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1. INTRODUCTION 

1.1 Microalgae 

Microalgae are unicellular eukaryotic organisms that inhabit different aquatic 
environments. Their size ranges from a few micrometres to almost a millimetre, and 
they can live as single cells or form chains or colonies. Despite their minute size, 
photosynthesizing microalgae constitute the basis of the aquatic food web and 
generate about 48% of the annual net primary production (Field et al., 1998). 
Autotrophic microalgae inhabit the photic zone of the water column, where there is 
enough light and nutrients available for photosynthesis (Figure 1). This study 
focuses on two groups of microalgae: dinoflagellates and diatoms. 

 

Figure 1. Diatom and dinoflagellate cells in plankton and sediments 

There are more than 1000 dinoflagellate species capable of photosynthesis 
(Gómez, 2012), whereas diatoms are the most species-rich group of microalgae 
with more than 8000 species (Guiry, 2012). Diatoms contribute around 50% of the 
total microalgal primary production (Nelson et al., 1995; Rousseaux and Gregg, 
2013), and they are characterised by the silica frustule that comprises of two 
overlapping valves, similarly to a Petri dish. Planktic diatoms are non-motile 
(Crosta and Koç, 2007), thus depending on buoyancy and water movement to stay 
suspended in the photic zone. Contrary to diatoms, dinoflagellates have two flagella 
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that allow them to move in the water column, e.g. to utilise nutrients at different 
depths (Cullen, 1985). This difference has formed the basis of a classic view that 
diatoms benefit from turbulence, whereas dinoflagellates are favoured by 
stratification (Margalef, 1978). 

Some species from both groups produce benthic resting stages that provide an 
escape from unfavourable environmental conditions and also act as a seed 
population for inoculating future blooms (Dale, 1983; McQuoid and Hobson, 1996; 
Bravo and Figueroa, 2014). The seed beds can be very abundant, for example up to 
50 000 diatom and 200 dinoflagellate resting stages per gram of wet sediment have 
been reported from Scandinavia (McQuoid et al., 2002). Diatom and dinoflagellate 
resting stages accumulated in the sediments may remain viable for several decades 
(McQuoid et al., 2002; Lundholm et al., 2011). 

1.2 Spring bloom in the Baltic Sea 

In a temperate climate, spring bloom is the time for highest primary production in 
the aquatic environments. During winter, the water column is deeply mixed 
through, thus more nutrients become available in the surface layer. The onset of 
spring bloom is governed by irradiance and mixing depth (Sverdrup, 1953; Mignot 
et al., 2016). Spring bloom develops when the upper mixed layer becomes 
shallower than the euphotic zone (Wasmund et al., 1998). In the Baltic Sea, salinity 
has been reported as the main factor governing the stratification needed for the 
development of spring bloom. Stratification also influences how the bloom 
propagates, i.e. from more stratified coastal areas to less stratified central areas 
(Kahru and Nõmmann, 1990). This spreading pattern corresponds well with the 
long-term data showing that the spring bloom usually develops first in the southern 
basins at the end of March or early April, about 12 days later in the Gulf of Finland 
and the latest in the Baltic Proper (Fleming and Kaitala, 2006; Groetsch et al., 
2016). The highest spring bloom intensity has been reported from the Gulf of 
Finland (Fleming and Kaitala, 2006) and the overall spring bloom intensity of the 
south-north transect correlates with winter surface nutrient concentrations (Fleming 
and Kaitala, 2006; Groetsch et al., 2016). 

Spring bloom phytoplankton community in the Baltic Sea is governed by 
diatoms and dinoflagellates (Andersson et al., 1996; Wasmund et al., 1998; 
Jurgensone et al., 2011; Lips et al., 2014). Chain-forming Skeletonema marinoi 
Sarno & Zingone, is one of the common and abundant spring bloom diatom species 
in the Baltic Sea (Gasinaite et al., 2005; Spilling, 2007, there as S. costatum). From 
dinoflagellates, Biecheleria baltica Moestrup, Lindberg, & Daugbjerg 2009, 
Scrippsiella hangoei (Schiller) Larsen 1995, Gymnodinium corollarium Sundström, 
Kremp & Daugbjerg 2009 and Peridiniella catenata (Levander) Balech 1977, are 
the most dominating spring bloom species in the northern Baltic Sea (Heiskanen 
and Kononen, 1994; Hällfors, 2013; Klais et al., 2013; Lips et al., 2014). The three 
first dinoflagellate species cannot be easily separated under light-microscope during 



 

11 

routine phytoplankton analysis. Interestingly, the three-species complex has low 
abundances in the plankton community in the Gulf of Riga (Estonian 
Environmental Agency, 2015), although the conditions there are considered suitable 
for the species (Klais et al., 2013). Dispersal limitation by the currents and 
encystment as a response to a changing salinity and temperature have been 
suggested as the main factors inhibiting the establishment of the species in the Gulf 
of Riga (Klais et al., 2013). 

Dinoflagellates have become more dominating over recent decades in some 
basins of the Baltic Sea (Wasmund and Uhlig, 2003; Klais et al., 2011). This 
pattern has been associated with the stratification of the water column in winter and 
early spring that favours dinoflagellates over diatoms (Wasmund and Uhlig, 2003; 
Klais et al., 2011). The increase in dinoflagellate proportion influences the quality 
and quantity of the food available for benthos as well as the oxygen consumption at 
the sediment surface. While diatoms sediment quickly and reach the benthos intact, 
most dinoflagellate cells disintegrate in the water column or arrive at the sediment 
surface as cysts (Heiskanen and Kononen, 1994), which are resistant to degradation 
(Dale, 1983) and grazing in some species (e.g. Kremp and Shull, 2003; Montresor 
et al., 2003). Thus, the oxygen consumption at the sediment surface reduces with 
the increase of resting stages proportion compared with the degradation of diatoms 
and dinoflagellate cells (Spilling and Lindström, 2008). 

