might first appear when involving Fucus. Problems with PCR
amplification are rife, for example within this work the chloroplast plastid-encoded
RuBisCO gene region was tested yet failed to provide consistent reads and subsequent use
had to be abandoned. The internal transcribed spacer region of the nrDNA was also
investigated yet provided such limited variability in the reference databases that valid
conclusions within a single species would be hard to obtain. The lower variability within
many genes used for Fucus phylogenies challenges the ability to resolve intra-specific
differences in individuals and populations (Coyer et al. 2006a; Serrão et al. 1999).

Hybridisation is also common in the genus, with introgression leading to the transfer of
genetic information between species (Coyer et al. 2011a, 2007; Moalic et al. 2011; Neiva et
al. 2010). This is particularly problematic as organelle genomes, including mtDNA, have a
smaller effective population size meaning that they are more disposed to being effected by
introgressive sweeps (Moalic et al. 2011). Another problem is with the unknown
inheritance pattern of the mitochondrial genome in Fucus species. Mitochondrial genomes
are normally considered maternally inherited, as has been observed in F. serratus X F.
evanescens hybrids (Coyer et al. 2002). However, the mitochondrial inheritance pattern in
Fucus species is potentially far more complex as signs of paternal leakage in F. serratus X F.
evanescens hybrids are also observed (Hoarau et al. 2009). Consequently, it is currently
difficult to surmise the exact inheritance pattern of the mitochondrial genome in F.
vesiculosus.

Outside of the problems related to Fucus itself, epibionts also cause amplification problems
as many target genes also amplify the epibiont’s barcode sequence alongside the Fucus
DNA barcode. In such cases cloning becomes essential.

2.2.5.2| Genotyping

Microsatellite genotyping requires a suite of loci to accurately determine an individual’s
identity. The use of too few loci can lead to deviations in population genetic diversity and
genetic structure results (Wang et al. 2021). Within Fucus species, the number of
microsatellite loci commonly employed is ≤9 (e.g. Ardehed et al. 2016; Bergström et al.
2005; Coyer et al. 2006b; Pereyra et al. 2013) which could be considered low when
compared to many other species (e.g. Frias-Soler et al. 2022; Ortiz et al. 2022; Saillant et al.
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2022; Tanasković et al. 2022). However, it has been observed that an average of six loci
were often used to determine population structure of wild species (Koskinen et al. 2004)
and ≤9 loci are still commonly used for many species (e.g. Lu et al. 2022; Salleh and Esa
2022; Velasco-Anacona et al. 2022).

One of the fundamental tools of molecular ecology is PCR. Although PCR is a powerful
molecular biological tool, the method is prone to amplification problems, in part due to
PCR inhibitors. PCR inhibitors are a diverse group of chemical substances with a range of
inhibitory actions (Schrader et al. 2012). Often PCR inhibitors are specific to a sample type
and thus challenge the successful PCR amplification of this material. In the case of F.
vesiculosus several PCR inhibitors are present in the tissue, including high quantities of
phenolic compounds (Agregán et al. 2017; Neto et al. 2018; Sumampouw et al. 2021). Even
with specific clean-up stages during and post-DNA extraction, phenols and other secondary
metabolites remain present within the DNA extracts of F. vesiculosus; consequently
negatively influencing downstream PCR reactions. This unreliability of the PCR reaction
limits the number of samples and microsatellite loci that can feasibly be processed.
Accordingly, the eight loci used within this thesis are an appropriate number for the
species, with several studies focusing on Fucus species population ecology having used
fewer (Coyer et al. 2011b; Neiva et al. 2012; Nicastro et al. 2013; Tatarenkov et al. 2007).

Fucus species are generally considered diploid, although there are reports of polyploidy in
the attached (Gómez Garreta et al. 2010) and unattached forms (Coyer et al. 2006b; Sjøtun
et al. 2017). Within the Baltic Sea several previous studies have successfully worked under
this assumption (e.g. Ardehed et al. 2016; Johannesson et al. 2011a; Rinne et al. 2018). As
such my work also accepted this assumption; however this was later discovered to be
erroneous: a substantial amount of the samples consistently displayed more than two
alleles in at least one of the loci studied. In a system that had previously only returned
diploid thalli it was surprising to find thalli with ≤2 alleles in all loci (i.e. diploids)
representing only 59% and 57% of the total sample pool within Papers II and III
respectively. This highlights the need to confirm ploidy levels prior to commencing any
study, even if several other studies have previously noted diploidy.

Thus the question arose: can microsatellite loci provide accurate estimations of allele
frequencies of individuals and populations? In the potential polyploid samples, it was often
not possible to obtain accurate allele dosages from the resulting electropherogram. For
example, an electropherogram with two peaks will result in a marker phenotype of AB,
however depending on the ploidy level several genotypes could be possible (Box 3A).
Similarly, a single peak (A) may represent several different allele frequencies (Box 3B).
However, using the specifically designed program Genodive version 3.05 (Meirmans 2020)
it is possible to provide an estimated allele frequency through the correction of the
unknown dosage of alleles, thus either reducing or totally removing bias (Meirmans et al.
2018). To explain further how this dosage correction allows polyploid data to be accurately
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analysed: the dosage correction uses a
maximum likelihood method based on
random mating within populations,
which is heavily modified from De Silva
et al. (2005). For example, on a
tetraploid sample with phenotype AB
the method combines the likelihoods
of the underlying genotypes (AAAB,
AABB, ABBB) based on the observed
phenotypes of the population. Several
iterations are run until the changed
allele frequencies reach convergence.
From this the polyploid data genotypes
can be accurately estimated based on
the observed genotypes of the
surrounding data. In analyses at the
individual level the dosage correction
differs slightly. Population allele
frequencies are first calculated and
then missing alleles are randomly
selected based on the individual’s
phenotype and the estimated
population allele frequencies. The data
may still hold some bias because the
true genotypes are unknown, however
if dosage correction is not performed
then the number and types of analyses
that can be performed on the
genotyping dataset is severely limited.
Overall, the dataset is as
comprehensive as possible considering the complications relating to the polyploidy signals,
and especially considering the ubiquitous nature of apparent mixed-ploidy in nearly all
populations.

