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Abstract
Genetic diversity is the basis for evolutionary adaptation and selection under chang-
ing environmental conditions. Phytoplankton populations are genotypically diverse, 
can become genetically differentiated within small spatiotemporal scales and many 
species form resting stages. Resting stage accumulations in sediments (seed banks) 
are expected to serve as reservoirs for genetic information, but so far their role in 
maintaining phytoplankton diversity and in evolution has remained unclear. In this 
study we used the toxic dinoflagellate Alexandrium ostenfeldii (Dinophyceae) as a 
model organism to investigate if (i) the benthic seed bank is more diverse than the 
pelagic population and (ii) the pelagic population is seasonally differentiated. Resting 
stages (benthic) and plankton (pelagic) samples were collected at a coastal bloom site 
in the Baltic Sea, followed by cell isolation and genotyping using microsatellite mark-
ers (MS) and restriction site associated DNA sequencing (RAD). High clonal diversity 
(98%– 100%) combined with intermediate to low gene diversity (0.58– 0.03, depend-
ing on the marker) was found. Surprisingly, the benthic and pelagic fractions of the 
population were equally diverse, and the pelagic fraction was temporally homogene-
ous, despite seasonal fluctuation of environmental selection pressures. The results of 
this study suggest that continuous benthic– pelagic coupling, combined with frequent 
sexual reproduction, as indicated by persistent linkage equilibrium, prevent the domi-
nance of single clonal lineages in a dynamic environment. Both processes harmonize 
the pelagic with the benthic population and thus prevent seasonal population differ-
entiation. At the same time, frequent sexual reproduction and benthic– pelagic cou-
pling maintain high clonal diversity in both habitats.
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1  |  INTRODUC TION

Phytoplankton evolution and their response to global change are of 
growing research interest due to their pivotal role in global nutrient 
and gas fluxes, as well as in aquatic food webs (Field et al., 1998). 
Because of increasing toxic blooms in coastal waters with potential 
effects on ecosystems, there is a rising demand for studies explain-
ing the role of genetic diversity in relation to environmental change 
(Bach et al., 2018; Chust et al., 2017; Collins et al., 2014; Lassus et al., 
2016; Rabalais et al., 2009). Within the past few decades our un-
derstanding of phytoplankton evolution has changed fundamentally 
from the assumption that marine phytoplankton populations are 
panmictic— due to potentially high dispersibility and unlimited gene 
flow— to a more complex view of genetically differentiated popu-
lations. A growing body of literature suggests that phytoplankton 
populations can be temporally differentiated (Dia et al., 2014; Erdner 
et al., 2011; Gao et al., 2019; Godhe et al., 2016; Lebret et al., 2012; 
Richlen et al., 2012; Sassenhagen et al., 2015, 2018; Sefbom et al., 
2018) and geographically structured due to physical barriers and/
or environmental gradients (Godhe et al., 2016; Postel et al., 2020; 
Sjöqvist et al., 2015; Tahvanainen et al., 2012). Genetic structure de-
veloping within relatively short timescales or geographical distances 
implies that evolution may happen rapidly, for example within a few 
hundred generations (Collins et al., 2014). To become genetically 
differentiated, populations must be affected by one or several pro-
cesses, such as natural selection, mutation or genetic drift, in combi-
nation with limited gene flow (Rengefors et al., 2017).

Phytoplankton species are currently facing multifaceted and 
simultaneous climate- change- mediated alterations of their oceanic 
environment, in addition to existing natural environmental variability 
(Reusch & Boyd, 2013). These environmental changes require phy-
toplankton communities to respond by complex eco- evolutionary 
processes, including short- term cellular acclimation, and long- term 
adaptation to selection based on standing genetic variation (Collins 
& Gardner, 2009). Genetic diversity is the basis for these processes 
and in the last decade numerous studies have shown that phyto-
plankton populations are genetically and phenotypically diverse 
(Rengefors et al., 2017). Diverse phytoplankton communities and 
populations are expected to contain a variety of phenotypic traits, 
facilitating successful adaptation to changing environmental condi-
tions (Litchman et al., 2010) and resistance to perturbations (Ptacnik 
et al., 2008; Sjöqvist & Kremp, 2016). Recently, the importance of 
large intraspecific diversity has been emphasized, potentially allow-
ing rapid population- level adaptation to climate change (Godhe & 
Rynearson, 2017; Wolf et al., 2019).

The relationship between diversity and evolution of phytoplank-
ton is fundamentally affected by their ability to form resting stages. 
Resting stages (such as resting cysts of dinoflagellates) are cells with 
strongly reduced metabolic activity, formed by many phytoplankton 
groups to survive adverse environmental conditions (Fryxell, 1983). 
They may play different roles in the life cycle, are crucial for sea-
sonal survival (Anderson & Rengefors, 2006; McQuoid & Hobson, 
1996; Rengefors & Anderson, 1998; Reynolds, 1984) and might aid 

expansion, for example by migratory water birds (Rengefors et al., 
2021). Resting stages accumulating at the sea floor after consecutive 
growth periods can be considered reservoirs and— when deposited 
over time in stratified layers— archives of genetic information.

Seed banks are an important eco- evolutionary strategy, increas-
ing the chance to persist through environmental variation in several 
ways: they facilitate increased genetic diversity and population dif-
ferentiation in the presence of gene flow (Sundqvist et al., 2018), but 
can also conserve genetic structure of populations in the long run 
(Härnström et al., 2011; Ribeiro et al., 2011). Thus, seed banks may 
both slow down and enhance evolution by adaptation, depending on 
whether the fraction of emerging genotypes is a random or nonran-
dom sample of the total gene pool (Hairston Jr & De Stasio Jr, 1988). 
The evolutionary role of seed banks also depends on the mode of 
resting stage formation. Sexual resting stage formation is generally 
considered to contribute to genetic diversity of eukaryotic phyto-
plankton populations (von Dassow & Montresor, 2011; Rengefors 
et al., 2017) and accumulation of sexually produced resting stages 
could increase the genetic diversity of the seed bank, compared to 
a clonally growing seasonal pelagic population. To our knowledge, 
only one study has so far compared the intraspecific diversity of a 
phytoplankton seed bank with the actively growing part of the pop-
ulation and could not confirm a higher diversity in the seed bank of 
asexually produced resting stages of the diatom Skeletonema mari-
noi (Godhe & Härnström, 2010). Resting stage production of dino-
flagellates does not always require genetic recombination either, as 
demonstrated for some species (Figueroa et al., 2008; Jerney et al., 
2019; Kremp & Parrow, 2006). Thus, sedimentation of resting stages 
produced without genetic recombination could reduce the genetic 
diversity of the seed bank or balance it with a sexually reproducing 
pelagic part of the population.

Besides sexual reproduction, several other mechanisms may 
sustain high genetic diversity of phytoplankton populations. 
Environmental heterogeneity can, for example, promote evolution-
ary diversification, even more with temporal fluctuation (Cooper & 
Lenski, 2010), which is a prevailing explanation for maintenance of 
genetic diversity (Godhe et al., 2016; Gsell et al., 2012). In regions 
that experience seasonal climate variation, phytoplankton blooms 
are subject to varying environmental factors throughout the year, 
potentially selecting for different geno-  and phenotypes (Reusch & 
Boyd, 2013). Clonally reproducing genotypes or lineages, thriving 
under certain conditions, could outnumber less competitive gen-
otypes and thus lead to seasonal genetic population structure. A 
large set of coexisting subpopulations was, for example, found in the 
globally abundant marine cyanobacterium Prochlorococcus and dif-
ferentiation was linked to seasonal selection (Kashtan et al., 2014). 
Alternatively, continuous germination of resting stages over time 
might result in a loss of differentiation and increase of gene diver-
sity within a single clonally growing phytoplankton bloom (Lebret 
et al., 2012). Once successfully growing subpopulations form resting 
stages, they may increase the genetic diversity of the seed bank.

Strong seasonality characterizes coastal waters of the Northern 
Baltic Sea, where high geno-  and phenotypic diversity was reported 
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for the dinoflagellate Alexandrium ostenfeldii (Paulsen) Balech and 
Tangen (1985), which grows from May to September and occasion-
ally forms dense toxic blooms (Kremp et al., 2016; Tahvanainen et al., 
2012). These are associated with local accumulations of benthic 
resting stages (Hakanen et al., 2012; Kremp et al., 2009; Suikkanen 
et al., 2013), which makes A. ostenfeldii an excellent study organ-
ism to investigate if (i) the benthic seed bank is more diverse than 
the pelagic population and (ii) the pelagic population is seasonally 
differentiated. Prerequisites for increased seed bank diversity are 
clonal growth and genetic differentiation of subpopulations, without 
sexual recombination between them. Once selected genotypes of 
differentiated subpopulations form resting stages, they can accumu-
late in the sediment and generate a seed bank with large diversity. If 
different subpopulations are part of the seed bank and germinate or 
become more abundant at different times of the season, the pelagic 
population could be genetically structured. Based on these assump-
tions we hypothesize that: (i) the genetic diversity of the seed bank 
is higher, compared to the pelagic population, and (ii) the pelagic 
population displays temporal genetic differentiation. To investigate 
the genotype dynamics and diversity of A. ostenfeldii, a sampling 
campaign was carried out in 2015, followed by cell isolation and 
genotyping using microsatellite markers (MS) and restriction site- 
associated DNA sequencing (RAD).

2  |  MATERIAL S AND METHODS

2.1  |  Sampling

The sampling site (60°05′45.4″N 20°31′26.6″E) is located in a shal-
low bay (water depth <3 m) in the Northern Baltic Sea (Föglö ar-
chipelago, Åland Islands), which is an extensively studied bloom site 
of Alexandrium ostenfeldii (Hakanen et al., 2012; Jerney et al., 2019; 
Kremp et al., 2009). The soft, muddy bottom is densely vegetated 
and summer salinity (SP) ranges typically between 5 and 6. From 
December to April the bay is usually ice- covered and in summer 
water temperature can rise to +24°C. Between March and October 

2015, seven sampling campaigns were carried out (Table 1). At all 
dates water samples were taken to measure salinity and analyse the 
concentration of nutrients and chlorophyll a (Chl a) as well as the 
abundance of A. ostenfeldii as described in the following sections. 
Seawater temperature was measured in situ. At the end of March and 
in October sediment was sampled for isolation of A. ostenfeldii rest-
ing stages (referred to as seed bank populations S0 and S6, Table 1) 
and between June and August water samples were taken to isolate 
motile A. ostenfeldii cells (referred to as pelagic populations P1– P5). 
Between June and August replicate water samples were taken at 
each date to characterize algal toxins and the phyto-  and zooplank-
ton community (details below). Water chemistry, and phyto-  and 
zooplankton community data were visualized with sigma plot version 
10.0 (Systat Software).

2.2  |  Water chemistry

For nutrient analysis water samples (250 ml) were taken at 0.5 m 
water depth with a Ruttner sampler (1 L; Hydro- Bios), transferred 
to hypochloric acid- washed 250- ml bottles and stored cool and dark 
until further processing. Nutrients were analysed within 24 h, at the 
Marine Research Center of the Finnish Environment Institute (SYKE 
MRC) according to an in- house protocol (accredited by the Finnish 
Accreditation Service). Total nutrients (total phosphorus [TP] and 
total nitrogen [TN]) and dissolved inorganic nutrients (NH4, NO3, 
NO2, PO4, SiO4) were measured spectrophotometrically (Grasshoff 
et al., 2009; Koroleff, 1979) and molecular masses of N and P as a 
percentage of inorganic nutrients were used to calculate N:P ra-
tios. Temperature was measured in the field with a thermometer 
integrated in the Ruttner sampler and salinity was measured with a 
salinometer (Guildline's Autosal 8400B Laboratory Salinometer by 
OSIL) at SYKE MRC. Chl a was measured spectrophotometrically, 
according to standard protocols (HELCOM, 1988, 2017a).