1.3 Community structures of microalgae resting stages 

All of the above-mentioned species produce resting stages (Kremp, 2000b; 
Mcquoid et al., 2002; Kremp et al., 2005; Moestrup et al., 2009; Sundström et al., 
2009). Microalgae resting stages species composition and abundances are 
influenced by the life cycle events as well as by other biotic and abiotic parameters 
(Dale, 1996; Kremp, 2000c; Persson and Rosenberg, 2003; Crosta and Koç, 2007; 
Montresor et al., 2013). Formation of resting stages is usually a response to 
environmental stress, e.g. depletion of nutrients, unfavourable temperatures or 
increased grazing (Oku and Kamatani, 1997; Anderson and Rengefors, 2006; 
Kremp et al., 2009). Thus, resting stages community composition and abundance 
can be related to different environmental conditions prevailing during their 
formation (Godhe and Mcquoid, 2003; Weckström and Juggins, 2006). After 
formation, the resting stages sink to the seabed, however during and after the 
sedimentation they can be affected by horizontal transport (Wang et al., 2004). For 
example, the dinoflagellate resting stages have similar hydrodynamic characteristics 
as fine silt particles (Dale, 1976) and thus can be easily resuspended and transported 
by the near-bottom currents. Further, the dinoflagellate resting stages are often 
found in high abundances from areas where fine-grained sediments dominate 
(Nehring, 1994; Anderson et al., 2005; Narale et al., 2013). The resting stage 
abundance and species diversity may provide an indication of the magnitude and 
community composition of future blooms (McQuoid and Godhe, 2004; Anderson et 
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al., 2005). However, it is important to recognise that the proportion of resting stages 
produced compared to vegetative population varies between species (Kremp, 
2000c). In order to inoculate future blooms, the resting stages have to germinate, 
which can be inhibited in the sediment or at the sediment surface due to low oxygen 
conditions, presence of hydrogen sulphide or darkness (McQuoid and Hobson, 
1996; Kremp and Anderson, 2000). Thus, resuspension of resting stages can be 
necessary for receiving cues for germination (Eilertsen et al., 1995; Nehring, 1996; 
Kremp, 2001; McQuoid et al., 2002). In dinoflagellates, increase in empty resting 
stage abundance between different sampling times has been explained by 
germination (Giannakourou et al., 2005), whereas an increase in live resting stage 
abundances after the bloom has been connected with the new production of resting 
stages (Kremp and Anderson, 2000; Anglès et al., 2010). 

1.4 Population structures of microalgae 

It has been hypothesized that microbial organisms are homogeneously dispersed 
due to their large population sizes and continuous dispersal by currents, wind and 
other organisms (Finlay, 2002). Despite this, intraspecific genetic structuring have 
been reported for several cosmopolitan microalgae (Rynearson and Armbrust, 2004; 
Nagai et al., 2009; Casteleyn et al., 2010). In addition to differences in spatial 
scales, population genetic differentiation in the same locality on a temporal scale 
has also been reported (Alpermann et al., 2009; Godhe and Härnström, 2010; 
Härnström et al., 2011; Tesson et al., 2014). Genetic differentiation between sub-
populations has been related to isolation by distance (Nagai et al., 2007; Casteleyn 
et al., 2010), limited connectivity due to circulation (Casabianca et al., 2011; Godhe 
et al., 2013), as well as to differential environmental selection (Rynearson et al., 
2006; Sjöqvist et al., 2015). The latter supports the development of local adaptation 
in populations (Blanquart et al., 2013; Orsini et al., 2013), which increases the 
phenotype-environment mismatch for the later immigrants (Marshall et al., 2010). 
Local adaptation is defined as improved fitness of a population in its native habitat 
compared to a foreign habitat or as higher fitness in native habitat compared to a 
foreign population introduced to the same habitat (Kawecki and Ebert, 2004; 
Blanquart et al., 2013). Local adaptation may develop rapidly after the colonisation 
of a new habitat, given the quick population growth and the presence of divergent 
selection between different habitats (Lohbeck et al., 2012). The production of 
resting stages as a part of life cycle may further enhance reduced connectivity 
through the priority effects, i.e. higher relative abundances of the first coloniser 
compared to new migrants (De Meester et al., 2002; Sefbom et al., 2015). 

1.5 Motivation and objectives 

In the Baltic Sea, the highest amount of new organic matter is produced during the 
spring bloom. Locations of major cyst beds have been reported for the spring 
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dinoflagellates in the north-eastern Baltic Sea by Olli and Trunov (2010). However, 
the contribution of cysts from those areas to the initiation of blooms is not known. 
They also report differences in the cyst distribution and motile cell abundances, 
suggesting that cyst production and deposition areas may not be the same (Olli and 
Trunov, 2010). Better knowledge on the influence of different factors on the cyst 
distribution and input to the blooms is essential to predict future bloom intensities 
and dispersal, with emphasis on harmful species (Forrest et al., 2009; Casabianca et 
al., 2011).  

Physical-chemical factors can also shape intraspecific genetic diversity 
(Johannesson and André, 2006; White et al., 2010; Sjöqvist et al., 2015). High 
genetic diversity, rapid generation time and large population size provide potential 
to respond and adapt to the changes in the environment (Bell and Collins, 2008; 
Lohbeck et al., 2012; Collins et al., 2014). Although the importance of genetic 
diversity on ecosystem processes has been recognised (Duffy and Stachowicz, 
2006; Hughes et al., 2008), more knowledge on the factors generating and forming 
genetic diversity is needed. This is particularly relevant regarding global change 
(Pauls et al., 2013). Genetically diverse populations have the potential to cope with 
disturbances more efficiently than less diverse populations (Hughes and 
Stachowicz, 2004; Steudel et al., 2013; Sjöqvist and Kremp, 2016) and they also 
help to maintain higher biodiversity (Menden-Deuer and Rowlett, 2014).  

