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ABSTRACT

Marine dinoflagellates are an ecologically important phytoplanktonic group that accounts for
two thirds of all known harmful algal bloom (HAB) species. This study explores the population
ecology of Lingulodinium polyedrum (F. Stein) J.D. Dodge, a common bloom-forming
dinoflagellate species in Southern California. Lingulodinium polyedrum is not considered a
HAB species, but functions as one of the main model organisms for dinoflagellate biology. As
such, knowledge about this species also contributes significantly to the understanding of
dinoflagellate population dynamics at a more general level. In an attempt to understand some of
the complex interactions that govern L. polyedrum population ecology, laboratory experiments
of life cycle control and intraspecific phenotypic diversity were linked with an in situ study of
the population dynamics and the intraspecific genetic diversity of this species in coastal waters

of Southern California.

The life cycle experiments showed that processes such as gametogenesis and ecdysis of L.
polyedrum are influenced by photon flux density (PFD) and gave a first indication for an
involvement of the photosynthetic apparatus in the induction of gametogenesis in
dinoflagellates. The light acclimation experiments revealed, for the first time, intraspecific
phenotypic diversity in L. polyedrum. The two studied strains differed distinctly in their light
requirements and light acclimation ‘strategies’. For the study of intraspecific genetic diversity in
L. polyedrum a novel method was developed that allowed the genotyping of individual cells.
The application of this novel approach to natural populations showed that population genetic
exchange of L. polyedrum in the Southern California Bight is tied to water circulation patterns
and that both habitat structure and environmental change leave their signatures in the population

genetic composition of L. polyedrum.

This thesis represents one of the most comprehensive studies of dinoflagellate population
ecology and builds the basis for the development of a holistic concept of the population ecology

of L. polyedrum and other dinoflagellate species.
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Chapter 1

INTRODUCTION

1.1 General introduction

Marine phytoplankton are responsible for 40 to 50% of the global annual primary
production, forming the vast amount of approximately 45 gigatons of organic matter per
year (Falkowski and Woodhead 1992, Falkowski 1994, Behrenfeld and Falkowski
1997, Falkowski et al. 1998, Field et al. 1998). These numbers underline the immense
ecological importance of phytoplankton on a global scale and explain the traditionally
strong focus of phytoplankton research on primary production (Smayda and Reynolds
2003, El-Sayed 2005). Diatoms (Bacillariophyceae) are estimated to contribute about
half to the total of global primary production but also groups like the dinoflagellates
(Dinophyceae) and haptophytes (Prymnesiophyceae) add substantially to this figure
(Taylor and Pollingher 1987, Taylor 1990, Green et al. 1990).

The term phytoplankton is derived from the greek terms ‘phyton’ or plant and
‘planktos’ meaning ‘wanderer’ or ‘drifter’. Despite this terminology, which implies a
rather passive lifestyle, and their seemingly simplicity compared to higher plants,
phytoplanktonic organisms are highly adapted to their environment. They have evolved
effective mechanisms to influence their exposure to environmental factors, to acclimate
to changing environmental conditions as well as manipulate the environment in their
favour (e.g. Smayda and Reynolds 2003, Granéli and Turner 2006). Phytoplankton
population dynamics are the result of complex interactions of each individual with its
biotic and abiotic environment. Consequently, for a better understanding of
phytoplankton ecology at the species and population level, these interactions have to be
considered in their entireness (Donaghay and Osborn 1997, Roelke and Buyukates
2001). Such a holistic approach to phytoplankton ecology at the species and population
level is of particular importance for the understanding of harmful algal bloom (HAB)
dynamics (Smayda and Reynolds 2003). The increase of HABs on a global scale
(Hallegraff 1993) has driven this research and resulted in HAB species being among the



best studied phytoplanktonic organisms. However, despite major advances in
understanding HAB ecology, the sheer complexity of biological, ecological and
environmental interactions frequently impedes a full comprehension of how the
different ecological traits and adaptive strategies take effect in the natural environment,
how they influence phytoplankton population dynamics and how they lead to blooms

(Smayda 1997b, Smayda and Reynolds 2001, 2003).