It is true that these signatures of polyploidization could be a result of several other factors
not relating to polyploidy, including cross contamination, DNA slippage, and plurigenotype
holdfasts. However, extensive validity checks confirmed the consistency and repeatability
of obtaining the third/fourth allele within the electropherograms. I emphasise that it is
necessary for further studies to affirm these signatures of polyploidization using more
appropriate techniques; such as microspectrophotometry or flow cytometry.

Box 3: Allele dosage of diploid, triploid, and
tetraploid heterozygous (A) and homozygous
(B) individuals.

Diploids, triploids, and tetraploids possess two,
three and four alleles respectively. Estimated
genotypes discerned by the electropherogram are
shown above allele peaks whilst the accurate
genotypes are displayed below the potential allele
combinations. Allele A represented in red and Allele
B in blue.
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A further problem within the genotyping datasets is a result of the facultative asexuality of
F. vesiculosus: widespread clonality. The occurrence of clonal lineages will inflate the
frequency of alleles associated with clonal lineages. This may misrepresent the true allele
frequencies and in turn distort the analyses. However, this is relatively easy to account for
by identifying genotypes using Genodive version 3.05 (Meirmans 2020). Through this, a
genetic distance matrix and a set threshold allows samples to be deemed to belong to the
same clonal lineage. Many analyses were performed in parallel on the full dataset (all
ramets included) and also on the subsetted dataset (one ramet per genet) allowing for the
influence of clones to be determined. Throughout Papers II and III several analyses with
both datasets are included, thus allowing the importance of clonality to be considered. In
these analyses it can be seen that clonality does not dramatically affect the overall
outcome, only inflating it in cases.

Finally, a specific issue relating to the microsatellite dataset of Paper III. Microsatellites are
generally considered neutral markers. This is a vital trait that makes microsatellites perfect
for population ecology studies, yet also means that genotype variants do not provide a
direct link to fitness traits (Stouthamer and Nunney 2014). Consequently, only partial
relationships between genotype-phenotype relationships can be determined. In the case of
Paper III, adaptive markers would be a preferable method to utilise, however candidate
genes and the morphological traits that they influence in natural populations are poorly
understood in Fucus species.

2.3| Ecological approaches

2.3.1| Morphological measures

Morphological measures were recorded from six sites (Askö [3], Tvärminne [3]) in Paper III.
Fucus vesiculosus thalli were collected by SCUBA using randomly placed frames (400 cm2)
with attached mesh bags (n = 4 per site). Up to five thalli per frame were selected (n = 115)
with all other material being discarded from analysis. Three standard measures were used
to determine morphology: thallus height (cm), wet weight (g) and five repeats of thalli
width (cm) per individual sample (Ruuskanen and Bäck 2002, 1999). Samples from AS2
contained two distinct morphotypes defined as narrow [N] (<1 cm) and typical [T] (>1 cm).
Dissimilarity of morphological features between sites, individuals, and clonal lineages were
tested using Kruskal–Wallis tests, Mann–Whitney tests, and one-sample t-tests in IBM SPSS
Statistics version 27 (IBM Corp 2020).

2.3.2| Conventional biodiversity estimates

Biodiversity estimates for benthic habitats for Paper IV were obtained through
conventional approaches from the six previous sites (Askö [3], Tvärminne [3]) in Paper III.
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Two habitat types were selected: soft sediments associated with free-living F. vesiculosus
(Fucus) and the adjacent bare-sediment (bare). All sites consisted of soft sediment bottoms
being either clay, sandy, or mixed substrata. Samples were collected by either benthic
sediment cores (5 cm diameter, 10 cm depth; n = 4 per site per habitat type)
[macroinfauna] and in the aforementioned quadrats with attached mesh bags (n = 4 per
site per habitat type) [epifaunal] by scuba diving. Maximum sampling depth ranged from
1.9–3.4 m at Askö and 2.5–3.2 m at Tvärminne. The salinity at the sites ranged from 5.9–
6.1. A small subsection was removed from each core for the metabarcoding (n = 48). Only
three cores and three quadrats per site per habitat type were used for the conventional
biodiversity estimates (n = 36). Once collected benthic samples were sorted and
individually taxonomically identified to the lowest possible classification. Count data were
standardised as abundance (per m2) and relative abundance per sample. Dissimilarity of
the faunal communities were tested using several non-parametric multivariate analyses of
variance (PERMANOVA) in PRIMER7 (Anderson et al. 2008). Species diversities, in the form
of the Shannon-Wiener index, were calculated using the vegan package (Oksanen et al.
2022) in R 4.1.2 (R Core Team 2021).
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3| RESULTS & DISCUSSION

The origin and regeneration of free-living populations are not mutually exclusive processes:
possible processes leading to the formation of populations are likely to also contribute to
maintaining them. The major difference is the prior presence or absence of Fucus thalli
within the habitat. To form a free-living population, pioneer thalli, either in the form of
sexual propagules or adult thalli, must first reach a suitable, unoccupied site whilst
remaining physiologically viable. Once these pioneers have aggregated at the site, for the
population to be maintained, colonisation must occur either through processes relating to
the pioneer thalli themselves or through similar processes that brought the pioneer thalli
to the new area. I now discuss the most probable causes of the origin or regeneration
separately but emphasise that there is much overlap.