For sampling of hydrophilic paralytic shellfish poisoning (PSP) 
toxins, 10– 20 L of seawater was taken with a 2- L measuring bea-
ker, filtered through a 100- µm net, onto a 25- µm sieve and material 

TA B L E  1  Culture establishment and microsatellite- based population metrics for temporal parts of the population

Sampling date Population

Cells 
isolated 
(n)

Cultures 
established 
(%)

Genotyped 
isolates (n) MLG HE 1 − D IA rd

Mean 
allelic 
richness

31- Mar S0 100 50 46 45 0.58 0.98 −0.11 −0.01 4.01

02- Jun P1 132 37 45 45 0.54 0.98 0.05 0.01 3.85

30- Jun P2 84 35 24 24 0.55 0.96 0.11 0.01 4.15

26- Jul P3 138 36 44 44 0.56 0.98 0.07 0.01 3.59

11- Aug P4 92 45 36 34 0.53 0.97 0.07 0.01 3.64

25- Aug P5 108 28 29 29 0.53 0.97 −0.17 −0.02 3.81

19- Sep S6 100 34 33 32 0.53 0.97 −0.11 −0.01 3.75

Note: S = seed bank, P = pelagic parts; MLG = number of multilocus genotypes; HE = Nei's (1978) gene diversity; 1 − D = Simpson index of diversity; 
IA = index of association; p- value obtained after 999 permutations; rd = IA adjusted for the number of loci; p- value obtained after 999 permutations, 
IA and rd calculations were based on randomly subsampled populations (n = 20).
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retained on the sieve was washed into a 50- ml centrifugation tube. 
The concentrated sample was filtered onto a Whatman GF/F glass 
fibre filter (Ø 25 mm), which was stored at −20°C temporarily. For 
the analysis of PSP toxins, filters were placed in cryovials and ap-
proximately 0.9 g lysing matrix D was added to each vial followed by 
1 ml 0.03 m acetic acid. Sample homogenization and toxin extraction 
was performed at maximum speed (6.5 m s−1) for 45 s using a Bio101 
FastPrep (Thermo Savant) instrument. Homogenized samples were 
centrifuged at 16,100 g at 4°C for 15 min, after which the superna-
tants were transferred to 0.45- µm pore size spin filters (Millipore 
Ultrafree) and centrifuged for 30 s at 6000 g. Supernatants were 
transferred to high- performance liquid chromatography (HPLC) vials 
for toxin analysis. PSP toxins were determined by ion pair liquid 
chromatography coupled to post- column derivatization and fluo-
rescence detection, as described in Krock et al. (2007) and Van de 
Waal et al. (2015). PST toxins (C1/2, dcGTX2/3, GTX2/3, GTX1/4, 
B1, dcSTX, STX and NEO) were quantified by external calibration 
curves with standard solutions ranging from 5 pg µl−1 to 6 ng µl−1. 
The total amount of toxins is expressed as the sum of detectable 
toxins per date in pg per cell, presumably produced by A. ostenfeldii 
(STX + GTX2/3). Detection limits for each toxin are given in Table 
S1.

2.3  |  Biotic environment

Water samples for phytoplankton analysis were taken at 0.5 m depth 
with a Ruttner sampler (1 L; Hydro- Bios) and fixed with Lugol's solu-
tion. Depending on cell densities, sample volumes of 3– 50 ml were 
settled in Utermöhl counting chambers for 3– 24 h (Utermöhl, 1958) 
and counted at 200× and 400× magnification using an inverted mi-
croscope (Leica DMI3000 B). At least 500 cells were counted per 
sample. Cell abundances were transformed into biomasses accord-
ing to HELCOM (2017b). For isolation of A. ostenfeldii cells, plankton 
samples were collected with a 20- µm mesh plankton net and trans-
ferred to 200- ml culture flasks. Water samples (10 L) for zooplank-
ton analysis were taken from the surface with a measuring beaker, 
filtered through a 63- µm sieve, conserved in 70% EtOH and counted 
with an inverted microscope (Leica DMI LED) at 50× magnification 
according to HELCOM (2017c).

2.4  |  Isolation and culturing of A. ostenfeldii

For A. ostenfeldii resting stage isolation, four replicate sediment 
cores were sampled in April and October 2015. Sediment sampling 
and processing were carried out as described in detail by Jerney, 
Suikkanen, et al. (2019). Approximately 100 single resting stages 
were isolated after both samplings and clonal cultures were estab-
lished and maintained at 16°C, as explained in Jerney, Ahonen, et al. 
(2019) and Jerney, Suikkanen, et al. (2019). Similarly, 84– 138 mo-
tile cells were isolated randomly from plankton samples after each 
sampling date from June to September and clonal cultures were 

established as described above, but incubated at 20°C (instead of 
16°C), 14:10- h light– dark cycle and ~100 µmol photons m−2 s−1 to 
simulate summer growth conditions.

2.5  |  Genotyping

2.5.1  |  Microsatellite marker analysis

Fifty exponentially growing clones were randomly selected from 
each sampling date, 0.5– 10 ml of each culture was harvested and 
centrifuged at 2,000 g for 10 min. The obtained cell pellet was stored 
at −20°C until further processing and DNA was extracted in 5% 
Chelex solution as described by Nagai et al. (2012). Primer pairs and 
the PCR (polymerase chain reaction) conditions were described by 
Nagai et al. (2014) and nine primer pairs (excluding primers for locus 
Aosten144) were used in this study. PCR products were electro-
phoresed on an ABI 3730xl DNA Analyzer (Applied Biosystems) and 
allele sizes were determined using a 600 LIZ size standard (Applied 
Biosystems) and genemapper version 4.0 (ABI). Allele numbers at the 
10 loci ranged from two to 12 (average of 5.3), and estimates of gene 
diversity (Nei, 1978) from 0.10 to 0.92, suggesting that the microsat-
ellites are suitable to characterize the genetic structure of A. osten-
feldii at the population level (Sildever et al., 2019).

2.5.2  |  Restriction site- associated DNA sequencing

Four sampling dates were included for RAD (S0, P1, P3, P5; Table 2) 
with 19– 20 isolates per date. The seed bank sampling, and three 
pelagic samplings with maximal temporal distance were chosen to 
increase the chance of capturing emerging population structure dur-
ing the season. Exponentially growing cultures (~10,000 cells ml−1) 
were harvested and concentrated by centrifugation. After addi-
tion of 100 µl cetyltrimethylammonium (CTAB) buffer, the cell pel-
lets were stored at −80°C. A freeze– thaw cycle was repeated three 
times to break down cell walls and ease DNA extraction: samples 
were thawed at 65°C for 5 min with a bench heating block and im-
mediately frozen again at −80°C for 24 h before starting the next 
cycle. DNA of each strain was extracted using a CTAB- based pro-
tocol (Dempster et al., 1999) modified as described by Sassenhagen 
et al. (2015).

2.5.3  |  RAD library preparations

A pilot test was first carried out with three strains (AOB325, 
AOB413, AOB504). From this data set a minimum number of reads 
and number of samples that can be multiplexed was determined. 
Genomic DNA was digested with high- fidelity SbfI (New England 
Biolabs), applying a RAD library preparation protocol modified from 
Amores et al. (2011) and Etter et al. (2011). Modifications (according 
to Rengefors et al., 2021) included an increased amount of ligase 
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(2000 U µl– 1 T4 ligase) and decreased volume of NEB2 buffer (1 µl). 
In addition, AMPure XP beads were used to remove redundant P1 
adapters and elution was done in three steps to increase the DNA 
yield, following the repair end and overhang addition step. AMPure 
XP beads were also used instead of column purification after the P2 
adapter ligation. The final full amplification was performed with 16 µl 
template and 16 PCR cycles. After P1 adapter ligation, 20 uniquely 
barcoded (6 bp) strains were multiplexed per lane. Samples were 
subsequently sequenced on a HiSeq2500 system (Illumina), using 
paired- end 125- bp read length and v4 sequencing chemistry. Raw 
sequence reads are deposited in the European Nucleotide Archive 
(BioProject PRJEB41677).

2.5.4  |  RAD— single nucleotide polymorphism 
identification

Quality control was done with fastqc version 0.11.6 (Babraham 
Bioinformatics), followed by demultiplexing, and processing with 
stacks software (Catchen et al., 2011, 2013) version 2.41. The stacks 
pipeline was run manually. Prior to the main analysis, parameter set-
tings were tested with a subset of 12 strains (three from each popu-
lation) with high coverage, as suggested by Paris et al. (2017) and 
Rochette and Catchen (2017). Two samples (B376 and C115) with 
fewer than one million reads were excluded from the final analysis. 
Overall, the average sequencing coverage was very low (<30×) and 
therefore parameters were optimized to maintain a coverage of at 
least 10× per sample and maximize the number of utilized reads and 
polymorphic SNPs, by varying mismatch (M) and depth of stack (m). 
The final stacks parameters were set to - m 5 - M 1 (ustacks) and all 
other parameters were set to default. Raw counts and sequencing 
coverage were tracked at all possible stages (after process_radtags, 
ustacks, gstacks and populations) as summarized in Table S2. All 
genotypes were assigned to belong to a single population in stacks 
populations to maximize the number of loci. Furthermore, only loci 
present in at least 80% of the individuals were utilized to investigate 
the population genetic structure and metrics. Only the first SNP of 
each RAD- locus was included, and all data files were created directly 

with stacks populations for downstream analyses. Potential human 
or bacterial contaminant sequences were identified using the taxo-
nomic sequence classifier kraken2 (Wood et al., 2019).