The aim of this PhD study was to investigate how physical and chemical factors 
influence natural community and populations of the spring bloom microalgae in the 
Baltic Sea. This was done by testing the following hypotheses: 

- The proportion of live and empty dinoflagellate resting stage abundance 
change in different seasons due to the germination and encystment (I); 

- The newly formed dinoflagellate resting stages sediment close to the point 
of formation (I); 

- Two neighbouring, but genetically differentiated diatom populations are 
locally adapted and show a competitive advantage in their native 
environment (II); 

- The abundant spring bloom diatom species has one panmictic population in 
the Baltic Sea (III) 

The main objectives of this thesis were: 
- to detect and describe temporal dynamics in the spring dinoflagellate cyst 

community (I); 
- to explore the transport of newly formed cysts by currents using modelling 

approach (I); 
- to detect if genetically differentiated populations are locally adapted and 

have a competitive advantage in their native environment (II); 
- to reveal if phytoplankton bloom in the Baltic Sea consists of one 

population or several genetically differentiated populations (III) 
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2. MATERIAL AND METHODS 

2.1 Sampling 

All samples were collected during the year 2013. For the first study (I), surface 
sediment samples from the Gulf of Finland, north-eastern Baltic Proper and Gulf of 
Riga were collected from 13 stations (Figure 2) during three cruises, using a 
Niemistö gravity corer. The samples were collected before (January), during (April) 
and after (May) the spring bloom. For the second study (II), surface sediment 
samples were collected by a box corer from Mariager Fjord and by a modified 
HAPS corer from Kattegat. For the third study (III), water samples were collected 
from fixed stations at four cruises during the spring bloom (March-April) using the 
ferrybox system on board MS Finnmaid. Both concentrated (for isolation) and non-
concentrated (for phytoplankton analysis) water samples were taken from each 
station. 

 
 
Figure 2. Map of the sampling stations for studies I-III.  
Bathymetry layer available from the Baltic Sea Hydrographic Commission (2013) 
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2.2 Environmental parameters 

All sampling stations used in the studies are also monitored under the national 
marine monitoring programmes of different countries. Thus, data regarding 
physical, chemical and biological parameters from the sampling campaigns was 
available through different institutions: the Estonian Environmental Agency, the 
Swedish Meteorological and Hydrological Institute, the Danish Nature Agency and 
the Finnish Environment Institute. 

2.3 Sample preparation and analysis 

For the first study (I), sub-samples (1 mL) of homogenised sediment were cleaned 
by sonication (30 s) and wet-sieving through a 53 µm sieve onto a 15 µm sieve. The 
final volume of the cleaned samples was adjusted to 10 mL. A minimum of 250 
cysts were counted from each sample and from all stations at least one sample was 
counted in triplicates. Cysts counts were converted into a number of cysts per gram 
of dried sediment. Sediment dry weight was determined by weighing 1 mL of 
sediment in triplicates from every station during all sampling months before and 
after drying for 6 h at 105 °C. 

In the third study (III), non-concentrated water samples collected from each 
sampling station were fixed with Lugol’s solution for phytoplankton analysis. 
Samples were settled in a 25 mL Utermöhl chamber (Utermöhl, 1958) and analysed 
under an inverted microscope at magnifications 200-400x. 

2.4 Culturing, DNA extraction and genotyping 

For the II study, monoclonal S. marinoi cultures were established from the surface 
sediments by mixing 1 g of sediment with nutrient enriched f/2 medium (Guillard, 
1975). The media was based on water from the two sampling sites. Aliquots from 
the sediment slurry were distributed into 24-well plates and incubated at 10 °C on a 
12:12-h light:dark cycle at an irradiance of 60 µmol photons m-2 s-1. After detecting 
germination and vegetative growth, one chain from each well was isolated by 
micropipetting, transferred to a Petri dish and incubated under the same conditions. 
When the growth continued, contents of each Petri dish were transferred to 40 mL 
NUNC flasks. For the III study, chains of S. marinoi were isolated immediately 
after sampling on board by micropipetting and incubated in separate wells of 24-
well plates containing f/2 medium at 5 °C, 50 µmol photons m-2 s-1. After vegetative 
growth was confirmed, contents of each well were transferred to 50 mL NUNC 
flasks and incubated under the same conditions. 

 Strains in exponential (II, III) and in stationary (II) phase were filtered onto 
Versapor-3000 filters with 25-mm diameter and 3-μm pore size (Pall Corporation) 
and genomic DNA was extracted following a CTAB based protocol (Kooistra et al., 
2003). Eight (II, III) or five (II) microsatellite loci (Almany et al., 2009) were 
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amplified by PCR as described by Godhe and Härnström (2010). The products were 
analysed in an ABI 3730 (Applied Biosystem) and allele sizes were assigned 
relative to an internal standard (GS600LIZ). Allele sizes for the individual loci were 
determined and processed using Genemapper (ABI PrismGeneMapperSoftware v 
3.0).   

2.5 Experiments and AsQ-PCR 

In the II study, growth experiments were conducted with S. marinoi strains. Ten 
strains from both locations (Mariager Fjord and Kattegat) were randomly selected 
and grown in triplicates in their native and non-native water based f/2 media to 
determine their biomass. The starting concentration was 5000 cells mL-1 for each 
selected strain and the strains were acclimatized for 7 days before the growth 
experiment in foreign water. Growth was monitored daily by measuring optical 
density (OD) of 1 mL of culture at 600 nm in a plate reader. To determine the 
relationship between cell density and OD, standard curves were made for each 
strain using serial dilutions (1:1 to 1:8). The growth was monitored until the strains 
reached stationary phase. Maximum OD values were converted to cell numbers per 
mL×103 and multiplied by carbon volume per cell (ng C), which was calculated 
based on the relationship proposed by Menden-Deuer and Lessard (2000). The cell 
volume used in the carbon volume relationship was calculated based on the 
geometric model (Sun and Liu, 2003). The required width and length was an 
average of 50 cells for each strain measured from Lugol fixed subsamples from the 
day of maximum OD. 