3.1| Origin

The Baltic Sea is a young postglacial environment, having only reached its current brackish
state ~8000 years ago (Björck 1995) with F. vesiculosus entering through the Atlantic
connections ~4000–8000 years ago (Andrén et al. 2000; Russell 1985). The colonisation
pathway was first in the southern parts of the Baltic Sea in a west to east direction and
later into the northern parts along a coastal pathway in the south east (Ardehed et al.
2016; Björck 1995; Rößler et al. 2011; Zillén et al. 2008). Consequently, the putative
ancestral populations of the Baltic F. vesiculosus are from the Atlantic. As F. vesiculosus
colonised the Baltic Sea, an endemic sister species, F. radicans, subsequently diverged
~125-2475 years ago (Pereyra et al. 2009). Whether the free-living form represents the
same colonisation pathway as the attached F. vesiculosus is unknown, and thus comparing
the two forms under longer evolutionary timescales can provide some indication if the two
forms are historically linked.

The mitochondrial genome describes historically well-connected populations with both
forms drawing from the same genepool (Paper I). Both forms share a common putative
ancestral haplotype (H-I: percentage of samples: attached 83%; free-living 85%; Figure 5).
This suggests that a single haplotype entered the Baltic Sea and gave rise to both forms. In
fact the two forms share the two most common haplotypes (H-I & H-VI) which make up
>90% of the total samples for each form. Thus the difference in haplotype diversity
(attached Hd = 0.31, free-living Hd = 0.27) is a reflection on the occurrence of a few rarer
haplotypes linked to a single form. Consequently, the two forms were historically well
connected, with the colonisation process resulting in little differentiation within the
mitochondrial genome between forms. Of the six observed concatenated-barcode
haplotypes, four (H-I, H-IV, H-V & H-VI) correspond with a single haplotype of a shorter
polymorphic region of the intergenic spacer that is found throughout much of the global F.
vesiculosus distribution, including along the Scandinavian coastline and the Kattegat (Coyer
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et al. 2011a). The sharing of
these haplotypes amongst
Baltic Sea forms and with
attached populations outside
the Baltic Sea provides good
support that the two forms
fall within clade 3 and most
probably associate with F.
vesiculosus. Overall, with the
concatenated-barcode I
provide no evidence to refute
earlier claims that the Baltic
Sea free-living Fucus belongs
to any other taxa than F.
vesiculosus. Consequently, in
deeper evolutionary
timescales the origins of the
two forms are parallel.

Several Fucus species in clade 3 are only easily distinguishable using microsatellites. For
example, F. vesiculosus and sister species F. radicans were distinguished through the use of
microsatellites (Bergström et al. 2005). Consequently, a clear conclusion of origin cannot
be made without the use of these markers. Using microsatellite genotyping (Paper II), I
confirm that the two forms are not genetically differentiated to the extent to be
considered different species, yet there are markedly different genetic characteristics
between the forms, which help to provide indication as to the origin of the free-living form.
The forms display no genetic separation, sharing all common alleles with only the rarer
alleles being form specific (Figure 6A, B) confirming that the forms are drawn from the
same genepool. Thus microsatellite genotyping supports the sequencing findings, further
confirming the free-living form’s identity as F. vesiculosus.

However, despite the sharing of many alleles, the distribution of these alleles and
consequential genetic diversity is significantly different between the forms (Hs: attached =
0.64; free-living = 0.58, P value = 0.008). This gives indication that the origins of
populations from the two forms differ. Attached forms are known to predominantly
reproduce sexually, with both summer, autumn, and mixed reproducing periods being
known within the Baltic Sea population (Berger et al. 2001). Asexual reproduction can
occur within the attached form; however it is generally considered rarer throughout much
of the Baltic Sea distribution (Tatarenkov et al. 2005). Consequently, attached populations
are generally formed by the settlement of zygotes onto appropriate anchorage substrata,
resulting in nearly all thalli within the population being unique genets. This is confirmed

A B

Figure 5: Haplotype network genealogy using the
concatenated-barcode mtDNA intergenic spacer (IGS) and 23S
for attached (A) and free-living (B) Fucus vesiculosus from
Paper I. Each circle represents a haplotype, each colour a
geographic population, and the circle size is proportional to
the haplotype frequency. A branch represents a genetic
distance and hash marks represent a single mutation. Dashed
branches represent non-linked haplotypes. Roman numerals
indicate haplotype identification. Sites: Askö, orange;
Olkiluoto, yellow; Saaremaa, light blue; Seili, pink; Hiddensee,
green; Tvärminne, dark blue.
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within our data where only <1% of thalli were considered to originate from true clonal
lineages. Free-living populations on the other hand are surmised to originate from asexual
reproduction through detachment of thalli from attached populations. In fact it had been
considered that the free-living form was unable to reproduce sexually due to the absence
(Svedelius 1901) or sterility (Bauch 1954; Häyrén 1949) of receptacles. However, this
notion is debatable as recent receptacle rich observations have been made (S. Qvarford
pers. comm.; R. Preston pers. comm.).