2.6  |  Population genetic metrics and 
statistical analysis

Genetic diversity (π) for RAD data was calculated directly in stacks based 
on all SNPs utilized by the stacks population program. Data on number 
of RAD sites, variant alleles and polymorphic sites were also obtained 
from stacks. Data exploration and all other statistical analysis for RAD 
and MS data were carried out with r version 3.6.1 (R Core Team, 2018) 
and R studio version 1.2.5019 (rstudio Team, 2019) focusing on analysis 
suitable for nonmodel populations including clonal or partially clonal 
organisms (Grünwald et al., 2017). RAD data were analysed following 
two approaches. To investigate if the seed bank is more diverse than 
the pelagic part of the population, a subset of 19 genotypes from each 
group (seed bank and pelagic part) were randomly selected and pooled 
again into a new data set (2p). To investigate seasonal differentiation, 
genotypes of all four temporal subpopulations (S0, P1, P3 and P5) were 
utilized (4p). For both RAD data configurations (2p and 4p) genotypes 
had less than 70% missing values and loci less than 50% missing values. 
Basic population metrics of MS data were extracted using the pack-
age poppr (Kamvar et al., 2014, 2015) and genotypes with more than 
25% missing data were excluded. Population differentiation (FST) for 
both markers was calculated in r, package hierfstat (Goudet & Jombart, 
2015; Nei, 1973), and p- values were obtained after 999 permutations 
followed by a Monte Carlo Test (package ape4, Bougeard & Dray, 2018). 
In addition, pairwise genetic distances D (Jost) and GST (Hedrick) were 
calculated with the package mmod (Winter, 2012). Allelic richness was 
calculated with the package popgenreport (Adamack & Gruber, 2014). 
Analysis of molecular analysis (AMOVA) was performed with the pack-
age poppr (Kamvar et al., 2014, 2015) followed by a Monte Carlo test. 
Package ggplot2 (Wickham, 2016) was used for plotting the results and 
the packages magrittr (Bache & Wickham, 2014) and dplyr (Wickham 
et al., 2019) were used for data manipulation. The mode of reproduc-
tion was assessed for all data sets by evaluating observed linkage 

TA B L E  2  Basic population metrics of RAD loci present in 80% of the individuals

Dataset Population N
Private 
alleles (n)

Polymorphic 
loci (%) π HE IA rd

Mean 
allelic 
richness

p4 S0 19 117 0.06 0.03 0.03 0.32 0.00 1.13

P1 20 105 0.05 0.03 0.03 0.96 0.01 1.13

P3 19 104 0.05 0.03 0.03 0.85 0.01 1.13

P5 20 132 0.06 0.04 0.04 −0.12 0.00 1.16

p2 S 19 — — — 0.03 0.72 0.00 1.24

P 19 — — — 0.03 0.27 0.00 1.26

Note: N = number genotyped isolates. HE = Nei's (1978) gene diversity, π = estimate of nucleotide diversity of variant sites; IA = index of association; 
p- value obtained after 999 permutations; rd = IA adjusted for the number of loci; p- value obtained after 999 permutations; IA, rd, HE and allelic 
richness were calculated based on rarefaction analysis (n = 19 for S, P, S0, P1, P3 and P5). Bold numbers indicate significant deviation from a random 
distribution (p < .01).
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among loci against expected distributions from permutation (999 per-
mutations) using the index of association (IA) described by Brown et al. 
(1980) and index rd, which accounts for the number of loci sampled and 
is less biased (Agapow & Burt, 2001). IA and rd were assessed with the 
package poppr (Kamvar et al., 2014, 2015).

Population structure was investigated using principal compo-
nents analysis (PCA) in the R package (Jombart & Ahmed, 2011) and 
remaining missing values were ignored. In addition, a k- means clus-
tering approach, which identifies clusters using successive k- means, 
was used from the same package. These functions implement a clus-
tering procedure of running successive k- means with an increasing 
number of clusters (k), after transforming data using a PCA. For each 
model, a statistical measure of goodness of fit (Bayesian information 
criterion [BIC]) was computed to choose the optimal k. Furthermore, 
a discriminant analysis of principal components (DAPC) was carried 
out, followed by DAPC cross- validation to choose the number of 
principal components retained.

3  |  RESULTS

3.1  |  Sequencing and basic metrics

Between 84 and 138 single cells were isolated after each sampling, 
of which 28%– 50% were culturable (Table 1). With MS, 261 strains 
were successfully characterized in total, based on nine loci and 54 al-
leles. A genotype accumulation curve showed that at least nine loci 
are required to discriminate between unique individuals. Four geno-
types with more than 25% missing values were excluded from the MS 
analysis. Of the remaining 257 genotypes, the number of multilocus 
genotypes (MLGs) was between 24 (P2) and 45 (S0 and P1) and four 
clones were detected (Table 1). Reads of the RAD data set were 113 bp 
in length, the mean number of RAD reads per sample was 17,032,952 
(± 839,864 SE) and the mean per- locus coverage across all samples 
was 26.8× (Table S2). Sequence classification of the resulting loci using 
kraken2 identified 17.16% (± 7.74 SD) of sequences as of potential bac-
terial origin and 4.78% (± 1.78 SD) of sequences as of potential human 
origin. Only unclassified sequences (i.e., originating from the dinoflag-
ellate) were included in downstream analysis. The number of retained 
loci was compared for different stacks populations settings using (i) all 
sequences and (ii) only unclassified sequences (Table S3). After filtering 
loci found in at least 80% of the individuals, 666 RAD loci remained, 
of which 646 were variant (1,292 alleles). The mean length of the RAD 
loci was 584.52 (± 2.64) and all genotyped individuals were unique.

3.2  |  Diversity measures

High genotype (or clonal) diversity, which is the ratio of the num-
ber of unique genotypes (G) to the total number of isolates geno-
typed (N), was calculated with MS data (G:N = 0.98) and RAD data 
(G:N = 1.00). Gene diversity (Nei, 1978) varied from ~0.53 (P4, P5, 
S6) to 0.58 (S0) based on MS data. The number of MS alleles per 

locus ranged from three to nine with an average of 5.4 (Table S4) and 
the mean allelic richness after rarefaction was between 3.64 (P3) 
and 4.15 (P2) (Table 1). In both RAD data configurations (2p and 4p) 
the seed bank and pelagic fraction had a similar mean gene diversity 
(HE) of 0.03– 0.04 (p4) and 0.03 (p2), (Table 2), which equals the nu-
cleotide diversity (π), as we only utilized the first SNP of each locus. 
RAD- locus allelic richness of the temporal population parts ranged 
from 1.13 (S0, P1, P3) to 1.16 (P5) and was very similar in the seed 
bank (1.24, S), compared to the pelagic part of the population (1.26, 
P). The highest number of private alleles occurred in the P5 (132) and 
the lowest number in the P3 (104) population. The level of polymor-
phism was generally very low; based on RAD data, 0.05%– 0.06% of 
all sites were polymorphic.

3.3  |  Linkage equilibrium

Based on MS data the index of association (IA) and the index of as-
sociation adjusted for the number of loci (rd) of each temporal sub-
population ranged from −0.17 to 0.11 and −0.02 to 0.01 (Table 1). 
The p- values obtained for both indices indicated no significance. For 
the 2p RAD data configuration, IA values of 0.72 (S) and 0.27 (P), 
corresponding to rd values below 0.00, were calculated (Table 2). For 
the 4p RAD configuration, the IA was between −0.12 (P5) and 0.96 
(P1), corresponding to rd < 0.002 (S0, P5) and 0.01 (P1, P3). The IA 
and rd obtained for P1 and P3 were very low, but significantly differ-
ent from a random distribution (p < .01, Table 2, Figure 1).

3.4  |  Genetic differentiation and 
population metrics

The analysis of microsatellite and SNP data showed that there was 
no significant differentiation between all pairwise population com-
parisons (Tables 3 and 4). Based on MS data pairwise FST values were 
between 0.009 (P4– S6) and 0.027 (P2– P5) and based on RAD data 
between 0.028 (P1– P5) to 0.032 (S0– P5) (Table 3). MS- based FST 
values between the spring seed bank population (S0) and temporal 
pelagic populations increased marginally towards the end of the sea-
son (0.010– 0.018, P1– S6), but there was no significant differentia-
tion. The pairwise distances were higher at P1– P3 (0.025) and P1– P4 
(0.023), but none of the FST values were significant. The overall FST 
value between pelagic and seed bank isolates was even lower after 
rarefaction (0.011). Pairwise GST (Hedrick) values ranged from 0.002 
(S6– P4) to 0.017 (P1– P3 and P2– P5) based on MS data and displayed 
almost no variation for the 4p RAD data (−0.008 or −0.009, between 
most pairs). D (Jost) ranged from 0.003 (P4– S6) to 0.041 (P1– P3) for 
the MS data and was 0.024 or 0.025 between all population pairs 
based on 4p RAD data. The AMOVA results indicated no popula-
tion differentiation across the season nor between the benthic and 
pelagic population (Phi = −0.007). One hundred per cent variation 
was found at the population level, with no significant differences 
between populations (p = .08 for p4 and p = .87 for p2, Table S5).
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3.5  |  Population genetic structure

PCA showed that the first three principal components explained 
less than 15% of the total variance in the MS and the 4p RAD data 
set. With increasing number of principal components, eigenvalues 
decreased gradually (without a sharp decrease). Thus, plotting 
the first two principal components was not meaningful to dis-
play the variation of the data sets and PCA plots are not shown. 

A K- means cluster analysis, based on allele frequencies, showed 
that there was no support for more than one cluster (K = 1) based 
on BIC. BIC values increased steadily with the number of clusters, 
indicating that one cluster explained the variation of the data set 
best. Posterior membership probability plots, based on DAPC, 
showed that all individuals belong to one group, and therefore 
no plots are presented. DAPC cross- validation indicated that the 
proportion of successful outcome prediction reached 0%– 60% 

F I G U R E  1  Indices of association adjusted for the number of loci (rd), based on RAD data for temporal population parts. rd values are 
plotted as a dashed line. The grey area represents the resampled distribution of unlinked loci. Based on rd there is no evidence of linkage 
disequilibrium among loci for S0 and P5 (p > .05), consistent with a sexually recombining population. For P1 and P3 the hypothesis of no 
linkage among markers is rejected (p < .01), indicating a higher degree of clonality (p- value obtained after 999 permutations, n = 19)

S0 P1 P2 P3 P4 P5

S0 0.032 0.032 0.028

P1 0.010 0.031 0.028

P2 0.014 0.015

P3 0.015 0.025 0.017 0.028

P4 0.016 0.023 0.019 0.014

P5 0.016 0.016 0.027 0.017 0.013

S6 0.018 0.017 0.015 0.018 0.009 0.012

Note: P = pelagic part of the population, S = seed bank: FST for MS data below the diagonal, and 
RAD data above the diagonal (Nei, 1973); p- values obtained with a Monte- Carlo test after 999 
permutations indicated no significant difference for all pairwise comparisons.

TA B L E  3  Pairwise genetic distances for 
MS and RAD
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for any number of principal components retained (1– 78) but was 
highest for 47 principal components (90%).

3.6  |  Selection regimes

Abiotic and biotic environmental data displayed a pronounced sea-
sonal variation (Figure 2), resulting in distinct selection regimes for 
each temporal population, as indicated in Figure 3. The major differ-
ences were that earlier time points of the season were character-
ized by higher grazing pressure, together with highest toxin levels 
of STX (P1) and GTX2/3 (P2), whereas a higher phytoplankton bi-
omass and higher nutrient levels occurred later in the season. The 
environmental conditions at the first seed bank sampling S0 (end 
of March) were characterized by a low temperature (3°C) and low 
nutrient levels (TN and TP below 1 µmol L−1), combined with a low 
Chl a level (11.6 µg L−1), and no Alexandrium ostenfeldii cells in the 
water column (Figure 2d). At the beginning of June (P1) the tem-
perature had increased to 14.4°C and a low number of A. ostenfeldii 
(360 cells L−1) was found together with high total toxin cell quota 
of 8.3 pg per cell. At the same time a low phytoplankton biomass 
(~1 mg L−1, Figure 2a), a high zooplankton biomass (1,800 individu-
als L−1, Figure 2c) and elevated nutrient concentrations (TN and TP, 
Figure 2e) were measured. A different situation was observed at 
the end of June (P2), when the temperature had reached 20°C. An 
increase of the A. ostenfeldii abundance (~1000 cells L−1) and toxin 
cell quota (12.0 pg PSP toxins per cell) co- occurred with the high-
est zooplankton abundance (2300 individuals L−1), but the overall 
phytoplankton biomass and Chl a remained low. A prolonged period 
of elevated temperatures (above 15°C) occurred in July and August 
(P3– P5), with decreasing zooplankton abundance (below 360 indi-
viduals L−1) and increased growth of A. ostenfeldii (above 6,000 cells 
L−1, Figure 2d) and other phytoplankton (in total 14 mg L−1, Figure 2a), 
corresponding to a Chl a peak of ~110 µg L−1 (P5). During this period, 
we measured the second highest total toxin cell quota of the season 
(8.9 pg per cell, P4 sampling, Figure 2b) and a maximum concentra-
tion of TN and TP (~80 and 3 µmol L−1, Figure 2e). During the P5 sam-
pling the ratio of inorganic N:P was ~50, whereas N:P ratios were 
below 5 during all other pelagic samplings. Towards the end of the 
season (sampling S6 in September) temperature and the Chl a level 
had declined to 16°C and 65 µg L−1, but total phytoplankton biomass 
was still high (~12 mg L−1) and the cell density of A. ostenfeldii reached 
its maximum of 11,844 cells L−1.