Six strains from both locations were selected for a reciprocal competition 
experiment in f/2 media based on each of the two water types. Two strains, one 
from each site, with equal starting concentrations (5000 cells mL-1) were grown 
together in triplicates. The mixed strains were selected based on similar growth 
rates determined in the previous experiment. OD was monitored daily until the 
strain combinations reached stationary phase. To assess the relative abundance of 
each strain in the experiment, an allele-specific quantitative PCR (AsQ-PCR) 
method was used (Meyer et al., 2006). In AsQ-PCR, the respective peak-heights 
from the two strains in the electropherograms are used as a relative quantification 
measurement. To confirm that PCR amplification did not favour one strain over 
another, standard curves were prepared for each pair of strains. The six strain 
combinations were mixed in five known proportions, ranging from 10:90 to 90:10 
(3 replicates each), DNA was extracted, and 5 microsatellite markers were 
amplified as above to find the least biased PCR reaction. Peak-height relative 
abundances were plotted against the known relative cell abundances to obtain r2-
values. When the mixed cultures reached stationary phase, the cultures were filtered 
down, DNA extracted and amplified (5 markers) as above. Allele sizes for the 
individual loci and the respective peak height ratios were determined using 
Genemapper. 
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2.6 Genetic structure 

GENEPOP v. 4.0.7 (Raymond and Rousset, 1995) was used to estimate deviations 
from Hardy-Weinberg equilibrium (10 000 Markov Chain dememorizations, 20 
batches and 5000 iterations per batch) of each locus in both populations, inbreeding 
coefficient (FIS) and genotypic linkage disequilibrium (LD) between pairs of loci in 
each sample (10 000 dememorizations, 100 batches and 500 iterations per patch) 
following Bonferroni correction to adjust the level of statistical significance (Rice, 
1989) (II, III). Microsatellite Tools for Excel was used to detect identical eight-loci 
genotypes and allelic richness (Park, 2001) (II, III). Microsatellite data set was 
analysed for null alleles, stuttering and large allele drop out using MicroChecker 
2.2.3 (1000 randomization) (III). Null allele frequencies were calculated as in 
Brookfield (1996). Temporal and spatial genetic differentiation between the 
populations sampled in 2013 and in Härnström et al., (2011) (II) as well as between 
all pairs of cruises and sample locations (III) was determined by calculating 
pairwise FST using Genetix 4.05 (Belkhir et al., 2004) with 10 000 permutations. 
Bayesian analysis, as implemented in STRUCTURE (Pritchard et al., 2000; Falush 
et al., 2003), was used to detect the number of genetically differentiated clusters (K) 
(III). Log likelihoods of the generated data were used to infer the most likely ΔK 
(Evanno et al., 2005). Isolation by distance (IBD) analysis was performed in 
GENEPOP v. 4.0.7 (Raymond and Rousset, 1995) (III). Directional relative 
migration rates were calculated from directional genetic differentiation (Sundqvist 
et al., 2013) using Jost’s D (Jost, 2008) as a measure of genetic differentiation (III). 
Calculations were performed using the function divMigrate from the R-package 
“diversity” (Keenan et al., 2013) (III). 

2.7 Oceanographic modelling 

In the I study, a passive tracer extension (Bruggeman and Bolding, 2014) to a 
General Estuarine Transport Model (Burchard and Bolding, 2002) was used to 
simulate the transport of newly formed cysts by currents before settling to the 
seabed. Species-specific settling velocity of 2.5 m d-1 (based on Stoke’s law) was 
used (Heiskanen, 1993). To characterize the spread of the highest cyst 
concentration, 10th and 90th percentiles were calculated from the settled cyst 
concentration (Cp). Spread distances were calculated as the distance from each 
station (x0, y0) to the geometrical centroid (cx, cy) of the Cp area. Distance = | (cx, 
cy) - (x0, y0) |, where geometrical centroid coordinates are defined as cx = ∫ Cp x 
dA / ∫ Cp dA and cy = ∫ Cp y dA / ∫ Cp dA, where dA is an area element. 

In the III study, the dispersal of diatoms was simulated using the Lagrangian 
trajectory code TRACMASS (Döös, 1995). It uses temporal and spatial 
interpolation of the flow-field data from the BaltiX configuration of the Nucleus for 
European Modelling of the Ocean circulation model (Hordoir et al., 2013) with a 
time step of 15 min. Particle transport was simulated for 20 or 30 days in the 
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surface (0-2 m) or sub-surface (10-12 m) water. Connectivity among the sampling 
sites was estimated by calculating the proportion of particles released from one site 
(i) that ended up in another site (j). 

2.8 Statistical analysis 

In the I study, confidence intervals (CI, 95%) were calculated for the samples 
counted in triplicates to estimate if the differences in total live cyst abundances per 
gram of dried sediment between the sampling months are due to natural variability 
or represent true changes. Chi-square test of independence and post hoc tests 
(pairwise Chi-square test) with Bonferroni correction were used to detect the 
potential influence of life cycle events to the proportion of empty versus live cysts 
of B. baltica during different months (I). To measure the strength of association 
between month and cyst condition (empty versus live) Cramer’s V was calculated 
for statistically significant Chi-square test results (I). A factorial correspondence 
analysis (FCA) was done to investigate differences in genotypic data between two 
years (2008 and 2013) and sampling sites (Mariager Fjord and Kattegat) by using 
Genetix v. 4.05 (Belkhir et al., 2004) (II). One-tailed paired t-test was used for each 
strain to test if different water had a significant effect on S. marinoi biomass (II). 
Two-tailed unequal variance t-test was used to investigate whether the native S. 
marinoi population performed significantly better in its native water compared to 
the foreign population in the same water (II).  For the competition experiment, the 
null hypothesis of equal cell abundance in the two water types in the presence of a 
competitor was tested by one-tailed paired t-test (II). Multiple Mantel tests were 
conducted to examine the correlations between gene flow and oceanographic 
connectivity (III). Partial Mantel tests were used to investigate correlation between 
genetic differentiation and environmental parameters (Chl a, S. marinoi abundance, 
fCDOM, NO2-NO3, PO4, SiO2) and redundancy analysis (RDA) with variation 
partitioning was used to test the effect of different environmental variables on the 
genetic structure of S. marinoi during the spring bloom (III). The variation 
partitioning was calculated to determine the effects of space and environmental 
factors to the genetic structuring. The significance level was set at P < 0.05; 0.005 
or 0.001 in the statistical tests (I, II, III). 
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3. RESULTS AND DISCUSSION

3.1 Community structure of dinoflagellate resting stages 

The results of the first study (I) provide a detailed overview of dinoflagellate cyst 
dynamics before, during and after the spring bloom in the north-eastern Baltic Sea. 
Spring bloom dinoflagellate live cyst abundance differed greatly between the basins 
and months sampled (Figure 3). Cysts of B. baltica dominated the community in all 
sampling months and basins. Although cysts of P. catenata were present at all 
stations and sampling months, they became more abundant after the spring bloom 
(May). Cysts of S. hangoei were found from all stations in the GoR and only from 
four stations in the GoF. In both basins, cysts of this species constituted a minor 
proportion of the overall community. 