Under this assumption, free-living populations should represent one/many ramets of a
genet within the parental attached population. However, this appears not to be the case,
with no ramets being shared between the two forms. In fact significant intraspecific
variation between the forms is observed (RhoCT = 0.013, P value = 0.001) although this only
explained a minor part (1%) of the total genetic variance. Consequently, we confirm that
nearby attached populations within our study do not appear to contribute to the free-living
populations. However, F. vesiculosus has a high rafting potential with dispersal in the form
of rafting having been suggested to be an important means of gene flow within the
attached population (Pereyra et al. 2013; Tatarenkov et al. 2005). Thus it seems plausible
that free-living populations are first formed through detachment of attached thalli but that
we have not sufficiently sampled all viable populations of origin and that parental
populations could be quite distant.

A B

Figure 6:  Principal component analysis (PCA) based on microsatellite allele frequencies (A) and
allele frequencies (B) from populations of the attached [blue] and free-living [orange] forms
from Paper II. Analyses include a single representative ramet per site (1228/1443). Alleles are
determined as the numbers of the repeat arrays. First and second axis plotted for PCA. Site
abbreviations: AS, Askö [circle]; HS, Hiddensee [triangle]; SA, Saaremaa [square]; SE, Seili [plus];
TZ, Tvärminne [square cross].
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Another source of thalli could come from other free-living populations. It could be argued
that free-living populations are actually a more likely source of detached thalli pieces as by
nature they are always unattached. However, the validity of this notion is questionable and
the dispersal capability of each form must be assessed before any conclusion regarding this
is made. Several free-living populations within each subbasin shared ramets potentially
supporting this origin, although these shared ramets may also potentially originate from
parental attached populations whereby multiple thalli pieces are removed from a single
attached thallus and transported to multiple free-living populations. Thus we conclude that
the origins of free-living populations are most likely distant populations of either attached
or free-living F. vesiculosus.

3.2| Regeneration

Despite previous studies having observed clonal multi-locus genotypes (MLGs) in several
attached populations at proportions of 7–36% (Ardehed et al. 2016; Johannesson et al.
2011a; Tatarenkov et al. 2005). Paper II determined that the maintenance of our attached
populations is nearly entirely by sexual reproduction. A geographic component restricted
connectivity at various levels (RhoSC = 0.08, P value = 0.001; RhoCT = 0.09, P value = 0.001).
This infers that sexual reproduction appears partially limited by distance, as observed by
the significant isolation by distance signal (Paper II), but dispersal between populations by
sexually viable thalli occurs.

Conversely free-living populations are not solely maintained by sexual reproduction with
asexual reproduction being common (Paper II). Clonality is pervasive in the free-living form,
but there are also particularly striking differences in the levels of clonality between free-
living populations. Populations at Seili are made up of <25% clonal MLGs whilst those at
Saaremaa consist of >60% clonal MLGs. This suggest that free-living populations are
heterogeneous, with the process of maintenance being population specific.

The occurrence of unique MLGs at a mean rate of 50% (range = 16–87%), indicates that
sexual reproduction may contribute to the maintenance of the free-living populations,
either through contributions by attached populations or by free-living thalli themselves.
However, the data in Paper II cannot provide comprehensive evidence to dispute the
previous assumptions that free-living populations are unable to reproduce sexually (Bauch
1954; Häyrén 1949; Svedelius 1901). The closest available comparison is an embedded
Fucus population in the western Baltic Sea, which remains largely infertile in natural and
culture conditions (Meichssner et al. 2021). However, as free-living sites originate from
attached populations there is indication that sexual reproduction may be viable as formerly
attached F. vesiculosus thalli retain their fertility even after long term cultivation
(Meichssner et al. 2021). The extent of current knowledge is inadequate to determine the
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sexual viability of free-living F. vesiculosus, though Paper II infers that sexual reproduction
is unlikely to occur extensively within the free-living form.

As previously mentioned, sexual reproduction is the dominant reproductive mode in the
attached population and thus they have the potential to provide new genets to free-living
populations in the form of dispersed zygotes. Zygotes from attached populations could
contribute to free-living populations if they settle in environments where attachment
substrates are unavailable or become detached from inadequate anchoring surfaces (Baker
and Bohling 1916; Boney 1966; Chapman and Chapman 1973; Fritsch 1945; Lee 1989).
However, gamete dispersal distances in the attached form are short (Serrão et al. 1997)
and the generally soft sediment dominated free-living habitats are unfavourable conditions
for small sexually recruited stages (Berger et al. 2003; Chapman and Fletcher 2002;
Eriksson and Johansson 2003; Shaughnessy 1982). Overall it seems that free-living sites are
hostile locations for the small sexually reproducing life stages of Fucus and thus they are
unlikely to significantly contribute to free-living population maintenance. Although our
current understanding of the importance of sexual reproduction in the free-living
population leaves much still unanswered.

Attached or free-living populations may also contribute ‘apparent’ unique MLGs to other
free-living populations due to the limitations of Paper II’s experimental design. A ramet can
be wrongly considered as a unique MLG if sampling effort does not reach the extent of the
genet’s distribution (i.e. if only a single ramet from a genet is genotyped then this ramet
would appear as a unique MLG). If we consider the likelihood that without sampling the
whole extent of the Baltic Sea F. vesiculosus population this may be a common
misrepresentation of ramets and thus clonality may potentially be under-represented.
However, it is not feasible to sample all F. vesiculosus populations within the Baltic Sea to
the required extent to identify the true accuracy of unique MLGs. I suggest that confirming
the viability of sexual reproduction in the free-living form is a more promising path to
provide indication to if the levels of unique MLGs are accurate.