4  |  DISCUSSION

Algal blooms can have a duration of several weeks to months, de-
spite short generation times and substantial changes in the aquatic 
environment during the bloom period. Consequently, it has been 
suggested that the blooms are exposed to shifting selection regimes, 
which could result in separate subpopulations that are favoured 
at different times during the growth season. Here, we tested the TA
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F I G U R E  2  Biotic and abiotic environmental parameters (mean values, n = 4). (a) Phytoplankton taxa contributing to more than 80% of the 
total biomass: 1Gonyaulacaceae, 2with endosymbiotic algae; (b) Alexandrium ostenfeldii toxins; (c) zooplankton community; (d) total Chl a and 
cell concentration of A.ostenfeldii; (e) nutrient concentrations: left side x- axis— PO4 (filled circles), total phosphorus (TP, filled squares) and 
dissolved inorganic nitrogen (NO3 + NO2, empty circles and NH4, empty diamonds); secondary x- axis— total nitrogen (TN, empty squares); (f) 
water temperature and salinity; n.d., not determined
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hypotheses that the pelagic part of the population consists of sepa-
rate subpopulations, and that the resting stage “seed bank” serves 
as a genetic reservoir with high genetic diversity. Contrary to our 
expectations, we found little evidence of population differentiation 
within the pelagic population of the dinoflagellate Alexandrium os-
tenfeldii. Moreover, genetic diversity was equally high in the pelagic 
part of the population and the seed bank.

4.1  |  Seed bank diversity–  unravelling the 
reservoir function

Both types of genetic marker applied in this study revealed similar 
diversity levels in the benthic and the pelagic phase of a Baltic A. os-
tenfeldii population, which contrasts with the common expectation 
of increased diversity of seed banks (Rengefors et al., 2017) or zoo-
plankton egg banks (Brendonck & De Meester, 2003). The results 
of this study were similar to those found in the diatom Skeletonema 
marinoi, which produces asexual resting stages (Godhe & Härnström, 
2010). Circumstances that would facilitate an increased diversity in 
the seed bank, compared to the actively growing part of the popula-
tion in the water column, are accumulation of sexually produced rest-
ing stages in the sediment, combined with germination and growth 
of a smaller subset of the entire population, and limited exchange 
between the benthic and pelagic habitat. For most dinoflagellates 
with a known life cycle, resting cysts are a result of sexual repro-
duction, whereas asexual proliferation and selection occur in the 
pelagic phase of the life cycle (Rengefors et al., 2017). Thus, a “typi-
cal” dinoflagellate life cycle could promote increased diversity of the 
benthic seed bank, compared to a mainly clonally growing subset of 
the pelagic population, if genotypes with certain traits are selected 
and germinate at the start of the season. On the other hand, suc-
cessive recruitment of diverse genotypes has been considered as a 
factor explaining high genetic diversity in prolonged phytoplankton 
blooms (Lebret et al., 2012). We can assume that the shallow water 
at the Föglö sampling site facilitates constant exchange between the 
seed bank and the plankton through resting stage formation and 

germination. A. ostenfeldii has a generalist life cycle strategy, forms 
diverse resting stage types, including sexual heterothallic and asex-
ual (and/or sexual homothallic) ones, under a variety of conditions 
(Jerney, Ahonen, et al., 2019; Jerney, Suikkanen, et al., 2019) and can 
germinate within a wide temperature range throughout the season 
(Figueroa et al., 2008; Jerney, Ahonen, et al., 2019). Frequent rest-
ing stage formation and germination throughout the season would 
ensure strong coupling between the seed bank and the pelagic part 
of the population, which will harmonize the diversity between the 
two phases.

Our results for clonal diversity (0.97 MS and 1.00 RAD) and gene 
diversity HE (0.53– 0.58 MS) fall within the range of other studies on 
Alexandrium, reporting clonal diversity of 0.47– 1.0 and gene diver-
sity of 0.54– 0.88 (Collins et al., 2014 and references herein). Nagai 
et al. (2004) reported a gene diversity of up to 0.97 for A. catenella 
(reported as A. tamarense), but relatively low gene diversity of 0.27 
was reported for A. tamiyavanichii (Nishitani et al., 2009). Gene di-
versity values were lower (HE, equal to Pi, between 0.03 and 0.04) 
based on RAD data, compared to MS data in this study and previ-
ously reported values (0.07– 0.11) derived from amplified fragment 
length polymorphism (AFLP) markers (Tahvanainen et al., 2012). 
Likewise, different markers revealed diverging results for A. catenella 
(reported as A. tamarense): gene diversity of North Sea populations 
ranged from 0.03 to 0.51 based on AFLP loci and from 0.31 to 0.83 
based on microsatellite loci (Alpermann et al., 2010). Inconsistent 
gene diversity results obtained with different markers for the same 
species probably reflect marker- specific characteristics (Fischer 
et al., 2017), as discussed later.

4.2  |  Frequency of sexual reproduction

To determine if populations are in linkage equilibrium or not, the 
linkage between loci was tested by calculating the index of asso-
ciation (IA) and the index of association, adjusted for the number 
of loci sampled (rd) (Agapow & Burt, 2001). For clonal growth sig-
nificant disequilibrium (LD) is expected due to linkage among loci, 

F I G U R E  3  Heatmap of environmental variables at different times of the season (P1– P5). Vertical black labels = abiotic variables, green 
labels = phytoplankton and blue labels = zooplankton; values have been centred and scaled variable- wise; that is, 0 is the variable mean 
and, for example, 1.5 denotes a value that is 1.5 standard deviations higher than the mean for that variable
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whereas for sexual growth linkage among loci is not expected. The 
null hypothesis tested is that alleles observed at different loci are not 
linked if populations are sexual, while alleles recombine freely into 
new genotypes during the process of sexual reproduction. Values 
close to zero indicate linkage equilibrium, while deviations from 
zero indicate disequilibrium. In this study low and nonsignificant r

d values were calculated for the entire season based on MS. Thus, 
we fail to reject the null hypothesis of no linkage among markers 
and conclude that sexual reproduction occurs not only at the end of 
the growth season, but more frequently in the pelagic phase. Based 
on RAD data, subpopulations P1 and P3 exhibited weak significant 
LD (Table 2, Figure 1), pointing at increased clonal reproduction at 
the beginning of June and end of July. During this time high clonal 
growth and increased intra-  and interspecific competition could 
have selected for the most competitive clonal lineages. Weak, but 
significant LD has been reported earlier for other Baltic A. ostenfeldii 
populations, but not for the Föglö population (Tahvanainen et al., 
2012), which is partly in line with results of this study. Other stud-
ies that have addressed reproduction patterns in population genetic 
analyses reported weak or no LD (Alpermann et al., 2009; Dia et al., 
2014; Sassenhagen et al., 2015; Wyngaert et al., 2015), indicating 
that regular recombination events occur in phytoplankton popula-
tions despite their primarily asexual mode of growth. Sexuality in-
dicators may be present in some and absent in other populations 
or subpopulations (Tahvanainen et al., 2012; Wyngaert et al., 2015), 
which suggests that the level of sexual reproduction, and conse-
quently genetic diversity, is influenced by, for example, habitat con-
ditions, life- cycle strategies or population history (Rengefors et al., 
2017). The frequency of sexual reproduction has a strong impact 
on short- term evolution, as it may erase genetic structure emerging 
during a bloom event (Dia et al., 2014).

4.3  |  Seasonal population structure and selection

Pairwise genetic distances calculated for MS and RAD data (Tables 
3 and 4) suggest that the A. ostenfeldii bloom populations were not 
temporally differentiated. Although increased pairwise genetic dis-
tances between S0 and P1– P5 (MS, Tables 3 and 4) suggested weak 
diversification throughout the season, this trend was not significant. 
No significant population structure or variation of diversity was de-
tected, based on both markers, despite seasonal variation of poten-
tial selection pressures (Figure 3). In order for populations to become 
genetically differentiated, one or more of the following processes are 
involved: natural selection, mutation or genetic drift, in combination 
with limited gene flow (Rengefors et al., 2017). Some probable expla-
nations for the lack of genetically differentiated subpopulations here 
are the following: first, no single clone(s) dominate(s) for long enough 
to form a separate subpopulation. This can be due to frequent sexual 
reproduction and resulting recombination, as indicated by the index 
of association. It could also be explained by a dynamic environment 
that never allows dominance of one or a few clones, analogous to 
the Intermediate Disturbance Hypothesis (Connell, 1978), or as 

Rynearson and Armbrust (2005) hypothesized: individual clonal lin-
eages could be prevented from becoming numerically dominant by 
extensive clonal diversity, generated through past sexual reproduc-
tion events, coupled with frequent environmental changes. Second, 
population differentiation may be prevented by high phenotypic 
plasticity, allowing lineages to survive environmental changes, which 
counteracts selection for different ecotypes/subpopulations.

The investigated A. ostenfeldii bloom site represents a dynamic 
environment with seasonal variation of potential selection pressures 
(Figure 3). For example, at the end of June (P2), when zooplankton 
abundance peaked, predation presumably represented a strong se-
lection pressure, triggering high toxin production, which was sug-
gested to be a defence mechanism against grazing, for example, of A. 
catenella (Griffin et al., 2019). Later, relaxation of selection pressures 
allowed for an increase of A. ostenfeldii cell numbers (Figure 2d) until 
the end of July (P3), which marked the end of an exponential growth 
phase, associated with a maximum clonal relative abundance, as ev-
idenced by low diversity (allelic richness, Table 1) and significant LD 
(Figure 1). Thereafter, increasing competition may be selected for 
the most competitive clonal lineages, as diversity remained low (P4, 
allelic richness, Table 1) and the second highest PSP toxin cell quotas 
were measured (Figure 2b), equalling highest toxin concentration per 
litre of sea water (Figure S1). At the end of August (P5) phospho-
rus limitation and even stronger competition could have selected 
for competitive lineages when phytoplankton abundance peaked. 
The inorganic N:P ratio was ~50 during P5 sampling, which is above 
16 and suggests phosphorus limitation based on Redfield (1958), 
whereas inorganic N:P ratios below 5 indicate nitrogen limitation 
during the rest of the season (Redfield, 1958). None of the afore-
mentioned selection pressures lead to measurable differentiation or 
population structure, which could only occur with limited gene flow.