Lingulodinium polyedrum (F. Stein) J.D. Dodge is a typical bloom-forming
dinoflagellate species in coastal upwelling regions but is not considered a typical HAB
species since adverse effects of blooms on marine life have not been attributed to toxins
but to the oxygen depletion during bloom senecense (Allen 1946, Lewis and Hallett
1997, Smayda and Reynolds 2003). Over the last few decades L. polyedrum has become
a model organism for dinoflagellate physiology and ecology (Lewis and Hallett 1997).
Building on this wealth of knowledge, the aim of the present study was to gain new
insights into the population ecology of this important bloom-forming dinoflagellate
species by linking laboratory experiments of life cycle control and intraspecific
phenotypic diversity with in situ studies of intraspecific genetic diversity over different
temporal and spatial scales in Southern California and in relation to the development of

natural populations.

Chapters 2 to 5 are structured in the format of research articles and only include
relatively concise introductions to the different aspects of the work presented here.
Chapter 1 is therefore intended to give a more general and in depth introduction to
HABs, the current challenges of studying phytoplankton population ecology, the
dinoflagellates in general and the studied species L. polyedrum in particular, and the
molecular genetic markers employed. Some of the aims and objectives of this project
will be introduced in the course of this general introduction but are also summarized at

the end this chapter.

1.2 Harmful algal blooms

Approximately three hundred phytoplankton species from different taxonomic groups
are known to form blooms (Sournia 1995) of which sixty to eighty species are

considered harmful algae (Hallegraeff 1993). The adverse effects that harmful algal



blooms (HABs) exert on other organisms are a result of toxins that these species
produce and/or other effects such as anoxia during bloom senescence (Smayda 1997a).
Accumulating evidence suggests that since the 1970s-80s the frequency, magnitude and
duration of benign and also toxic, noxious, or otherwise harmful algal blooms increased
on a global scale (Smayda 1990, Hallegraeff 1993). Some of this apparent increase may
be a result of increased scientific awareness rather than an actual increase in bloom
occurrence but in some well documented cases coastal eutrophication and the
translocation of non-indigenous species via ship’s ballast water could be linked to the
occurrence of blooms (Hallegraeff and Bolch 1991). The dinoflagellates are a
particularly noxious taxonomic group that accounts for 75% of all known HAB species
(Smayda 1997a). Dinoflagellate blooms can cause extensive fish and shellfish kills,
resulting in substantial economic losses and represent a risk to human health since
shellfish that is contaminated with dinoflagellate toxins can cause illnesses such as
diarrhetic (DSP) and paralytic shellfish poisoning (PSP) (Brett 2003, Osek et al. 2000).
Exploring the complex interactions that govern outbreaks of harmful algal blooms is a
particular focus of HAB research (Donaghay and Osborn 1997, Roelke and Buyukates
2001). However, as pointed out by Smayda (1997b), the study of HAB dynamics is not
only essential for a better prediction and management of these events, but also holds the

chance for a general improvement of understanding phytoplankton dynamics.

1.3 Challenges in the study of phytoplankton population ecology

Despite major advances in understanding the environmental factors that influence the
dynamics of HABs and phytoplankton populations in general, significant gaps in the
knowledge remain. The complexity of interactions at different levels of biological
organization (e.g., physiological, life cycle, population, trophic) makes the study of
population ecology a difficult task in any species. However, in phytoplankton ecology

even the concepts of ‘species’ and ‘population’ are not easily defined.

Species and population concepts

The different species concepts, e.g. morphological, biological or genetic species

concepts follow their own definitions of a ‘species’, hence the identification of a species



depends on the employed species concept(s) (see review by Manhart and McCourt
1992). Solely morphological criteria, for example, are not always sufficient to
distinguish between different phytoplankton species and sometimes only molecular
genetic tools have the discriminative power to distinguish between otherwise cryptic or
pseudo-cryptic species (Montresor et al. 2003, Sdez et al. 2003, Sarno et al. 2005,
Amato et al. 2007). The term ‘population’ is also difficult to define and there is an
ongoing debate as to whether phytoplankton species form panmictic populations (e.g.
Finlay and Clark 1999, Finlay 2002) or whether they are divided into different
populations (e.g. Medlin 2007).

Life cycle and population dynamics

Another challenge in the study of phytoplankton population ecology is to link the life
cycle of a species with its population dynamics (Wyatt and Jenkinson 1997, Garcés et
al. 2001). For example, ecdysal cysts can be less prone to viral infections, grazing and
parasitic attack, they contribute to the dispersal of species and play key roles in the
initiation, maintenance, and termination of blooms (Anderson and Morel 1979,
Anderson et al. 1983, Dale 1983, Walker 1984, Ishikawa and Taniguchi 1996, Kremp
and Heiskanen 1999, Montresor 2001, Zingone et al. 2001, Anderson and Rengefors
2006). Knowledge of how a species’ sexual life cycle is controlled by the environment
and how it is interlinked with its population dynamics is however still in its infancy
(Wyatt and Jenkinson 1997, Garcés et al. 2001). The way a species reproduces has also
a direct effect on its population genetic diversity, such that genetic diversity in mainly
asexually reproducing species is generally lower than in sexually reproducing species
(Kondrashov 1997). This leads to another challenging subject in the study of
phytoplankton ecology: intraspecific genetic and phenotypic diversity.