Despite the limited understanding of the role of sexual reproduction in the free-living form,
it is undeniable that asexual reproduction is fundamentally important in maintaining
populations. Paper II determines a distinction between both forms, suggesting that ramets
from the attached populations do not solely maintain free-living populations.
Consequently, the free-living form must have some ability to maintain itself through
asexual reproduction. Free-living ramets could be produced by either clonal growth or
apomixis (Barrett, 2015). As free-living thalli are assumed sterile it is unlikely that free-
living thalli can produce zygotes through apomixis, and if so, the environmental conditions
are unfavourable for their survival. Thus the ramets are likely to be produced either
entirely or predominantly through clonal growth. The two prevalent mechanisms of clonal
growth in Fucus that could be associated with unattached forms are adventitious branches
and fragmentation. Adventitious branches are commonly found on several Fucus species
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including F. vesiculosus (Fritsch 1945; Kinnby et al. 2019) and provide the opportunity for
reattachment of asexual propagules (Tatarenkov et al. 2005). Within unattached forms,
adventitious branches have been suggested to detach from the parent thalli to form
separate ramets (Fritsch 1945). Transition into unattached forms has also been seen to
enhance fragmentation of all thalli parts (Mathieson and Dawes 2001). I have personally
observed this fragility of free-living thalli and the ease in which they break apart. As all
parts of the thallus are photosynthetically active (Kremer 1975) fragmentation of any part
holds the potential to produce a new ramet. Fragmentation has been seen to be an
important reproductive mechanism in mussel-associated, unattached F. vesiculosus forma
mytili (Albrecht 1998). Thus both are valid mechanisms for clonal growth in the free-living
form. The microsatellite genotyping used within Paper II cannot determine which of the
two is more likely or if they can even be considered mutually exclusive mechanisms of
asexual reproduction.

Frequent asexual reproduction has left signatures on the population structure, with free-
living populations being significantly less genetically diverse than their attached
counterparts, although the overall standing genetic variation is not extremely reduced (Hs:
attached = 0.64; free-living = 0.58. P value = 0.008). The free-living population structure
describes significant isolating processes both within and between subbasins (RhoSC = 0.21,
P value = 0.001; RhoCT = 0.08, P value = 0.001) with some populations within the same
subbasin being genetically differentiated despite relativity close proximities (e.g. TZ1 &
TZ3, 1.3 km; AS1 & AS5, 15.6 km)
(Figure 7). The origin and
regeneration of these populations
may explain this effect. If new free-
living populations were founded by a
small number of pioneer individuals,
genetic differentiation among
populations would increase due to
the founder effect. Thus the fine scale
population structure indicates
separate founding events for
differentiated populations and the
subsequent proliferation by asexual
reproduction of a few founding
individuals within these isolated
populations.

However, many populations within
the same subbasin are not
differentiated suggesting that there

Figure 7: Pairwise Rhost genetic distance matrix for the
free-living populations in Paper II. The top matrix
represents analyses with a single representative ramet
per site (1228/1443) whilst the bottom matrix includes
all ramets (1443). All Rhost values are non-significant
(>0.05) under Bonferroni correction. Populations within
the same subbasin are highlighted with a black box. Site
abbreviations:  AS, Askö; HS, Hiddensee; SA, Saaremaa;
SE, Seili; TZ, Tvärminne.
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may be dispersal of thalli between the populations. In fact, the presence of shared clonal
MLGs are a direct indication of dispersal of asexually recruited ramets at some point in
time between populations (Figure 8A). These shared clonal MLGs may either represent
direct dispersal between free-living sites or dispersal of several ramets from a single
attached site. Several of these shared clonal MLGs represent several ramets within each
population, suggesting that either large amounts of thalli pieces have been removed from
a single attached individual or that clonal growth within the free-living population
increases these genets’ representation within the free-living populations. The occurrence
of multiple dispersal events from attached populations, that would be required to create
the structure observed in Paper II, seems improbable. Thus the latter concept of dispersal
of a few ramets and subsequent clonal growth seems more plausible.

Unexpectedly, Paper II determined that unlike clonal populations of F. radicans where one
to a few clonal MLGs dominant (Ardehed et al. 2015), free-living populations instead
represent a mosaic of many genets with varying levels of representation. In fact, the
majority of clonal lineages were poorly represented with a mean of four ramets per genet
(Figure 8B). This explains the fairly high genetic diversity observed as no genotype is
particularly dominant, with up to 10 clonal MLGs being found within a single free-living
population. Note though that this is not consistent within all free-living sites, for example

A B

Figure 8: Proportion of multilocus genotypes in free-living sites (A) and whole
population (B) from Paper II. (A) Clonal MLGs, coloured (site-specific MLGs,
blue; shared MLGs, colours unique to clonal lineage); unique MLGs; black.
Numbers represent the amount of separate clonal lineages contained within
the site-specific MLGs. Site abbreviations: AS, Askö; HS, Hiddensee; SA,
Saaremaa; SE, Seili; TZ, Tvärminne. (B) Separated sections represent single
genets in clonal MLGs whilst all samples within the unique MLGs represent
singular genotypes. A total of 10 shared and 42 site specific clonal MLGs
were observed. Mean number of ramets per genet = 4.
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in TZ2 two clonal MLGs dominate 53% of the sampled thalli with all other clonal lineages
representing only 13%. Overall this gives fairly good indication that clonal growth of several
different genets within free-living populations is important in maintaining the population.