Previous studies on other Alexandrium species reported tempo-
ral (Alpermann et al., 2009; Richlen et al., 2012) and spatiotemporal 
(Dia et al., 2014; Gao et al., 2019) genetic intrabloom differentia-
tion. These were probably driven by natural selection through en-
vironmental conditions, such as nutrient concentrations (Gao et al., 
2019), but solid evidence for this hypothesis is lacking. Similarly, 
Rynearson et al. (2006) speculate that environmental conditions 
(solar irradiance and silicic acid concentrations) regulate bloom 
dynamics of distinct diatom populations via selection. A dominant 
diatom population of S. marinoi, encountered in the plankton and 
the sediment of a Swedish Fjord, showed weak genetic differenti-
ation of the plankton population in two consecutive years, but the 
shifts could not be attributed to specific selection regimes (Godhe 
& Härnström, 2010). Tammilehto et al. (2016) reported significant 
progressive loss of genetic differentiation during an arctic bloom of 
the diatom Fragilariopsis cylindrus within a few weeks, coupled with 
stable genetic diversity levels, but predominantly asexual growth is 
assumed for this species and resting stages are not known. Similarly, 
a loss of genetic differentiation over time (coupled with an increase 
in genetic diversity) was observed within a single bloom of the ra-
phidophyte Gonyostomum semen in freshwater lakes (Lebret et al., 
2012). The authors conclude that those observations may reflect 
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the continuous germination of resting stages from the sediment, 
which highlights the importance of taking life cycle dynamics into 
account when estimating intraspecific genetic diversity of microbial 
organisms. Another example demonstrating the impact of different 
life cycle phases on the genetic structure of microalgal populations 
is the diatom Pseudo- nitzschia multistriata, where intermittent peri-
ods of weak and strong diversification were related to the tempo-
rary predominance of clonal expansions over sexual recombination 
(Ruggiero et al., 2018). Other diatom studies (e.g., Postel et al., 2020) 
reported robust genetic divergence along environmental gradients 
with marked differences in environmental conditions, but focused 
on much larger geographical distances, compared to this study. 
Mechanisms that are probably responsible for the observed patterns 
may vary between environments or systems, which should be con-
sidered when comparing them. For example, different dynamics can 
be expected for blooms that cover a much wider geographical extent 
or occur in systems that are deeper (fjords) or stratified. Benthic– 
pelagic coupling may be less intense in such systems, which probably 
affects reproduction strategies. Similarly, not all taxa have such fre-
quent or continuous sexual reproduction, so the mechanisms shap-
ing population dynamics of those taxa may be different.

4.4  |  MS vs. RAD

Genome- wide analyses of SNP diversity were suggested to be 
more powerful, compared to MS markers, to study genetic diver-
sity within and among populations, because a limited number of mi-
crosatellite markers, marker ascertainment bias and a high variance 
in microsatellite- derived diversity estimates may not adequately 
reflect genome- wide genetic diversity (Fischer et al., 2017). MS 
mutation rates are orders of magnitude higher and much more vari-
able than those of single SNPs and almost certainly do not reflect 
those of the genome as a whole (Hodel et al., 2017). Thus, the unu-
sually high mutational properties, which makes MS excellent for 
distinguishing different individuals, may inflate statistics such as 
FST and heterozygosity relative to the rest of the genome (Hodel 
et al., 2017). FST values calculated for both markers were similar in 
this study, although slightly higher based on the RAD data. Since 
FST values are typically underestimated when based on microsat-
ellites, the SNP- based FST is likely to be more reliable. Estimates 
of FST may become inflated as missing data increase (Hodel et al., 
2017), and thus strict filtering (SNPs present in 80% of individuals 
or exclusion of MS genotypes with more than 25% missing data) 
was applied in this study to avoid FST inflation. However, a more 
liberal filtering of loci could retain loci valuable for population dif-
ferentiation inference, since inflation of population genetic statis-
tics might not happen as quickly, as implied in simulation studies 
when loci with missing data are added (Hodel et al., 2017). Thus, 
more information about population structure might have been lost 
due to the strict filtering of loci applied in this study. Furthermore, 
the low SNP- based gene diversity of the present study might be an 
underestimation potentially arising from a bias in allele frequency 

estimation due to nonrandom haplotype sampling when using re-
striction digestion (Arnold et al., 2013). This could be because some 
recognition sequences themselves will be polymorphic, resulting 
in missing data for some chromosomes, and nonrandom sampling 
of lineages in a sample (Arnold et al., 2013). Additionally, a high 
degree of repetitive sequences characterizing the A. ostenfeldii ge-
nome (Jaeckisch et al., 2011) could contribute to the relatively low 
RAD diversity estimates. The vast majority of the A. ostenfeldii ge-
nome appears to consist of large tandem arrays, and together they 
comprise at least 58% of the total sequence (Jaeckisch et al., 2011), 
which may be captured with RAD, but not with highly variable MS. 
An additional issue could be the size of the A. ostenfeldii genome. 
Because the genome is very large —  around100 Gb; based on the 
general formula genome size (bp) = (0.921 × 109) × DNA content 
(pg) (Jaeckisch et al., 2011) and a DNA content of 115 pg per cell, 
measured by flow cytometry (Figueroa et al., 2010) —  many loci that 
are unique were perhaps not covered in the analyses because they 
were excluded by the strict filtering settings. Thus, it is possible 
that preferentially repeated or conservative regions were included 
in the analysis leading to an underestimation of gene diversity and 
FST. Despite minor deviations, the results for both markers are in 
line in this study and highlight the importance of comparing alter-
native genotyping methods to study nonmodel organisms.

4.5  |  Limitations of this study

The relatively low success of culture establishment from benthic and 
pelagic samples in this study (28%– 50%, Table 1) means that 50% or 
more of the genetic diversity and variation were potentially not cap-
tured. This limitation is common for many culture- based genotyping 
studies, but culturing success is rarely reported. The survival rate in 
a previous A. ostenfeldii study ranged from 35% to 71% in different 
Baltic populations (mean survival rate was 51.6%) (Tahvanainen et al., 
2012) and is similar to the survival rate of, for example, A. minutum 
(42.7%) (Dia et al., 2014) or A. fundyense (38%) (Erdner et al., 2011) 
and this study.

4.6  |  Evolution and adaptation

Depending on whether the fraction of emerging genotypes is a 
random (well mixed) or nonrandom (e.g., only individuals from the 
previous season germinate) sample of the total gene pool, seed 
banks may both slow down and enhance evolution by adaptation 
(Hairston Jr & De Stasio Jr, 1988). It can be assumed that the A. os-
tenfeldii seed bank has a stabilizing effect that slows down evo-
lution, because the uppermost flocculent sediment layer is well 
mixed, allowing a random set of genotypes, formed in different 
years and seasons, to germinate. If a random set of genotypes ger-
minates, individuals which are maladapted to present- day condi-
tions could pass their genes on to the next generation and thereby 
slow down adaptation. Furthermore, a shallow water seed bank 
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allows for rapid switching between the benthic and pelagic habi-
tat, supporting high phenotypic plasticity, which can weaken the 
effect of natural selection on individuals and their associated 
traits (Chevin et al., 2010). High plasticity of growth rates was 
reported from transplant experiments with this species (Jerney, 
Suikkanen, et al., 2019) and is supported by flexible resting stage 
formation and germination (Jerney, Ahonen, et al., 2019). Thus, 
the population is buffered against seasonal selection and rapid 
differentiation, which can slow down evolution.

Simultaneously, the large clonal diversity can facilitate evolution-
ary adaptation if selection pressures last longer, become more in-
tense, or benthic– pelagic coupling is prevented or strongly reduced. 
Moreover, new genotypes with highly variable competitive abilities 
may evolve at timescales significantly shorter than climate change 
(Bach et al., 2018). Thus, climate change- related environmental vari-
ation will probably not compromise the occurrence of this species 
in the Baltic Sea, as large phenotypic plasticity and a generalist life 
cycle were reported (Jerney, Ahonen, et al., 2019; Jerney, Suikkanen, 
et al., 2019), in addition to high clonal diversity.

5  |  CONCLUSIONS

Similar diversity levels of benthic and pelagic Alexandrium osten-
feldii population parts and a lack of seasonal structure, despite 
pronounced selection pressures, probably result from several pro-
cesses. Tight benthic– pelagic coupling combined with sexual and 
asexual growth and cyst formation maintain gene flow throughout 
the season and harmonize the diversity in both zones. A lack of sea-
sonal population structure could be associated with unlimited gene 
flow, high phenotypic plasticity, intermediate disturbance or too 
weak selection by environmental factors. Local seed banks provide 
a buffer against short- term environmental variability and potentially 
slow down evolution, if individuals maladapted to present- day con-
ditions germinate and contribute to the gene pool. Simultaneously, 
long- term adaptation to future environmental conditions is possible 
because genetic diversity is stored, and new genotypes arise from 
frequent recombination.

ACKNOWLEDG EMENTS
We thank Johan Franzén and Tobias Lipsewers for assistance with 
sampling and field work. Marie Svensson, Ritsuko Kubota and 
Johanna Oja are acknowledged for their extensive support of labo-
ratory work and culture maintenance. This work was funded in part 
by grants from the Academy of Finland (grant 310449 to S.S., J.J. 
and A.K. and grant 251564 to A.K.), Walter and Andrée de Nottbeck 
Foundation (J.J.), and a Grant- in- Aid for Scientific Research (Kiban- B) 
by the Japan Society for the Promotion of Science (18KK0182) 
(S.N.). Sequencing was performed by the SNP&SEQ Technology 
Platform in Uppsala. The facility is part of the National Genomics 
Infrastructure (NGI) Sweden and Science for Life Laboratory. The 
SNP&SEQ Platform is also supported by the Swedish Research 
Council and the Knut and Alice Wallenberg Foundation. The authors 

wish to acknowledge CSC –  IT Center for Science, Finland, for com-
putational resources. The study utilized SYKE- MRC marine research 
infrastructure as a part of the national FINMARI RI consortium.

CONFLIC T OF INTERE S TS
None declared.

AUTHOR CONTRIBUTIONS
The study was planned by A.K. and K.R. The samples were collected 
by J.J., A.K. and S.S. The cultures were initiated and maintained by 
J.J. The data were collected and analysed by J.J., supported by all 
authors. The paper was drafted by J.J., A.K. and S.S. J.J. wrote the 
paper with contributions of all authors.

OPEN RE SE ARCH BADG E S

This article has earned an Open Data badge for making the digitally- 
shareable data, required to reproduce the reported results, pub-
licly available at the European Nucleotide Archive (BioProject 
PRJEB41677) and the Dryad Digital Repository (https://doi.
org/10.5061/dryad.d51c5 b041).

DATA ACCE SSIBILIT Y AND BENEFIT- SHARING 
S TATEMENT
RAD sequence data have been submitted to the European 
Nucleotide Archive (BioProject PRJEB41677 –  https://www.ebi.
ac.uk/ena/brows er/view/PRJEB 41677). Scripts used for RAD data 
analysis with the stacks pipeline, R scripts for MS and RAD data anal-
ysis, MS raw data and supporting information can be accessed via 
Dryad DOI https://doi.org/10.5061/dryad.d51c5 b041.