Intraspecific genetic and phenotypic diversity

In the first population genetic study of a microalgal species Jane Gallagher showed that
winter bloom populations of the diatom Skeletonema costatum were genetically
different from the prevalent summer bloom populations of the same species (Gallagher
1980). Without this knowledge about the population dynamics at the genetic level, the
occurrence of summer and winter blooms of the same species would have been difficult

to interpret. The study by Gallagher is therefore a good example of how the integration



of population genetic data can help in the understanding of phytoplankton population
dynamics. The occurrence of extensive intraspecific diversity in phytoplankton has
since been demonstrated at the phenotypic level e.g. in growth rates (Gallagher 1982),
tolerance to temperature and salinity (Krawiec 1982, Brand 1984) and toxin profiles
(Bomber et al. 1989), to name just a few, as well as at the genetic level (e.g. Cembella
and Taylor 1986, Scholin and Anderson 1994, Scholin et al. 1994a, b, Rynearson and
Armbrust 2000). Intraspecific diversity has however only been assessed in a relatively
small number of species and one of the main challenges is to relate intraspecific

diversity to the dynamics of phytoplankton populations.

1.4 The dinoflagellates (Dinophyceae)

One of the three dominant eukaryotic phytoplankton groups in modern oceans is that of
the dinoflagellates (Dinophyceae) (Falkowski et al. 2004). Geologically, dinoflagellates
are an old group with a fossil record dating back to the Upper Silurian (Walker 1984).
Today, approximately 1500-2000 dinoflagellate species are recognised, of which 90%
are found in marine, and the other 10% in fresh water environments (Taylor 1990,
Sournia 1995, Gémez 2005). Accompanied by the development of numerous forms of
nutrition, dinoflagellates have evolved to colonize a broad range of habitats. About half
of the dinoflagellate species are heterotrophs, the other half are either photoautotrophs
or more often photoheterotrophs (Elbrachter 1991). The boundaries between
phototrophy and heterotrophy are however diffuse in this group and an increasing
number of species (including L. polyedrum) are found to be obligate or facultative
mixotrophic (Jeong et al. 2005a, 2005b). Furthermore, a number of heterotrophic
species are parasitic, causing severe illnesses on their hosts, and some phototrophic
species have developed into symbiotic zooxanthellae in different hosts, such as corals

and anemones (Taylor 1987).

Dinoflagellate morphology and taxonomy

Dinoflagellates are mainly unicellular organisms with cell sizes ranging from
approximately 5 um to more than 2 mm. The group is defined by a number of shared

characters such as: a unique nucleus, the dinokaryon, which contains permanently



condensed chromosomes and the occurrence of two dissimilar flagella (a longitudinal
and the transversal flagellum) at some stage during the life cycle. The two flagella
protrude through the cell wall via the flagellar pore(s). Typically, the transverse
flagellum runs around the cell in a furrow called cingulum while the longitudinal
flagellum runs down the sulcus, a depression on the ventral side at the point of flagellar
insertion, and extends tangentially to the cell and perpendicular to the plane of the
transverse flagellum. The beating of the longitudinal flagellum and the transverse
flagellum result in a spiralling swimming motion, which defines the anterior and

posterior of the cell (Fig. 1.1).

apex or anterior

apical
horn plates number
flagellar and
epitheca < pore(s) sutures | arrangement
= tabulation
cingulum—
hypotheca < flagella
y ) antapical horns
sulcus antapex or posterior
ventral view dorsal view

FIG.1.1 Basic anatomy of a thecate dinoflagellate (modified after Evitt 1985).

The main taxonomic features to delineate the different dinoflagellates within the class
Dinophyceae are cell shape, features of cell covering, and the orientation of flagella.
The cell cover consists of an outer membrane, underlying flattened amphiesmal
vesicles, followed by microtubules, sometimes other membranes, and a pellicular layer
(Lewis and Hallett 1997). The presence or absence of a visible cell cover allows a
distinction between naked (non-armored) and thecate (armored) dinoflagellates. The
difference between naked and armoured species lies in the extent of thecal plate

formation in the amphiesmal vesicles and the patterns the plates build.