Just as with the origin, free-living populations are heterogeneous in the way they are
maintained. The reproductive modes are not mutually exclusive but undoubtedly asexual
reproduction is in the foremost of regenerating free-living populations. Although there are
still many avenues of research open to provide better clarity on for the regeneration of
Baltic Sea free-living F. vesiculosus.

3.3| Ecological role: Free-living F. vesiculosus as a habitat forming species

Complexity plays an important role within biological systems, manifesting from intra-clonal
and intraspecific levels up to community, habitat and ecosystem scales (Cadenasso et al.
2006). For example, intraspecific variation can alter plant-herbivore interactions and the
associated food webs (Barbour et al. 2016; Cruz-Rivera and Friedlander 2013) whilst
habitat complexity can be an important influence on biodiversity due to its ability to
support more associated species (Johnson and Agrawal 2005; Kovalenko et al. 2012). Fucus
vesiculosus is an important habitat-forming macroalga within the Baltic Sea known for
forming structurally complex canopies. Being known to express complex intraspecific
morphological variation (Kucera and Saunders 2008); much in response to abiotic and
biotic factors (Bäck 1993; Barboza et al. 2019; Kalvas and Kautsky 1998; Ruuskanen and
Bäck 2002); F. vesiculosus can provide complexity at intra- and inter-individual levels
through to habitat scales. The occurrence of structurally complex free-living F. vesiculosus
aggregations and the variation between them undoubtedly affects the benthic community
that these aggregations gather upon. Firstly, I investigate the phenotypic complexity of
morphological traits at population, individual, and intra-clonal levels to determine the
potential provision of complexity. I then document the associated faunal benthic
communities within these same sites.

3.3.1| Phenotypic complexity

Although all specimens used within this thesis can be confirmed as F. vesiculosus, the
samples themselves were polymorphous (Figure 9). Each of the free-living populations
displayed a diverse range of morphologies, but often samples could be easily identifiable as
belonging to a population on morphology alone. As well as being generally easily classified
by eye, the three recorded morphological traits were also confirmed to significantly differ
by population (Kruskal–Wallis H: thallus height = 42.95, P value = <0.001; wet weight =
40.18, P value =<0.001; mean thalli width = 61.19, P value = <0.001). Within population
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Figure 9: Free-living Fucus vesiculosus from the Baltic Sea, (A-C, E) from Askö, Sweden, (D, F) from
Olkiluoto, Finland. (A) Typical morph with narrowing growth [AS4], (B) Broad winged, moderately
crisp specimen with proliferations [AS3], (C) Broad winged, moderately crisp specimen displaying
aegagropiloid structure [AS3], (D) broad winged, moderately crisp on a miniature specimen [OL1],
(E) Dwarf specimen with proliferations [AS5], (F) Filiform dwarf [OL1]. Scalebars = 1 cm. Herbarium
specimens provided by Ellen Schagerström and Susanne Qvarfordt.
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variation was also recorded (Figure 10). This range of observed morphotypes was
particularly diverse at Tvärminne, in part due to several outlying, larger samples. The range
of morphotypes has been suggested to be a result of the time in which thalli have resided
as the free-living form. The ‘typical’ morphs, more akin to the attached morphology, were
then attributed to the newest individuals to be supplied to the population whereas atypical
dwarf morphs are older population members (Svedelius 1901). Thus the newly free-living
thalli displays a plastic response to stimuli relating to the free-living lifestyle. Fucus
vesiculosus is well documented to display phenotypic plasticity as a result of both biotic
(Haavisto et al. 2010; Peckol et al. 1996; Rohde et al. 2004; Rohde and Wahl 2008) or
abiotic (Peckol et al. 1996) stimuli. Therefore, at sites where multiple morphotypes can be
found, the more typical morphs have not yet undergone the morphological changes since
they are recent recruits to the free-living population, resulting in a mosaic of morphologies.
Both transformation experimentation (Mathieson et al. 2006) and natural observations
(Den Hartog 1959) of unattached Fucus species confirm that thalli can undergo
morphological transition over longer time periods. This therefore suggests that the variable
morphological traits observed within or between the sites are a result of phenotypic
plasticity forcing the transition into optimal morphology.

However, observations of sympatry within attached Fucus populations suggests that
different phenotypes may represent mosaics of genotypes adapted to specific
environmental conditions (Kalvas and Kautsky 1993), suggesting a genetic undertone for
the observed morphology. This notion is supported through Paper III. The free-living
population at AS5 displayed two sympatric morphotypes, which are presumably subjected
to the same environmental conditions yet
are easily distinguishable by eye. As these
two morphotypes display particularly high
genetic differentiation there is indication
that the morphological differentiation is
linked to the genetic differentiation (Figure
11).

Furthermore, the genetic component of
morphology is not only linked to the genes
of individuals, the genome size can also
influence this. In plants, the Gigas effect is
a common phenomenon whereby whole
genome replication increases the cell size
and consequently the whole body size
(Müntzing 1936; Sattler et al. 2016;
Stebbins 1971). Paper III demonstrates a
correlation between apparent polyploidy

Figure 10:  Principal component analysis (PCA)
displaying the three morphological traits at the six
sample sites from Paper III. First two axis plotted.
Colours represent populations. Ploidy levels
represented as diploid [circle] and polyploid
[triangle]. Abbreviations: TW, mean thallus width;
TH, thallus height; WW, wet weight of thallus; AS,
Askö; TZ, Tvärminne.
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and an increased size of morphological features suggesting that genome size changes may
influence the size of free-living thalli. All three morphological traits were significantly larger
in the polyploidy thalli (Mann-Whitney U: thallus height = 487, P value = 0.000; wet weight
= 1115.5, P value = 0.004; mean thalli width = 466, P value = 0.000). Thus I confirm that
genetic characteristics of a population can also influence the range of morphologies
displayed by the free-living population.