ORCID
Jacqueline Jerney  https://orcid.org/0000-0002-2736-5179 
Karin Rengefors  https://orcid.org/0000-0001-6297-9734 
Bernd Krock  https://orcid.org/0000-0003-4022-9101 
Conny Sjöqvist  https://orcid.org/0000-0003-2562-0217 
Sanna Suikkanen  https://orcid.org/0000-0002-0768-8149 
Anke Kremp  https://orcid.org/0000-0001-9484-6899 

R E FE R E N C E S
Adamack, A. T., & Gruber, B. (2014). PopGenReport: Simplifying basic 

population genetic analyses in R. Methods in Ecology and Evolution, 
5(4), 384– 387. https://doi.org/10.1111/2041- 210X.12158

Agapow, P.- M., & Burt, A. (2001). Indices of multilocus linkage dis-
equilibrium. Molecular Ecology Notes, 1(1– 2), 101– 102. https://doi.
org/10.1046/j.1471- 8278.2000.00014.x

Alpermann, T. J., Beszteri, B., John, U., Tillmann, U., & Cembella, A. D. 
(2009). Implications of life- history transitions on the population ge-
netic structure of the toxigenic marine dinoflagellate Alexandrium 
tamarense. Molecular Ecology, 18(10), 2122– 2133. https://doi.
org/10.1111/j.1365- 294X.2009.04165.x

Alpermann, T. J., Tillmann, U., Beszteri, B., Cembella, A. D., & John, U. 
(2010). Phenotypic variation and genotypic diversity in a plank-
tonic population of the toxigenic marine dinoflagellate Alexandrium 

info:x-wiley/peptideatlas/PRJEB41677
https://doi.org/10.5061/dryad.d51c5b041
https://doi.org/10.5061/dryad.d51c5b041
info:x-wiley/peptideatlas/PRJEB41677
https://www.ebi.ac.uk/ena/browser/view/PRJEB41677
https://www.ebi.ac.uk/ena/browser/view/PRJEB41677
https://doi.org/10.5061/dryad.d51c5b041
https://orcid.org/0000-0002-2736-5179
https://orcid.org/0000-0002-2736-5179
https://orcid.org/0000-0001-6297-9734
https://orcid.org/0000-0001-6297-9734
https://orcid.org/0000-0003-4022-9101
https://orcid.org/0000-0003-4022-9101
https://orcid.org/0000-0003-2562-0217
https://orcid.org/0000-0003-2562-0217
https://orcid.org/0000-0002-0768-8149
https://orcid.org/0000-0002-0768-8149
https://orcid.org/0000-0001-9484-6899
https://orcid.org/0000-0001-9484-6899
https://doi.org/10.1111/2041-210X.12158
https://doi.org/10.1046/j.1471-8278.2000.00014.x
https://doi.org/10.1046/j.1471-8278.2000.00014.x
https://doi.org/10.1111/j.1365-294X.2009.04165.x
https://doi.org/10.1111/j.1365-294X.2009.04165.x


    |  525JERNEY Et al.

tamarense (dinophyceae). Journal of Phycology, 46(1), 18– 32. https://
doi.org/10.1111/j.1529- 8817.2009.00767.x

Amores, A., Catchen, J., Ferrara, A., Fontenot, Q., & Postlethwait, J. H. 
(2011). Genome evolution and meiotic maps by massively parallel 
DNA sequencing: Spotted gar, an outgroup for the teleost genome 
duplication. Genetics, 188(4), 799– 808. https://doi.org/10.1534/
genet ics.111.127324

Anderson, D. M., & Rengefors, K. (2006). Community assembly and sea-
sonal succession of marine dinoflagellates in a temperate estuary: 
The importance of life cycle events. Limnology and Oceanography, 
51(2), 860– 873. https://doi.org/10.4319/lo.2006.51.2.0860

Arnold, B., Corbett- Detig, R. B., Hartl, D., & Bomblies, K. (2013). RADseq 
underestimates diversity and introduces genealogical biases due to 
nonrandom haplotype sampling. Molecular Ecology, 22(11), 3179– 
3190. https://doi.org/10.1111/mec.12276

Bach, L. T., Lohbeck, K. T., Reusch, T. B. H., & Riebesell, U. (2018). Rapid 
evolution of highly variable competitive abilities in a key phyto-
plankton species. Nature Ecology & Evolution, 2(4), 611– 613. https://
doi.org/10.1038/s4155 9- 018- 0474- x

Bache, S. M., & Wickham, H. (2014). magrittr: A forward- pipe operator for 
R. https://CRAN.R- proje ct.org/packa ge=magrittr

Balech, E., & Tangen, K. (1985). Morphology and taxonomy of toxic 
species in the tamarensis group (Dinophyceae): Alexandrium exca-
vatum (Braarud) comb. nov. and Alexandrium ostenfeldii (Paulsen) 
comb. nov. Sarsia, 70(4), 333– 343. https://doi.org/10.1080/00364 
827.1985.10419687

Bougeard, S., & Dray, S. (2018). Supervised multiblock analysis in R with 
the ade4 package. Journal of Statistical Software, 86(1), 1– 17. https://
doi.org/10.18637/ jss.v086.i01

Brendonck, L., & De Meester, L. (2003). Egg banks in freshwater zoo-
plankton: Evolutionary and ecological archives in the sediment. 
Hydrobiologia, 491(1), 65– 84. https://doi.org/10.1023/A:10244 
54905119

Brown, A. H. D., Feldman, M. W., & Nevo, E. (1980). Multilocus struc-
ture of natural populations of Hordeum spontaneum. Genetics, 96(2), 
523– 536.

Catchen, J., Amores, A., Hohenlohe, P., Cresko, W., & Postlethwait, J. H. 
(2011). Stacks: Building and genotyping loci de novo from short- 
read sequences. G3: Genes, Genomes, Genetics, 1(3), 171– 182. 
https://doi.org/10.1534/g3.111.000240

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. 
A. (2013). Stacks: An analysis tool set for population genomics. 
Molecular Ecology, 22(11), 3124– 3140. https://doi.org/10.1111/
mec.12354

Chevin, L.- M., Lande, R., & Mace, G. M. (2010). Adaptation, plasticity, and 
extinction in a changing environment: Towards a predictive theory. 
PLoS Biology, 8(4), https://doi.org/10.1371/journ al.pbio.1000357

Chust, G., Vogt, M., Benedetti, F., Nakov, T., Villéger, S., Aubert, A., Vallina, 
S. M., Righetti, D., Not, F., Biard, T., Bittner, L., Benoiston, A.- S., 
Guidi, L., Villarino, E., Gaborit, C., Cornils, A., Buttay, L., Irisson, J.- 
O., Chiarello, M., … Ayata, S.- D. (2017). Mare incognitum: A glimpse 
into future plankton diversity and ecology research. Frontiers in 
Marine Science, 4, https://doi.org/10.3389/fmars.2017.00068

Collins, S., & Gardner, A. (2009). Integrating physiological, ecological and 
evolutionary change: A price equation approach. Ecology Letters, 
12(8), 744– 757. https://doi.org/10.1111/j.1461- 0248.2009.01340.x

Collins, S., Rost, B., & Rynearson, T. A. (2014). Evolutionary potential 
of marine phytoplankton under ocean acidification. Evolutionary 
Applications, 7(1), 140– 155. https://doi.org/10.1111/eva.12120

Connell, J. H. (1978). Diversity in tropical rain forests and coral reefs. 
Science, 199(4335), 1302– 1310. https://doi.org/10.1126/scien 
ce.199.4335.1302

Cooper, T. F., & Lenski, R. E. (2010). Experimental evolution with E. coli 
in diverse resource environments. I. Fluctuating environments pro-
mote divergence of replicate populations. BMC Evolutionary Biology, 
10(1), 11. https://doi.org/10.1186/1471- 2148- 10- 11

Dempster, E., Pryor, K., Francis, D., Young, J., & Rogers, H. (1999). Rapid 
DNA extraction from ferns for PCR– based analyses. BioTechniques, 
27(1), 66– 68. https://doi.org/10.2144/99271 bm13

den Wyngaert, S. V., Möst, M., Freimann, R., Ibelings, B. W., & Spaak, 
P. (2015). Hidden diversity in the freshwater planktonic diatom 
Asterionella formosa. Molecular Ecology, 24(12), 2955– 2972. https://
doi.org/10.1111/mec.13218

Dia, A., Guillou, L., Mauger, S., Bigeard, E., Marie, D., Valero, M., & 
Destombe, C. (2014). Spatiotemporal changes in the genetic di-
versity of harmful algal blooms caused by the toxic dinoflagellate 
Alexandrium minutum. Molecular Ecology, 23(3), 549– 560. https://
doi.org/10.1111/mec.12617

Erdner, D. L., Richlen, M., McCauley, L. A. R., & Anderson, D. M. (2011). 
Diversity and dynamics of a widespread bloom of the toxic dinofla-
gellate Alexandrium fundyense. PLoS One, 6(7), e22965. https://doi.
org/10.1371/journ al.pone.0022965

Etter, P. D., Preston, J. L., Bassham, S., Cresko, W. A., & Johnson, E. A. 
(2011). Local de novo assembly of RAD paired- end contigs using 
short sequencing reads. PLoS One, 6(4), e18561. https://doi.
org/10.1371/journ al.pone.0018561

Field, C. B., Behrenfeld, M. J., Randerson, J. T., & Falkowski, P. (1998). 
Primary production of the biosphere: Integrating terrestrial and 
oceanic components. Science, 281(5374), 237– 240. https://doi.
org/10.1126/scien ce.281.5374.237

Figueroa, R. I., Bravo, I., & Garcés, E. (2008). The significance of sexual 
versus asexual cyst formation in the life cycle of the noxious di-
noflagellate Alexandrium peruvianum. Harmful Algae, 7(5), 653– 663. 
https://doi.org/10.1016/j.hal.2008.02.005

Figueroa, R. I., Garcés, E., & Bravo, I. (2010). The use of flow cytometry 
for species identification and life- cycle studies in dinoflagellates. 
Deep Sea Research Part II: Topical Studies in Oceanography, 57(3), 
301– 307. https://doi.org/10.1016/j.dsr2.2009.09.008

Fischer, M. C., Rellstab, C., Leuzinger, M., Roumet, M., Gugerli, F., 
Shimizu, K. K., Holderegger, R., & Widmer, A. (2017). Estimating 
genomic diversity and population differentiation– an empirical 
comparison of microsatellite and SNP variation in Arabidopsis 
halleri. BMC Genomics, 18(1), 69. https://doi.org/10.1186/s1286 
4- 016- 3459- 7

Fryxell, G. A. (Ed.) (1983). Introduction. In G. A. Fryxell (Ed.). Survival 
strategies of the algae (pp. 1– 22). Cambridge University Press.