Due to the diversity of nutritional strategies and other plant- and animal-like features,

the motile life stages of dinoflagellates have been described by both botanists and



zoologists, while dinoflagellate cysts from the fossil record have been described
independently by geologists (e.g. Deflandre and Cookson 1955). According to the
International Code of Zoological Nomenclature (ICZN), dinoflagellates belong to the
order Dinoflagellida or Dinoflagellata, whereas the International Code of Botanical
Nomenclature (ICBN), which today is the more widely accepted nomenclature, puts
dinoflagellates into the phylum (division) Pyrrophyta or Dinophyta (Fensome et al.
1993, Greuter et al. 2000). Based on improved methods for the characterization of fine
structural morphological differences and a more widespread use of molecular genetic
tools, today eleven orders of free living dinoflagellates are recognized (Fensome et al.
1993, Greuter et al. 2000, Gémez 2005). The two largest orders are the naked
Gymnodiniales (Lemmermann 1910) and the armored Peridiniales (Haeckel 1894). The
naked Gymnodiniales have thecal vesicles containing no plates or, at most, granular
material. Typical genera within this order are Gymnodinium, and Gyrodinium. In the
armored Peridiniales the thecal vesicles contain thick, often patterned plates. Typical
genera of this order are Gonyaulax, Alexandrium and Lingulodinium (Fensome et al.

1993, Greuter et al. 2000, Gémez 2005).

Lingulodinium polyedrum, the subject of study in the present work, is a good example
of an attempt to unite the different taxonomic keys. The motile stage, originally named
Gonyaulax polyedra (Stein 1883) and the corresponding cyst stage, originally named
Hystrichosphaeridium machaerophorum (Deflandre and Cooksen 1955) today are

merged under the name, Lingulodinium polyedrum (F. Stein) J.D. Dodge.

1.5 The bloom-forming dinoflagellate species Lingulodinium polyedrum

Lingulodinium polyedrum 1is a planktonic, single celled, marine, photoheterotrophic
dinoflagellate species. Together with Lingulodinium milneri (Murray et Whitting 1899)
Dodge 1989 it represents the whole genus Lingulodinium, which, alongside the closely
related genera Gonyaulax and Alexandrium, belongs to the family Gonyaulacaceae
(Lindemann 1928) and the order Peridiniales (Haeckel 1894) (Greuter et al. 2000,
Goémez 2005). The distinctive morphology and the relative ease of culturing L.
polyedrum have lead to numerous investigations both in the laboratory and in the field.
As a result, L. polyedrum has become one of the best-studied dinoflagellate species in

terms of its cell chemistry, life cycle, physiology, as well as behaviour, ecology and its



fossil record (reviewed by Lewis and Hallett 1997). The toxicity of L. polyedrum has
long been argued but recent results confirmed that L. polyedrum is capable of producing
yessotoxin (Paz et al. 2004, Armstrong and Kudela 2006). The detailed knowledge
about this species and the ecological importance of L. polyedrum blooms in coastal
environments makes it an excellent model organism for a population ecological study of

a typical bloom-forming dinoflagellate species.

Morphology and physiology of L. polyedrum

Lingulodinium polyedrum possesses a benthic cyst stage and a planktonic motile stage.
The benthic cyst stage is a spherical body of 31- 54 um in size with numerous spines of
variable length and shape (Reid 1974). The motile, vegetative life stage is a thecate
single cell of 25-54 um in diameter with well defined cellulose plates (Lebour 1925). Its
plate formula (tabulation) is Po, 3°, 3a, 6, 6¢, 7s, 6’”°, 1p, 1°°”°, giving the cell an
angular or polyhedral appearance in ventral and dorsal view, and appearing circular in

apical view (Dodge 1989) (Fig. 1.2).

FIG. 1.2 Morphology of Lingulodinium polyedrum. A) SEM image of a natural sample of L. polyedrum
collected in La Jolla Bay showing cells from different angles. B) Tabulation (plate pattern) of L.
polyedrum from apical (top) and posterior view (bottom). Plates are labelled using conventional Kofoid
symbols: apical plates ('), precingular plates ("), postcingular plates ("), antapical plates ("), anterior

intercalary plates (a), posterior intercalary plates (p) (redrawn after Lewis and Hallett 1997).