Figure 3. Cyst abundances during different sampling months (first bars = January; second 
bars  = April; third bars = May) at sampling stations 
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Figure 4. Simulated transport of newly formed cysts during spring 2013 (a - d) and 
2004 (e - h) with transport vectors. First panel (a, c, e, g) indicates transportation of cysts 
relative to the water column depth at the point of origin. A and b show the distribution of 
10 % of the highest abundances of cysts released from the stations during 2013, c and d 
denote the distribution of 90 % of the released cysts during 2013. E and f show the 
distribution of 10 % of the highest abundances of cysts released from the stations during 
2004, g and h denote the distribution of 90 % of the released cysts during 2004. 
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The overall cyst abundance was highest in the GoF and lowest in the GoR. A 
similar pattern in total cyst abundances between the two basins has also been 
documented by Olli & Trunov (2010). The highest cyst abundances are usually 
reported from areas with fine-grained sediments, where silt and clay dominate 
(Wall, 1971; Nehring, 1994; Anderson et al., 2005). Estimated from the sediment 
map by Carman & Cederwall (2001), the majority of the samples in all basins are 
taken from such locations. Cyst production in the upper layers of the water column 
and species-specific encystment patterns are known to influence the cyst abundance 
and species community in the sediments (Wall, 1971; Dale, 1983; Anderson et al., 
2005; Kremp et al., 2009). Dinoflagellate biomass in spring is notably lower in the 
GoR than in the two other basins, as diatoms dominate the spring bloom community 
there (Jurgensone et al., 2011; Klais et al., 2011). Furthermore, the planktonic 
spring dinoflagellate community in the GoR is dominated by the P. catenata 
(Jurgensone et al., 2011), whereas the contribution of B. baltica complex is low 
(Supplementary Figure 1 in Paper I). The overall lower cyst abundances found from 
the GoR most probably reflect this, as P. catenata encysts at low frequency 
(Kremp, 2000c). 

Overall spring bloom dinoflagellate cyst abundance decreased during the spring 
bloom (April) compared to the samples collected before the bloom (January) at the 
majority of the stations in the GoF (Table 1, Paper I). At the same time, a similar 
pattern was only found from one station in both the NEBP and GoR. The proportion 
of live cysts of B. baltica decreased significantly only at two stations from January 
to April (Table 2 in Paper I). Lack of general pattern of reduction in the total live 
cyst abundances as well as in the live B. baltica cyst proportions do not comply 
with the expected pattern of recruitment (Kremp, 2000a; Giannakourou et al., 
2005). In addition, the majority of the stations in the GoR and NEBP, where 
reduction of cysts was detected before the bloom, are ≥ 80 m deep. Although, cysts 
of B. baltica and P. catenata can germinate in darkness (Kremp, 2001) and the 
oxygen conditions below the halocline were high in January (Martin et al., 2014), 
the decrease in majority of the stations was higher than would be expected given the 
low germination rates in dark (Anderson et al., 1987; Kremp, 2001; Vahtera et al., 
2014). This discrepancy indicates that other processes than life cycle events also 
influence the cyst dynamics in winter and early spring. 

Resuspension and horizontal transport by the near-bottom currents could explain 
the reduction in cyst abundances in the deep stations in the GoF. Relatively small 
extent of high saline water together with high oxygen levels in the near-bottom 
layer of the GoF in January compared to April (Figure 2 in Paper I) indicate the 
possibility of a reversed circulation event. Reversed circulation is characterised by 
the outflow of saline water in the near-bottom layer and by the inflow of less-saline 
water in the surface layer of the GoF, and its occurrence depends on the prevailing 
wind direction (Elken et al., 2003; Liblik et al., 2013). The course of along the gulf 
cumulative wind stress between January and April (Supplementary Figure 2 in 
Paper I) indicates the presence of several shifts favouring the changes between the 
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usual estuarine and reversed circulation patterns. During reversals, the near-bottom 
current velocities along the GoF central axis can be particularly high (Liblik et al., 
2013). The fluffy sediment surface layer is eroded by the near-bottom currents from 
0.62 cm s-1 (Ziervogel and Bohling, 2003). Based on the maximum critical shear 
velocity (1.24 cm s-1) calculated from the velocity measurements at the bottom 
boundary layer between January and April 2014, the near-bottom currents along the 
central GoF can be sufficient to initiate resuspension of cysts and keep them 
suspended. 

Influence of transport could also explain the increase in cyst abundances 
between January and April in the GoR. The increase of live cysts abundances was 
driven by the cysts of B. baltica. However, this species forms a minor part of the 
spring bloom phytoplankton community in the GoR. Thus, the increase in live cyst 
abundances probably results from the input of the resuspended B. baltica cysts or 
vegetative cells from the NEBP that would potentially encyst in the GoR due to 
unknown adverse environmental factors prevailing there. This explanation is further 
supported by the input of more saline water to the GoR (Figure 2 in Paper I), which 
coincides with the highest cysts abundances found at the station closest to the strait 
between the NEBP and GoR. 

After the spring bloom (May), the live cyst abundances increased at several 
stations in the GoR and GoF and the live B. baltica cyst proportion increased 
significantly at three stations in the GoF. This coincides with the main cyst 
formation time in the GoF (Heiskanen and Kononen, 1994; Kremp and Heiskanen, 
1999; Spilling et al., 2006). Increase due to the formation and sedimentation of new 
cysts is further supported by the increase of cysts of all three studied species at the 
surface sediment and by the decrease in chlorophyll (Chl) a concentration (Figure 3 
in Paper I) in the surface water layer. Interestingly, at some deep stations in the GoF 
and NEBP, the live cyst abundance declined markedly compared to April. This 
finding could potentially be explained by the resuspension and transport induced by 
the shift in the circulation pattern in the second half of May (indicated by the course 
of favourable along the gulf wind stress) (Supplementary Figure 2 in Paper I). 