Gao, Y., Sassenhagen, I., Richlen, M. L., Anderson, D. M., Martin, J. L., & 
Erdner, D. L. (2019). Spatiotemporal genetic structure of regional- 
scale Alexandrium catenella dinoflagellate blooms explained by ex-
tensive dispersal and environmental selection. Harmful Algae, 86, 
46– 54. https://doi.org/10.1016/j.hal.2019.03.013

Godhe, A., & Härnström, K. (2010). Linking the planktonic and ben-
thic habitat: Genetic structure of the marine diatom Skeletonema 
marinoi. Molecular Ecology, 19(20), 4478– 4490. https://doi.
org/10.1111/j.1365- 294X.2010.04841.x

Godhe, A., & Rynearson, T. (2017). The role of intraspecific variation 
in the ecological and evolutionary success of diatoms in chang-
ing environments. Philosophical Transactions of the Royal Society B: 
Biological Sciences, 372(1728), 20160399. https://doi.org/10.1098/
rstb.2016.0399

Godhe, A., Sjöqvist, C., Sildever, S., Sefbom, J., Harardóttir, S., Bertos- 
Fortis, M., Bunse, C., Gross, S., Johansson, E., Jonsson, P. R., 
Khandan, S., Legrand, C., Lips, I., Lundholm, N., Rengefors, K. E., 
Sassenhagen, I., Suikkanen, S., Sundqvist, L., & Kremp, A. (2016). 
Physical barriers and environmental gradients cause spatial and 
temporal genetic differentiation of an extensive algal bloom. 
Journal of Biogeography, 43(6), 1130– 1142. https://doi.org/10.1111/
jbi.12722

Goudet, J., & Jombart, T. (2015). hierfstat: Estimation and tests of hierar-
chical F- statistics. https://CRAN.R- proje ct.org/packa ge=hierf stat

Grasshoff, K., Kremling, K., & Ehrhardt, M. (2009). Methods of seawater 
analysis. John Wiley & Sons.

https://doi.org/10.1111/j.1529-8817.2009.00767.x
https://doi.org/10.1111/j.1529-8817.2009.00767.x
https://doi.org/10.1534/genetics.111.127324
https://doi.org/10.1534/genetics.111.127324
https://doi.org/10.4319/lo.2006.51.2.0860
https://doi.org/10.1111/mec.12276
https://doi.org/10.1038/s41559-018-0474-x
https://doi.org/10.1038/s41559-018-0474-x
https://CRAN.R-project.org/package=magrittr
https://doi.org/10.1080/00364827.1985.10419687
https://doi.org/10.1080/00364827.1985.10419687
https://doi.org/10.18637/jss.v086.i01
https://doi.org/10.18637/jss.v086.i01
https://doi.org/10.1023/A:1024454905119
https://doi.org/10.1023/A:1024454905119
https://doi.org/10.1534/g3.111.000240
https://doi.org/10.1111/mec.12354
https://doi.org/10.1111/mec.12354
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.3389/fmars.2017.00068
https://doi.org/10.1111/j.1461-0248.2009.01340.x
https://doi.org/10.1111/eva.12120
https://doi.org/10.1126/science.199.4335.1302
https://doi.org/10.1126/science.199.4335.1302
https://doi.org/10.1186/1471-2148-10-11
https://doi.org/10.2144/99271bm13
https://doi.org/10.1111/mec.13218
https://doi.org/10.1111/mec.13218
https://doi.org/10.1111/mec.12617
https://doi.org/10.1111/mec.12617
https://doi.org/10.1371/journal.pone.0022965
https://doi.org/10.1371/journal.pone.0022965
https://doi.org/10.1371/journal.pone.0018561
https://doi.org/10.1371/journal.pone.0018561
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1016/j.hal.2008.02.005
https://doi.org/10.1016/j.dsr2.2009.09.008
https://doi.org/10.1186/s12864-016-3459-7
https://doi.org/10.1186/s12864-016-3459-7
https://doi.org/10.1016/j.hal.2019.03.013
https://doi.org/10.1111/j.1365-294X.2010.04841.x
https://doi.org/10.1111/j.1365-294X.2010.04841.x
https://doi.org/10.1098/rstb.2016.0399
https://doi.org/10.1098/rstb.2016.0399
https://doi.org/10.1111/jbi.12722
https://doi.org/10.1111/jbi.12722
https://CRAN.R-project.org/package=hierfstat


526  |    JERNEY Et al.

Griffin, J. E., Park, G., & Dam, H. G. (2019). Relative importance of ni-
trogen sources, algal alarm cues and grazer exposure to toxin pro-
duction of the marine dinoflagellate Alexandrium catenella. Harmful 
Algae, 84, 181– 187. https://doi.org/10.1016/j.hal.2019.04.006

Grünwald, N. J., Kamvar, Z. N., Sydney, E. E., Tabita, J. F., & Knaus, B. 
J. (2017). Population genetics and genomics in R. Webpage. https://
grunw aldlab.github.io/Popul ation_Genet ics_in_R/index.html

Gsell, A. S., Domis, L. N. S., Przytulska- Bartosiewicz, A., Mooij, W. M., 
Donk, E., & Ibelings, B. W. (2012). Genotype- by- temperature inter-
actions may help to maintain clonal diversity in Asterionella formosa 
(bacillariophyceae). Journal of Phycology, 48(5), 1197– 1208. https://
doi.org/10.1111/j.1529- 8817.2012.01205.x

Hairston, N. G. Jr, & De Stasio Jr, B. T. (1988). Rate of evolution slowed 
by a dormant propagule pool. Nature, 336(6196), 239– 242. https://
doi.org/10.1038/336239a0

Hakanen, P., Suikkanen, S., Franzén, J., Franzén, H., Kankaanpää, H., & 
Kremp, A. (2012). Bloom and toxin dynamics of Alexandrium osten-
feldii in a shallow embayment at the SW coast of Finland, north-
ern Baltic Sea. Harmful Algae, 15, 91– 99. https://doi.org/10.1016/j.
hal.2011.12.002

Härnström, K., Ellegaard, M., Andersen, T. J., & Godhe, A. (2011). Hundred 
years of genetic structure in a sediment revived diatom population. 
Proceedings of the National Academy of Sciences, 108(10), 4252. 
https://doi.org/10.1073/pnas.10135 28108

HELCOM (1988). Guidelines for the Baltic monitoring programme for the 
third stage (pp. 1– 60).

HELCOM, H. C. (2017a). Guidelines for measuring chlorophyll a. http://
www.helcom.fi/Lists/ Publi catio ns/Guide lines %20for %20mea 
surin g%20chl oroph yll%20a.pdf

HELCOM, H. C. (2017b). Guidelines for monitoring of mesozooplank-
ton. http://www.helcom.fi/Lists/ Publi catio ns/Guide lines %20for 
%20mon itori ng%20of%20mes ozoop lankt on.pdf

HELCOM, H. C. (2017c). Guidelines for monitoring phytoplankton species 
composition, abundance and biomass. http://www.helcom.fi/Lists/ 
Publi catio ns/Guide lines %20for %20mon itori ng%20phy topla nkton 
%20spe cies%20com posit ion,%20abu ndanc e%20and %20bio mass.
pdf

Hodel, R. G. J., Chen, S., Payton, A. C., McDaniel, S. F., Soltis, P., & Soltis, 
D. E. (2017). Adding loci improves phylogeographic resolution in 
red mangroves despite increased missing data: Comparing micro-
satellites and RAD- Seq and investigating loci filtering. Scientific 
Reports, 7(1), 1– 14. https://doi.org/10.1038/s4159 8- 017- 16810 - 7

Jaeckisch, N., Yang, I., Wohlrab, S., Glöckner, G., Kroymann, J., Vogel, 
H., Cembella, A., & John, U. (2011). Comparative genomic and 
transcriptomic characterization of the toxigenic marine dinoflagel-
late Alexandrium ostenfeldii. PLoS One, 6(12), e28012. https://doi.
org/10.1371/journ al.pone.0028012

Jerney, J., Ahonen, S. A., Hakanen, P., Suikkanen, S., & Kremp, A. (2019). 
Generalist life cycle aids persistence of Alexandrium ostenfeldii 
(Dinophyceae) in seasonal coastal habitats of the Baltic Sea. Journal 
of Phycology, 55(6), 1226– 1238. https://doi.org/10.1111/jpy.12919

Jerney, J., Suikkanen, S., Lindehoff, E., & Kremp, A. (2019). Future tem-
perature and salinity do not exert selection pressure on cyst germi-
nation of a toxic phytoplankton species. Ecology and Evolution, 9(8), 
4443– 4451. https://doi.org/10.1002/ece3.5009

Jombart, T., & Ahmed, I. (2011). adegenet 1.3- 1: New tools for the anal-
ysis of genome- wide SNP data. Bioinformatics, 27(21), 3070– 3071. 
https://doi.org/10.1093/bioin forma tics/btr521

Kamvar, Z. N., Brooks, J. C., & Grünwald, N. J. (2015). Novel R tools for 
analysis of genome- wide population genetic data with emphasis 
on clonality. Frontiers in Genetics, 6, 208. https://doi.org/10.3389/
fgene.2015.00208

Kamvar, Z. N., Tabima, J. F., & Grünwald, N. J. (2014). Poppr: An R package 
for genetic analysis of populations with clonal, partially clonal, and/
or sexual reproduction. PeerJ, 2, e281. https://doi.org/10.7717/
peerj.281

Kashtan, N., Roggensack, S. E., Rodrigue, S., Thompson, J. W., Biller, S. 
J., Coe, A., Ding, H., Marttinen, P., Malmstrom, R. R., Stocker, R., 
Follows, M. J., Stepanauskas, R., & Chisholm, S. W. (2014). Single- 
cell genomics reveals hundreds of coexisting subpopulations in 
wild Prochlorococcus. Science, 344(6182), 416– 420. https://doi.
org/10.1126/scien ce.1248575

Koroleff, F. (1979). Meriveden yleisimmät kemialliset analyysimenetelmät. 
Merentutkimuslaitos.

Kremp, A., Lindholm, T., Dreßler, N., Erler, K., Gerdts, G., Eirtovaara, 
S., & Leskinen, E. (2009). Bloom forming Alexandrium ostenfel-
dii (Dinophyceae) in shallow waters of the Åland Archipelago, 
Northern Baltic Sea. Harmful Algae, 8(2), 318– 328. https://doi.
org/10.1016/j.hal.2008.07.004

Kremp, A., Oja, J., Le Tortorec, A. H., Hakanen, P., Tahvanainen, P., 
Tuimala, J., & Suikkanen, S. (2016). Diverse seed banks favour 
adaptation of microalgal populations to future climate condi-
tions. Environmental Microbiology, 18(2), 679– 691. https://doi.
org/10.1111/1462- 2920.13070

Kremp, A., & Parrow, M. W. (2006). Evidence for asexual resting cysts 
in the life cycle of the marine peridinoid dinoflagellate, Scrippsiella 
hangoei. Journal of Phycology, 42(2), 400– 409. https://doi.
org/10.1111/j.1529- 8817.2006.00205.x

Krock, B., Seguel, C. G., & Cembella, A. D. (2007). Toxin profile of 
Alexandrium catenella from the Chilean coast as determined by liq-
uid chromatography with fluorescence detection and liquid chro-
matography coupled with tandem mass spectrometry. Harmful 
Algae, 6(5), 734– 744. https://doi.org/10.1016/j.hal.2007.02.005

Lassus, P., Chomérat, N., Hess, P., & Nézan, E. (Eds.) (2016). Toxic and 
harmful microalgae of the world ocean/micro- algues toxiques et 
nuisibles de l’océan mondial. International Society for the Study of 
Harmful Algae/Intergovernmental Oceanographic Commission of 
UNESCO.