Although this new finding does not diminish the aforementioned concept of the
importance of phenotypic plasticity. Phenotypic plasticity is well known to contribute to
intraspecific variation (Pfennig et al. 2010) and Fucus species are well known for high
phenotypic plasticity (Padilla and Savedo 2013; Rugiu et al. 2018b). The novel situation that
free-living F. vesiculosus provides, whereby ramets are abundant within some populations,
allows this to be investigated further. If morphology were solely genetically controlled then
ramets, as genetically identical individuals, would be expected to be morphologically
similar with morphology being fixed. Paper III demonstrates significant morphological
variation in several site-specific clonal lineages supporting the concept that genetic factors
are not solely responsible for morphology. However, this intra-clonal morphological
variation may also be a result of genome changes during somatic growth (Santelices 2004;

Figure 11: Pairwise Rhost genetic distance matrix displaying sample sites at
Askö taken from Paper III. Site AS5 separated by morphotype (T, typical; N,
narrow). Analysis contains a single representative ramet per site. Bonferroni
corrected P values show significance at <0.05 (*). Values in brackets represent
physical distances between sites in kilometres. Images display the typical
morphology of randomly chosen thalli from each site. Abbreviations: AS, Askö.
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Santelices and Varela 1993) which cannot easily be disproven with the current available
genetic techniques for Fucus species.

Overall, free-living F. vesiculosus have the ability to display complex morphological series.
From this I propose that the potential for phenotypic complexity is high within this form
and also variable at the population and individual level. It is likely that a myriad of
environmental and genetic factors initiate this complexity. The diverse range of
morphologies within free-living F. vesiculosus indicates that free-living populations can
create highly complex canopies similar to those of the attached form, that are
heterogeneous in nature. This suggests that the presence of free-living F. vesiculosus could
have significant, yet variable, influence on ecosystems due to the important role
complexity plays in biological systems.

3.3.2| Associated benthic community

Baltic Sea benthic communities are typically characterised by low species diversity (Kotta
and Orav 2001). The addition of a higher complexity habitat forming algae is predicted to
affect the benthic community. Just as the individuals within a population are
heterogeneous (Paper III), the associated faunal benthic communities were found to differ
among free-living populations as well (Paper IV). PERMANOVAs supported a trend for
significant variation between the associated faunal benthic communities at the six sampled
sites (macroinfauna: Pseudo-F = 3.00, P value = 0.0001; epifauna: Pseudo-F = 3.69, P value
= 0.0001; metabarcoding: Pseudo-F = 3.80, P value = 0.0001). Despite the high variability,
several phyla were ubiquitous: Annelida, Arthropoda, and Mollusca (conventional) and
Annelida, Arthropoda, Nematoda, and Platyhelminthes (metabarcoding) (Figure 12A, B).
The presence of free-living F. vesiculosus altered the community composition at each site;
however no phyla was clearly confined to either habitat type. When considering the
conventional dataset to the lowest available taxonomic level, several taxa were found in all
sites including Chironomus sp., Peringia ulvae, and Theodoxus fluviatilis (Figure 12C, D).
These taxa are common components of the associated community of attached F.
vesiculosus (Rinne et al. 2022; Wikström and Kautsky 2007) and as opportunistic and
mobile taxa are known to benefit from algal cover (Norkko et al. 2000). Macoma (Limecola)
balthica were also found within all sites, although abundances were consistently lower
under the free-living aggregations. Their consistent occurrence was unexpected as M.
balthica are known to be negatively affected by algal cover (Norkko and Bonsdorff 1996;
Norkko et al. 2000). As a semi-mobile species it could be assumed that M. balthica lack the
ability to relocate outside the F. vesiculosus aggregation (Bonsdorff and Blomqvist 1993).
However, free-living F. vesiculosus populations are perennial and appear to remain
relativity stable in terms of coverage. Thus the idea that M. balthica were present before
the free-living aggregation formed is erroneous. I suggest that as a detritivore, some M.
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balthica may be actively selecting to make use of the decomposing algae
material/epiphytes on the surface and subsurface underneath the free-living aggregations
or using the algal cover as protection from predation. Free-living F. vesiculosus thus has a
habitat filtering effect whereby intraspecific trait variation within M. balthica influences
which habitat is preferentially utilised. A notable absentee from the community was
Idotea. As a genus typically found within the attached F. vesiculosus community (Korpinen
et al. 2007; Schagerström et al. 2014) the particularly low abundance was unexpected.
However, Idotea is known to fluctuate both spatially and temporally (Engkvist et al. 2000;
Kangas et al. 1982; Rinne et al. 2022). Thus the scarcity of Idotea may relate to natural
fluctuations within the population or directly to the characteristics of the free-living form.
Overall the associated faunal community of free-living F. vesiculosus shares many of the
typical species associated with the attached form alongside those more typically associated
with bare-sediment habitats.