However, at one station (F1) the changes in cyst abundances cannot be explained 
by the influence of cyst resuspension and transport due to reversals, and thus the 
influence of other factors to the cyst community needs to be recognised. As a 
potential explanation for the changes at that station, the fine-scale differences in 
seabed topography and sediment properties are proposed, as the exact sampling 
locations at that station were about 100 m apart. Further study is needed to verify 
this explanation. 

The importance of transport was further emphasised by the modelled spread of 
newly-formed cysts during two different springs. In the GoF, the cysts in spring 
2004 were mainly transported northward from the original location, whereas in 
2013 the main transport direction was eastward (Figure 4). Notable changes in the 
simulated transport direction were detected from the NEBP and differences were 
also present in the GoR. Distance travelled by the cysts before sedimentation in the 
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GoF and GoR was about the same (10-30 km) during both springs. However, in the 
NEBP the distance varied remarkably, e.g. from station H1 the cysts were 
transported within 20-30 km in 2004 and around 100 km in 2013. Those notable 
differences can be explained by the variability in prevailing wind forcing 
(Supplementary Figure 3 in Paper I). The obtained results indicate that the transport 
of resting stages in the water column has an influence on spatial cyst distribution 
and needs to be considered when using dinoflagellate cysts as proxies for the 
biological productivity of a water body. 

3.2 Population structure of Skeletonema marinoi in the Mariager Fjord 
and Kattegat 

Populations of one of the dominant spring bloom species, S. marinoi, from 
neighbouring areas (Mariager Fjord and Kattegat) are genetically differentiated 
despite the absence of physical dispersal barriers (Härnström et al., 2011; II). This 
genetic structuring has been present for more than thousands of generations 
(Härnström et al., 2011). Thus, reciprocal transplant and common garden 
experiments were conducted to investigate the presence of local adaptation and 
competitive advantage to explain the persistent genetic structure. 
 In the reciprocal transplant experiments both populations produced significantly 
higher (P < 0.001) biomass in their native water than in foreign water. This fulfils 
the “home vs. away” criterion (Kawecki and Ebert, 2004), which is one of the 
indicators for detecting local adaptation (Blanquart et al., 2013). Another criterion, 
“local vs. foreign” (Kawecki and Ebert, 2004) was only fulfilled by the Mariager 
Fjord population that showed significantly higher biomass (P < 0.001) in its native 
water than the foreign population in the same water (Figure 5 B in Paper II). The 
presence of local adaptation in both populations was further confirmed by the 
associated competitive advantage, displayed by the significantly higher relative cell 
abundances of native strains in their native water in the presence of a competitor 
(Figure 5). 
 Differential selection pressure between habitats is required for the development 
of local adaptation (Blanquart et al., 2013) and this has also been proposed as one 
of the causes in population differentiation in pelagic organisms (Korpelainen, 1986; 
Rynearson et al., 2006). There are notable differences in physical, chemical and 
biological parameters between the Mariager Fjord and Kattegat (Table 1 in Paper 
II). Although local water from both sites was used for the cultivation and 
experiments, equal amounts of nitrate, phosphate and silica were added to water 
from both locations, resulting in excess of nitrate and phosphate. Thus, the nitrate 
and phosphate concentrations did not influence the observed outcome. The 
concentration of silica was higher in the Mariager Fjord water including the amount 
added. As the growth of diatoms is dependent on ambient silica concentrations 
(Egge and Aksnes, 1992) and there is evidence from the Baltic Sea that some S. 
marinoi genotypes are adapted to different silica concentrations (Paper III), it is 
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possible that differences in silica requirements might explain the genetic 
differentiation and local adaptation found. However, this hypothesis remains to be 
tested, as currently there is no data regarding the phenotypic traits on silica 
requirements for the Mariager Fjord and Kattegat genotypes. Differences in average 
surface salinity were also considered as a potential cause, but the surface salinity in 
both habitats is well within the range suitable for growth of this species (Balzano et 
al., 2010; Sjöqvist et al., 2015). Also, the pH between the two studied locations is 
somewhat different with more variable pH in the Mariager Fjord and more stable in 
the Kattegat. However, variable conditions should promote phenotypic plasticity 
and not local adaptation. The water used for cultivation and experiments was not 
autoclaved and thus intrinsic characteristics, e.g. unidentified organic molecules 
and/or viruses, that could facilitate the growth of locally adapted populations, were 
not destroyed. 

 
 
Figure 5. Kattegat and Mariager Fjord strains grown as a mix (six different strains from 
each site) in a competition experiment in the both types of water. Y-axis indicates relative 
abundances. Error bars show standard deviation (N=3). Significance is displayed by * P < 
0.05, ** P < 0.01, ***P < 0.001. 



 

25 

 The presence of reduced gene flow despite high dispersal potential has also been 
recorded for other aquatic organisms (Pálsson, 2000; Campillo et al., 2009), which 
can be explained by the quick population growth after a historical founder event, a 
rapid adaptation to local conditions and an abundant benthic seed bank buffering 
against immigrants (De Meester et al., 2002). Skeletonema marinoi has shown 
priority effects even in the absence of a numerical advantage (Sefbom et al., 2015). 
Potentially, a historical founder event might have occurred during complex 
deglaciation of the Baltic Sea region (Björck, 1995). In the case of differential 
selection between habitats, selection for individual clonal lineages may be swift 
(Lohbeck et al., 2012), especially in S. marinoi as it reproduces mainly asexually by 
dividing approximately once per day (Taylor et al., 2009). This may also cause 
selection against migrants, which reinforces differentiation and local adaptation, 
thus reducing gene flow between habitats and creating isolation by adaptation 
(Nosil et al., 2009). Genetic differentiation and local adaptation in S. marinoi are 
further supported by the abundant seed bank (Mcquoid, 2002) and strong coupling 
between the benthic and pelagic assemblages (Godhe and Härnström, 2010). Thus, 
varying selection pressure between connected habitats can counteract genetic 
homogenization, which may be intensified by the development of local adaptation. 
 