Lingulodinium polyedrum has been the subject to a wide range of physiological studies
covering aspects such as nutrient requirements, its tolerance to salinity, temperature and
turbulence as well as its bioluminescence capabilities and the circadian control of its
physiology (reviewed by Lewis and Hallett 1997). Since the present study included
work on two light related processes: intraspecific variability of light acclimation and the
influence of irradiance on the life cycle of L. polyedrum, a brief summary of

photophysiology related work is given here (see chapter 4 for further details).

Lingulodinium polyedrum possesses a chlorophyll (chl) a-chl ¢ carotenoid pigment
system with chl c, as accessory chlorophyll and peridinin as major accessory carotenoid
(Boczar and Prézelin 1987). Additional carotenoid pigments in L. polyedrum include
diadinoxanthin, diatoxanthin, dinoxanthin, and f3—carotene (Jeffrey et al. 1975, Jeffrey
1976). Light acclimation of L. polyedrum involves changes of the photosynthetic
pigments chl a/c and peridinin (Prézelin and Sweeney 1978, Boczar and Prézelin 1987),
a common type of light acclimation in phytoplankton (Richardson et al. 1983, Raven
and Geider 2003). The study of L. polyedrum has substantially contributed to the
understanding of photosynthesis and light acclimation in dinoflagellates. However, most
photophysiological studies in L. polyedrum were based on one single strain (e.g.
Prézelin and Sweeney 1978), meaning that intraspecific diversity had not been
considered. One objective of the present study was to reduce this gap in the knowledge
by comparing the light acclimation of different strains of L. polyedrum. The aim was to
assess whether, and if so, how photophysiology may vary intraspecifically in L.
polyedrum and to start exploring how intraspecific photophysiological diversity may

affect the population ecology of L. polyedrum.

Life cycle of L. polyedrum

The life cycle of L. polyedrum includes motile and non-motile cells, sexual and asexual
stages. Figure 1.3 shows the three main processes that constitute the life cycle of L.
polyedrum: vegetative (asexual) reproduction, formation of ecdysal stages, and sexual
reproduction summarized after Lewis and Hallett (1997) and Figueroa and Bravo
(2005). Vegetative reproduction is assumed to be the dominant form of reproduction in
L. polyedrum and other dinoflagellates. The cells are haploid during this stage and
reproduction occurs via binary fission either by sharing of thecal plates (desmoschisis)

or by division after the shedding of the theca (eleutheroschisis). Asexual ecdysal cysts
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(sometimes referred to as temporary cysts) are formed when conditions become
unfavourable. They lack a mandatory dormancy period, allowing a quick return to the
water column once conditions improve (reviewed by Lewis and Hallett 1997). The
sexual life cycle starts with the formation of gametes, which are morphologically very
similar to vegetative cells but appear lighter in colour and are slightly smaller (Kokinos
and Anderson 1995). In a recent study, Figueroa and Bravo (2005) showed, that L.
polyedrum exhibits simple heterothallism (two sexual types, +/-). During sexual
reproduction, gametes of opposite sexual types fuse to form a diploid planozygote.
Depending on nutrient availability, this planozygote either forms a resting cyst, or a

sexual ecdysal cyst.

2
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FIG. 1.3 The life cycle of Lingulodinium polyedrum (modified after Lewis and Hallett 1997 and Figueroa
and Bravo 2005).

Resting cysts sink to the benthos where they have a mandatory dormancy period of
typically 2 to 4 months (Figueroa and Bravo 2005). Triggers for germination vary
between species but are typically linked to light levels as well as nutrient and oxygen
concentrations (Anderson et al. 1987). Both the ecdysal sexual and the resting cysts
germinate into a planomeiocyte that returns to the vegetative state by dividing into two

haploid cells (Lewis and Hallett 1997, Figueroa and Bravo 2005). In cultures, nutrient
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stress has been shown to induce the sexual life cycle in L. polyedrum (Blanco 1995,
Figueroa and Bravo 2005). However, it is not known whether sexual reproduction in
natural populations is triggered by nutrient stress and the role of other environmental
factors than nutrient stress in controlling the life cycle of L. polyedrum has also not been
explored. With the aim to provide the basis for a better integration of life cycle
processes into the study of population dynamics, one objective of this study was to test

whether life cycle control in L. polyedrum is influenced by irradiance.