Figure 12: Phylum-level metazoan diversity of free-living F. vesiculosus (A) and bare-sediment (B)
habitats when using the conventional approach or metabarcoding from Paper IV. Diversities to the
lowest available taxonomic ranking of macroinfaunal (C) and epifaunal (D) communities when
using the conventional approach. Free-living F. vesiculosus (left) and bare-sediment (right) habitat
diversities plotted side by side (C) and only for free-living F. vesiculosus habitats (D). In plots C and
D taxa with a relative abundance <10 % grouped into a single category. Abbreviations: AS, Askö;
TZ, Tvärminne.
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The addition of free-living F. vesiculosus appears to improve the biodiversity of benthic
communities in most cases by providing an additional habitat for epifaunal organisms.
Using the conventional sampling approach, species richness is consistently higher in
association with free-living F. vesiculosus habitats whilst in metabarcoding the trend of
higher species richness is only observed at Tvärminne (Figure 13). Shannon-Wiener
diversities are also greater in association with F. vesiculosus habitats when considering the
conventional dataset, although the metabarcoding does not support the same trend
(Figure 14). Unattached algal aggregations are often associated with high biodiversity (e.g.
Furcellaria lumbricalis (Kotta and Orav 2001), Gracilaria maramae (Alfaro et al. 2009),
Phyllophora crispa (El-Khaled et al. 2022; Rossbach et al. 2022, 2021), and mixed-species
drift algae mats (Lauringson and Kotta 2006)). Therefore, the higher complexity habitats
provided by unattached macroalgae often create a wide range of niches which in turn
reduces niche overlap and increases biodiversity (Huston and DeAngelis 1994; Levins
1979). Although few studies focus on Baltic Sea free-living F. vesiculosus, there is indication
that species richness can in fact be greater in the free-living form compared to the
attached form (Tiblom 2017). Free-living F. vesiculosus therefore acts as a habitat forming
species comparable to the attached form; creating a distinctive perennial habitat that
should be considered on its own merit rather than as an inconsequential extension of the
attached form. However, the presence of free-living F. vesiculosus on bare-sediments can
have a detrimental influence on the abundance of typically bare-sediment associated taxa
(e.g. M. balthica). The habitat filtering effect of permanent algal cover excludes species or
members from a species that possess inappropriate traits. Thus the infaunal community is

A B

Figure 13: Species richness measured by the conventional approach (A) and metabarcoding (B)
of the benthic communities from sites with and without free-living F. vesiculosus in Askö [AS]
and Tvärminne [TZ] from Paper IV. Colour codes: orange, Fucus habitats; blue, Fucus-free
habitats. Abbreviations: AS, Askö; TZ, Tvärminne.
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sorted according to the presence of traits
which are neutral or benefit from the altered
biotic and abiotic conditions provided by free-
living F. vesiculosus. As a consequence of this
habitat filtering, the associated free-living F.
vesiculosus faunal community should be
considered an intermediatory community
between typical bare-sediment communities
and those associated with the attached F.
vesiculosus form.

Figure 14: Shannon-Wiener diversity index
of habitat types by sampling approach:
conventional (A), metabarcoding (B) from
Paper IV. Abbreviations: AS, Askö; TZ,
Tvärminne.
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4| CONCLUSIONS & OUTLOOK

Through the papers included within this thesis it is confirmed that the Baltic free-living
Fucus is appropriately classified as F. vesiculosus. Connectivity between the forms occurs,
although gene flow is not completely free. There are considerable differences in the
population structure and reproductive modes of the forms. Overall it appears that free-
living populations originate from detached thalli from distant attached or free-living
populations and that once formed populations are partially maintained through asexual
reproduction within the population. This thesis also supports the continued use of two
separate classifications (typical and dwarf) (HELCOM 2013a) since high levels of genetic
differentiation occur between these morphotypes.

Free-living F. vesiculosus is an important component of the Baltic Sea ecosystem. Despite
some similarities to drift algae, the ecological significance of the free-living form should not
be deduced from these sporadic, decomposing mats. Their perennial nature provides a
complex habitat supporting high levels of biodiversity. In the species impoverished Baltic
Sea there is a lack of species with the same ecological niche and functional role.
Consequently, the endangered threat categories of some free-living habitats (HELCOM
2013a) merit concern. The lower genetic diversity, abundant asexual reproduction, and
higher isolation of free-living F. vesiculosus populations increase their potential
vulnerability to changing environmental conditions and renders it worth the continued
protection of these habitats. Free-living populations are more unstable than their attached
counterparts and whole populations have been lost in unfavourable flood situations (Bauch
1954) or winter storms (Norberg 1995). This is particularly concerning with the prediction
of increased storm events under climate change (Meehl et al. 2007). Equally, with the
prediction of changing salinity regimes and increasing temperatures (Meier et al. 2021),
highly clonal free-living populations may not have sufficient adaptive potential to persist
under changing conditions. Of further concern is that free-living populations are generally
found in sheltered, shallow areas often close to shore which are particularly vulnerable to
the effects of environmental change and eutrophication (Brito et al. 2012). The two forms
are interconnected, with free-living populations being reliant on contributions from the
attached form to create new populations but also at least partially self-sustaining once
formed. It is therefore imperative that conservation efforts target both forms with a
synergistic approach.

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ecological-niche
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OPEN ACCESS DATA

Paper I

DNA sequences are available under Genbank accessions MZ711443-MZ711447 (IGS) and
MZ779027-MZ779028 (23S)

Full concatenated and separate IGS and 23S datasets are available on Figshare:
10.6084/M9.FIGSHARE.17049041

Paper II

Individual genotype data are available on Figshare: 0.6084/M9.FIGSHARE.19361759

Paper III

Individual genotype and morphological data are available on Figshare:
10.6084/M9.FIGSHARE.19690930

Paper IV

Conventional and metabarcoding biodiversity data are available on Figshare:

10.6084/M9.FIGSHARE.20472768
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