3.3 Population structure of Skeletonema marinoi during spring bloom in 
the Baltic Sea 

Genetic differentiation between S. marinoi populations in the Baltic Sea has been 
reported based on cultures established from the resting stages (Sefbom, 2015; 
Sjöqvist et al., 2015). In this study, the presence of genetic structuring within S. 
marinoi population was investigated during a basin-wide spring bloom in the Baltic 
Sea. Taking into account the proposed movement of water masses from more 
stratified coastal areas to the less stratified off-shore regions (Kahru and Nõmmann, 
1990), the bloom population should be panmictic. However, S. marinoi populations 
from the Baltic Sea have shown differences in salinity optima (Sjöqvist et al., 
2015), which might also be visible during the bloom. 

The spring bloom in 2013 started to develop during the second half of March in 
the south-west (off the German coast) and north-east (Gulf of Finland), while in the 
offshore the bloom started later (Figure 2a in Paper III). By mid-April, the bloom 
had declined in the south-west, whereas in the north-west it was still ongoing. 
Skeletonema marinoi constituted up to 33% of the total biomass during the bloom. 
The population structure of S. marinoi indicated the presence of several genetically 
differentiated groups (Table S4 in Paper III), which show that the S. marinoi spring 
bloom in the Baltic Sea is not panmictic. The observed genetic structure can be 
explained by the combined effect of isolation by distance, environmental gradients 
(salinity) and oceanographic connectivity (Table 2 and Figure S2a-b in Paper III). 
Oceanographic features, e.g. currents, have an important role in the genetic 
structuring of marine planktonic organisms (White et al., 2010; Casabianca et al., 
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2011) and it has been found to explain a large part of the S. marinoi genetic 
structure (Godhe et al., 2013; Sjöqvist et al., 2015). 

 

 
 
Figure 6. Genetic clustering of Skeletonema marinoi individuals (N=611) along the 
sampling transect in the Baltic Sea into two genetically distinct clusters. Individuals are 
represented by a vertical bar coloured according to the assigned group. 
 

Based on the gene flow the genotypes from different stations grouped into two 
genetically distinct clusters along the south-north gradient (Figure 6). The division 
into two clusters reveals the presence of a spatial barrier to gene flow in the 
southern part of the Baltic Sea between stations 3 and 5. The presence of a barrier in 
this area has also been reported by Sjöqvist and others (2015). Over the four 
cruises, two genetically differentiated populations were detected from this area, 
which might be explained by the lower retention of cells in this station compared to 
others and input of cells from the neighbouring areas (Table S7 and Figure 4 in 
Paper III). Thus, the station 4 represents a transition area between the south and 
north populations, which is seeded by the neighbouring populations. 

In addition to spatial differentiation, temporal genetic differentiation was 
detected between the cruises, except between the first and the second cruise (Table 
S5 in Paper III). Thus, fluctuations between genetically differentiated populations 
could arise over short temporal scales. Temporal variability was also visible in the 
correlation between environmental variables and population structure, e.g. salinity 
was significantly correlated with the genetic structure during the last cruise, 
whereas silica concentration was significantly associated with the population 
structure during the last two cruises (Table S8 in Paper III). Silica concentrations 
during the last cruise were notably lower compared with previous cruises (Figure 2h 
in Paper III), and this could influence the growth of diatoms (Egge and Aksnes, 
1992). Thus, the S. marinoi spring bloom might consist of strains with different 
growth optima, which shift as the conditions, e.g. silica concentration, change 
during the bloom. This is supported by the high genotypic diversity detected from 
each station throughout the cruises (Table 1 in Paper III). However, this 
explanation remains to be tested, as there is no data regarding phenotypic 
characteristics of the isolated genotypes. 
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CONCLUSIONS 

In this PhD thesis, the influence of physical-chemical factors on community and 
population structure and dynamics of the Baltic Sea spring bloom microalgae were 
investigated. This was done by determining the resting stage abundance and 
community composition, conducting common garden experiments, genetic and 
statistical analyses, and modelling their dispersal. Better knowledge of the factors 
influencing microalgae is relevant to understand ecology, evolution and dispersal of 
those important primary producers. 
 
The main results of this thesis can be summarised as follows: 

 Dinoflagellate cyst abundance before, during and after the spring bloom 
was found to be potentially influenced both by physical processes as well as 
by the species’ life cycle events. In the Gulf of Finland, strong near-bottom 
currents, induced by the reversals of estuarine circulation, are proposed to 
resuspend and transport sedimented cysts. In the Gulf of Riga, the input of 
cysts from the north-eastern Baltic Proper is suggested to influence the cyst 
abundances. 

 High abundances of resting stages are not always indicators of local cyst 
production intensity as the newly formed cysts may be transported up to 
100 km before deposited as well as due to the potential transport between 
sub-basins. 

 The presence of local adaptation and competitive advantage were 
demonstrated by the two seemingly well-connected diatom populations. 
Despite the possibility of dispersal, varying selection pressure(s) between 
habitats can support the development of genetic differentiation. The genetic 
structuring can be further enhanced by the presence of local seed banks and 
development of local adaptation. The specific selective factor can be 
difficult to determine due to the potential interaction of several 
environmental components. 

 Despite the potential for panmixia, spatial and temporal genetic structuring 
was detected during a basin-wide bloom event. Geographical distance, 
oceanographic connectivity and environmental parameters were found to 
explain most of the spatial differentiation, whereas shifts in environmental 
conditions induced temporal genetic differentiation. Temporal genetic 
differentiation indicates the presence of various phenotypes and genetic 
variation. Thus, the bloom might consist of a sequence of short-lived 
subpopulations, each adapted to particular conditions, e.g. low silica 
concentration, which may help to maintain the bloom over longer periods. 
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ABSTRACT 

Influence of physical-chemical factors on community and populations of 
the Baltic Sea spring bloom microalgae 

Photosynthesizing microalgae constitute the basis of food webs in aquatic 
ecosystems and generate about a half of the annual net primary production on Earth.  
Some microalgal species produce resting stages as a part of their life cycle, which 
may contribute to the inoculation of new blooms, thus impacting their magnitude. 
Therefore, it is relevant to understand how different environmental factors influence 
the distribution of resting stages and their contribution to the onset of new blooms, 
particularly regarding harmful species.  