Biogeography and physiological ecology of L. polyedrum in Southern California

Lingulodinium polyedrum 1is recorded in many parts of the world (Dodge 1982,
Steidinger and Tangen 1997) and has been described as a cosmopolitan estuarine
species of cool temperate to tropical regions (Wall et al. 1977). The distribution of L.
polyedrum over a wide range of biogeographical zones has led to the suggestion that L.
polyedrum may have several different ecotypes that occupy different ecological niches
(Harland 1983). The occurrence of a thin-walled cyst type in Gulf of California and in
subtropical assemblages from Australia may support this hypothesis (see Lewis and

Hallett 1997).

The physical and chemical characteristics of Pacific coastal waters are influenced by
large-scale ocean circulation patterns (Horner et al. 1997). The North Pacific Current
approaches the west coast of the United States at approximately 45° N, where a large
portion of the water mass turns south to form the California Current System (CCS). The
CCS is an eastern boundary current affected by seasonal coastal upwelling during spring
and summer in response to strong and persistent northwest winds (Reid et al. 1958,
Hickey 1989). One of the sharpest hydrographical and biological boundaries in this
region occurs at Point Conception due to a counterclockwise circulation of water masses
in the Southern California Bight (U.S. GLOBEC 1994). Surface waters north of Point
Conception are typically high in nutrients during the upwelling season (Garrison 1979)
whereas surface waters in the Southern California Bight generally have lower nutrient
concentrations except during periods of strong upwelling (Eppley et al. 1978). The
geographic distribution of L. polyedrum along the Californian Coast extends to
approximately 35° N, just north of Point Conception. To the South, the distribution is
less clear, extending to the Pacific Coast of Mexico (Hernandez-Becerril 1988) and

further with a recent report of the first L. polyedrum bloom in Costa Rican waters
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(Morales-Ramirez et al. 2001). From a population genetic point of view, the occurrence
of L. polyedrum beyond Point Conception to the North is very interesting, as it raises
the question whether populations north and south of this point are genetically different.
One of the aims of the present study was to test the hypothesis of whether the
hydrographical boundary at Point Conception represents an effective barrier for genetic

exchange.

In the Southern California Bight blooms of L. polyedrum are common from April to
November and are associated with calm, warm weather conditions (Allen 1946, Holmes
et al. 1967, Eppley and Harrison 1975). Physical oceanographic features, which seem
important for the development of L. polyedrum blooms in this area, are the formation of
a shallow (< 10m) nutrient-deplete mixed surface layer, a steep thermocline and
nutrient-rich deeper water masses (Eppley and Harrison 1975). Lingulodinium
polyedrum is able to exploit these conditions by diurnal vertical migration (DVM) to the
nutricline, taking up nutrients at night and photosynthesising in surface waters during
the day (Eppley and Harrison 1975, Harrison 1976, Heaney and Eppley 1981). Figure
1.4 summarizes the physical conditions and the physiological ecology of L. polyedrum

in Southern California according to Lewis and Hallett (1997).
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= DVM \ Formation of
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Excystment
Dormancy
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FIG. 1.4 Physiological ecology of Lingulodinium polyedrum (modified after Lewis and Hallett 1997).
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Although the diagram of Lewis and Hallett implies that sexual reproduction occurs at
the end of the growth period, the extent of asexual versus sexual reproduction in L.
polyedrum and whether sexual reproduction occurs continuously or as a concerted event
in time and space is actually untested. As mentioned above, in cultures of L. polyedrum,
gametogenesis can be induced by nutrient limitation (Blanco 1995, Figueroa and Bravo
2005). Since one of the characteristics of surface waters during L. polyedrum blooms
along the Californian Coast is nutrient depletion, there may be a link between phases of
sexual reproduction and blooms. One of the objectives in the present study was to
monitor the development of natural populations of L. polyedrum over time and space
and to identify phases of sexual reproduction in order to test whether sexual
reproduction is associated with bloom formation. A main biological advantage for
sexual reproduction to occur during periods of dense blooms could lie in an increased
encounter rates with mating partners (Wyatt and Jenkinson 1997), and in the frequently
observed onshore transport of blooms, which may help in the establishment of cyst beds

for future growth periods (Donaghay and Osborn 1997).

1.6 Molecular genetic markers in phytoplankton ecology

In the last two decades, a variety of molecular genetic tools have become available for
high-resolution genetic studies at the population level (Parker et al. 1998, de Bruin et al.
2003, Nybom 2004, Agarwal et al. 2008). The choice of a particular molecular marker
depends on the extent of genetic polymorphism required to best answer the specific
scientific question. It is not the scope of this section to review existing molecular
genetic markers and the following sect