The abundance of dinoflagellate resting stages was investigated before, during 
and after the spring bloom in three sub-basins of the Baltic Sea to identify spatial 
and temporal dynamics. The abundance of resting stages showed temporal 
dynamics in relation to the life cycle events but was also potentially influenced by 
the physical processes such as resuspension and horizontal transport. Transport of 
newly formed resting stages was simulated to explore the distance travelled by the 
cysts before sedimentation. Simulation results supported the influence of transport 
on total cyst abundances, indicating that the majority of cysts were transported 
further from the point of formation. The latter has also implications for the usage of 
cysts as proxies for the biological productivity of a water body. 

Differences in environmental factors can also drive intraspecific genetic 
differentiation, which allows species to use various habitats, thus supporting high 
biodiversity. Therefore, it is important to know which environmental parameters 
promote genetic structuring to understand the ecology and evolution of microalgae 
better. Influence of environmental factors on the genetic structure of microalgae 
was studied by conducting growth and competition experiments between 
microalgae populations and by investigating the genetic composition of an 
important spring bloom diatom species, Skeletonema marinoi, in time and space 
during a bloom in the Baltic Sea. Local adaptation and native competitive 
advantage were detected between populations of the species, despite being 
seemingly well-connected. Although the factor(s) generating differential selection 
could not be determined, those findings show that varying selection pressure(s) 
between habitats can support the development of genetic differentiation. Spatial and 
temporal genetic structuring was also detected during a basin-wide bloom event. 
Spatial differentiation was best explained by the geographical distance, 
oceanographic connectivity and environmental parameters, whereas changes in the 
environmental conditions could account for temporal genetic differentiation. The 
presence of various phenotypes and genetic variation may allow the species to 
bloom over longer periods. 
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 The results of this thesis contribute to a better understanding of the influence of 
different environmental factors on the community and population dynamics of 
microalgae. 
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RESÜMEE 

Füüsikalis-keemiliste tegurite mõju kevadõitsengu mikrovetikate 
kooslustele ja populatsioonidele Läänemeres 

Fotosünteesivad mikrovetikad moodustavad veeökosüsteemides toiduahela esimese 
lüli ning toodavad peaaegu poole kogu planeedi aastasest primaarproduktsioonist.  
Mõned mikrovetikate liigid moodustavad oma elutsükli käigus puhkestaadiume, 
mis aitavad neil üle elada kasvuks ebasobivaid keskkonnatingimusi ning loovad 
võimaluse tingimuste muutudes uute õitsengute moodustumiseks. Eelnevast 
lähtudes on oluline teada, kuidas erinevad keskkonnategurid mõjutavad 
puhkestaadiumite levikut ning nende panust uute õitsengute alustamisse. Need 
teadmised on eriti olulised ohtlike (nt toksiine tootvate) mikrovetika liikide puhul.  

Käesolevas töös uuriti dinoflagellaatide puhkestaadiumite arvukust enne 
kevadõitsengut, õitsengu ajal ja pärast õitsengut kolmes Läänemere alambasseinis. 
Teostatud uuringu eesmärgiks oli sette pealmises kihis esinevate puhkestaadiumite 
ajalis-ruumiliste muutuste tuvastamine ja kirjeldamine. Uuritud liikide 
puhkestaadiumite arvukuses esines elutsükli protsessidega seotud ajaline 
muutlikkus, aga puhkestaadiumite ajalis-ruumiline varieeruvus oli potentsiaalselt 
mõjutatud ka füüsikalistest protsessidest nagu näiteks resuspensioon ja 
horisontaalne transport. Värskelt moodustunud puhkestaadiumite transporti 
modelleeriti, hindamaks kui pika vahemaa läbivad pinnakihis moodustunud 
puhkerakud enne merepõhja settimist. Mudeli simulatsioonid kinnitasid 
horisontaalse transpordi mõju puhkestaadiumite arvukusele, kusjuures selgus, et 
enamus puhkestaadiume kantakse nende moodustumiskohast eemale. Saadud 
tulemus mõjutab puhkestaadiumite kasutamise potentsiaali veekogu bioloogilise 
tootlikkuse indikaatorina. 

Erinevused keskkonnatingimustes võivad soodustada liigisisese geneetilise 
erinevuse teket, mis omakorda võimaldab liigil kasutada erinevaid elupaiku ja 
toetab seeläbi suuremat bioloogilist mitmekesisust. Mikrovetikate ökoloogia ja 
evolutsiooni paremaks mõistmiseks on vaja teada, millised keskkonnategurid 
soodustavad liigisisest geneetilist eristumist. Keskkonnategurite mõju mikrovetikate 
geneetilisele struktuurile uuriti kasutades kasvu- ja konkurentsieksperimente ühe 
olulise kevadõitsengus osaleva ränivetika liigi, Skeletonema marinoi, erinevate 
populatsioonide vahel. Lisaks uuriti sama liigi geneetilist struktuuri ajas ja ruumis 
Läänemere kevadõitsengu vältel. Omavahel näiliselt hästi ühendatud erinevate 
populatsioonide uurimine näitas, et need on kohastunud oma elupaigaga ja omavad 
oma elupaigas konkurentsieelist. Kuigi täpsed tegurid, mis antud  elupaikades 
erinevat valikusurvet põhjustavad pole teada, näitavad saadud tulemused, et erinev 
valikusurve võib toetada populatsioonide geneetilist eristumist. Kevadõitsengu 
uuringu käigus leiti, et ühe liigi isendite populatsioonid erinevad geneetiliselt nii 
ajas kui ruumis. Ruumilist geneetilist erinevust selgitasid kõige paremini vahemaa, 
transport hoovustega ja keskkonnategurite muutlikkus. Tuvastatud ajaline 
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geneetiline erinevus võib olla seotud muutustega keskkonnatingimustes. Erinevate 
fenotüüpide esinemine ja suur geneetiline mitmekesisus võivad pikendada liigi 
ajalist esinemist mikrovetika koosluses.  

Käesoleva töö tulemused suurendavad teadmisi erinevate keskkonnategurite 
mõjust mikrovetikate koosluste ja populatsioonide dünaamikale. 
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