Lebret, K., Kritzberg, E. S., Figueroa, R., & Rengefors, K. (2012). Genetic 
diversity within and genetic differentiation between blooms of a 
microalgal species. Environmental Microbiology, 14(9), 2395– 2404. 
https://doi.org/10.1111/j.1462- 2920.2012.02769.x

Litchman, E., de Tezanos Pinto, P., Klausmeier, C. A., Thomas, M. K., & 
Yoshiyama, K. (2010). Linking traits to species diversity and com-
munity structure in phytoplankton. Hydrobiologia, 653(1), 15– 28. 
https://doi.org/10.1007/s1075 0- 010- 0341- 5

McQuoid, M. R., & Hobson, L. A. (1996). Diatom resting 
stages. Journal of Phycology, 32(6), 889– 902. https://doi.
org/10.1111/j.0022- 3646.1996.00889.x

Nagai, S., Lian, C., Hamaguchi, M., Matsuyama, Y., Itakura, S., & Hogetsu, T. 
(2004). Development of microsatellite markers in the toxic dinoflagel-
late Alexandrium tamarense (Dinophyceae). Molecular Ecology Notes, 
4(1), 83– 85. https://doi.org/10.1046/j.1471- 8286.2003.00576.x

Nagai, S., Yamamoto, K., Hata, N., & Itakura, S. (2012). Study of DNA 
extraction methods for use in loop- mediated isothermal amplifi-
cation detection of single resting cysts in the toxic dinoflagellates 
Alexandrium tamarense and A. catenella. Marine Genomics, 7, 51– 56. 
https://doi.org/10.1016/j.margen.2012.03.002

Nagai, S., Yasuike, M., Nakamura, Y., Tahvanainen, P., & Kremp, A. (2014). 
Development of ten microsatellite markers for Alexandrium osten-
feldii, a bloom- forming dinoflagellate producing diverse phyco-
toxins. Journal of Applied Phycology, 27(6), 2333– 2339. https://doi.
org/10.1007/s1081 1- 014- 0500- 6

Nei, M. (1973). Analysis of gene diversity in subdivided populations. 
Proceedings of the National Academy of Sciences of the United 
States of America, 70(12), 3321– 3323. https://doi.org/10.1073/
pnas.70.12.3321

Nei, M. (1978). Estimation of average heterozygosity and genetic dis-
tance from a small number of individuals. Genetics, 89(3), 583– 590. 
https://doi.org/10.1093/genet ics/89.3.583

Nishitani, G., Nagai, S., & Kotani, Y. (2009). Development of compound 
microsatellite markers in the marine phytoplankton Alexandrium 

https://doi.org/10.1016/j.hal.2019.04.006
https://grunwaldlab.github.io/Population_Genetics_in_R/index.html
https://grunwaldlab.github.io/Population_Genetics_in_R/index.html
https://doi.org/10.1111/j.1529-8817.2012.01205.x
https://doi.org/10.1111/j.1529-8817.2012.01205.x
https://doi.org/10.1038/336239a0
https://doi.org/10.1038/336239a0
https://doi.org/10.1016/j.hal.2011.12.002
https://doi.org/10.1016/j.hal.2011.12.002
https://doi.org/10.1073/pnas.1013528108
http://www.helcom.fi/Lists/Publications/Guidelines for measuring chlorophyll a.pdf
http://www.helcom.fi/Lists/Publications/Guidelines for measuring chlorophyll a.pdf
http://www.helcom.fi/Lists/Publications/Guidelines for measuring chlorophyll a.pdf
http://www.helcom.fi/Lists/Publications/Guidelines for monitoring of mesozooplankton.pdf
http://www.helcom.fi/Lists/Publications/Guidelines for monitoring of mesozooplankton.pdf
http://www.helcom.fi/Lists/Publications/Guidelines for monitoring phytoplankton species composition, abundance and biomass.pdf
http://www.helcom.fi/Lists/Publications/Guidelines for monitoring phytoplankton species composition, abundance and biomass.pdf
http://www.helcom.fi/Lists/Publications/Guidelines for monitoring phytoplankton species composition, abundance and biomass.pdf
http://www.helcom.fi/Lists/Publications/Guidelines for monitoring phytoplankton species composition, abundance and biomass.pdf
https://doi.org/10.1038/s41598-017-16810-7
https://doi.org/10.1371/journal.pone.0028012
https://doi.org/10.1371/journal.pone.0028012
https://doi.org/10.1111/jpy.12919
https://doi.org/10.1002/ece3.5009
https://doi.org/10.1093/bioinformatics/btr521
https://doi.org/10.3389/fgene.2015.00208
https://doi.org/10.3389/fgene.2015.00208
https://doi.org/10.7717/peerj.281
https://doi.org/10.7717/peerj.281
https://doi.org/10.1126/science.1248575
https://doi.org/10.1126/science.1248575
https://doi.org/10.1016/j.hal.2008.07.004
https://doi.org/10.1016/j.hal.2008.07.004
https://doi.org/10.1111/1462-2920.13070
https://doi.org/10.1111/1462-2920.13070
https://doi.org/10.1111/j.1529-8817.2006.00205.x
https://doi.org/10.1111/j.1529-8817.2006.00205.x
https://doi.org/10.1016/j.hal.2007.02.005
https://doi.org/10.1111/j.1462-2920.2012.02769.x
https://doi.org/10.1007/s10750-010-0341-5
https://doi.org/10.1111/j.0022-3646.1996.00889.x
https://doi.org/10.1111/j.0022-3646.1996.00889.x
https://doi.org/10.1046/j.1471-8286.2003.00576.x
https://doi.org/10.1016/j.margen.2012.03.002
https://doi.org/10.1007/s10811-014-0500-6
https://doi.org/10.1007/s10811-014-0500-6
https://doi.org/10.1073/pnas.70.12.3321
https://doi.org/10.1073/pnas.70.12.3321
https://doi.org/10.1093/genetics/89.3.583


    |  527JERNEY Et al.

tamiyavanichii (Dinophyceae). Conservation Genetics, 10(5), 1561. 
https://doi.org/10.1007/s1059 2- 008- 9793- 9

Paris, J. R., Stevens, J. R., & Catchen, J. M. (2017). Lost in parameter 
space: A road map for stacks. Methods in Ecology and Evolution, 
8(10), 1360– 1373. https://doi.org/10.1111/2041- 210X.12775

Postel, U., Glemser, B., Alekseyeva, K. S., Eggers, S. L., Groth, M., 
Glöckner, G., John, U., Mock, T., Klemm, K., Valentin, K., & Beszteri, 
B. (2020). Adaptive divergence across Southern Ocean gradients 
in the pelagic diatom Fragilariopsis kerguelensis. Molecular Ecology, 
29(24), 4913– 4924. https://doi.org/10.1111/mec.15554

Ptacnik, R., Solimini, A. G., Andersen, T., Tamminen, T., Brettum, P., 
Lepistö, L., Willén, E., & Rekolainen, S. (2008). Diversity predicts 
stability and resource use efficiency in natural phytoplankton com-
munities. Proceedings of the National Academy of Sciences, 105(13), 
5134– 5138. https://doi.org/10.1073/pnas.07083 28105

R Core Team (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R- proje 
ct.org

Rabalais, N. N., Turner, R. E., Díaz, R. J., & Justić, D. (2009). Global change 
and eutrophication of coastal waters. ICES Journal of Marine Science, 
66(7), 1528– 1537. https://doi.org/10.1093/icesj ms/fsp047

Redfield, A. C. (1958). The biological control of chemical factors in the 
environment. American Scientist, 46(3), 230A– 221.

Rengefors, K., & Anderson, D. M. (1998). Environmental and endog-
enous regulation of cyst germination in two freshwater dino-
flagellates. Journal of Phycology, 34(4), 568– 577. https://doi.
org/10.1046/j.1529- 8817.1998.340568.x

Rengefors, K., Gollnisch, R., Sassenhagen, I., Aloisi, K. H., Svensson, M., 
Lebret, K., Čertnerová, D., Cresko, W. A., Bassham, S., & Ahrén, D. 
(2021). Genome- wide single nucleotide polymorphism markers re-
veal population structure and dispersal direction of an expanding 
nuisance algal bloom species. Molecular Ecology, 30(4), 912– 925. 
https://doi.org/10.1111/mec.15787

Rengefors, K., Kremp, A., Reusch, T. B. H., & Wood, A. M. (2017). Genetic 
diversity and evolution in eukaryotic phytoplankton: Revelations 
from population genetic studies. Journal of Plankton Research, 
https://doi.org/10.1093/plank t/fbw098

Reusch, T. B. H., & Boyd, P. W. (2013). Experimental evolution meets 
marine phytoplankton. Evolution, 67(7), 1849– 1859. https://doi.
org/10.1111/evo.12035

Reynolds, C. S. (1984). The ecology of freshwater Phytoplankton. Cambridge 
University Press.

Ribeiro, S., Berge, T., Lundholm, N., Andersen, T. J., Abrantes, F., & 
Ellegaard, M. (2011). Phytoplankton growth after a century of dor-
mancy illuminates past resilience to catastrophic darkness. Nature 
Communications, 2, 311. https://doi.org/10.1038/ncomm s1314

Richlen, M. L., Erdner, D. L., McCauley, L. A. R., Libera, K., & Anderson, D. 
M. (2012). Extensive genetic diversity and rapid population differ-
entiation during blooms of Alexandrium fundyense (Dinophyceae) in 
an isolated salt pond on Cape Cod, MA, USA. Ecology and Evolution, 
2(10), 2588– 2599. https://doi.org/10.1002/ece3.373

Rochette, N. C., & Catchen, J. M. (2017). Deriving genotypes from RAD- 
seq short- read data using Stacks. Nature Protocols, 12(12), 2640– 
2659. https://doi.org/10.1038/nprot.2017.123

RStudio Team (2019). RStudio: integrated development environment for R. 
RStudio, Inc. http://www.rstud io.com/

Ruggiero, M. V., D’Alelio, D., Ferrante, M. I., Santoro, M., Vitale, L., 
Procaccini, G., & Montresor, M. (2018). Clonal expansion behind 
a marine diatom bloom. ISME Journal, 12(2), 463– 472. https://doi.
org/10.1038/ismej.2017.181

Rynearson, T. A., & Armbrust, E. V. (2005). Maintenance of clonal di-
versity during a spring bloom of the centric diatom Ditylum 
brightwellii. Molecular Ecology, 14(6), 1631– 1640. https://doi.
org/10.1111/j.1365- 294X.2005.02526.x

Rynearson, T. A., Newton, J. A., & Armbrust, E. V. (2006). Spring bloom 
development, genetic variation, and population succession in the 

planktonic diatom Ditylum brightwellii. Limnology and Oceanography, 
51(3), 1249– 1261. https://doi.org/10.4319/lo.2006.51.3.1249

Sassenhagen, I., Gao, Y., Lozano- Duque, Y., Parsons, M. L., Smith, T. B., 
& Erdner, D. L. (2018). Comparison of spatial and temporal genetic 
differentiation in a harmful dinoflagellate species emphasizes im-
pact of local processes. Frontiers in Marine Science, 5, https://doi.
org/10.3389/fmars.2018.00393

Sassenhagen, I., Sefbom, J., Säll, T., Godhe, A., & Rengefors, K. (2015). 
Freshwater protists do not go with the flow: Population struc-
ture in Gonyostomum semen independent of connectivity among 
lakes. Environmental Microbiology, 17(12), 5063– 5072. https://doi.
org/10.1111/1462- 2920.12987

Sefbom, J., Kremp, A., Rengefors, K., Jonsson, P. R., Sjöqvist, C., & Godhe, 
A. (2018). A planktonic diatom displays genetic structure over 
small spatial scales. Environmental Microbiology, 20(8), 2783– 2795. 
https://doi.org/10.1111/1462- 2920.14117

Sildever, S., Jerney, J., Kremp, A., Oikawa, H., Sakamoto, S., Yamaguchi, 
M., Baba, K., Mori, A., Fukui, T., Nonomura, T., Shinada, A., Kuroda, 
H., Kanno, N., Mackenzie, L., Anderson, D. M., & Nagai, S. (2019). 
Genetic relatedness of a new Japanese isolates of Alexandrium os-
tenfeldii bloom population with global isolates. Harmful Algae, 84, 
64– 74. https://doi.org/10.1016/j.hal.2019.02.005

Sjöqvist, C., Godhe, A., Jonsson, P. R., Sundqvist, L., & Kremp, A. (2015). 
Local adaptation and oceanographic connectivity patterns explain 
genetic differentiation of a marine diatom across the North Sea- 
Baltic Sea salinity gradient. Molecular Ecology, 24(11), 2871– 2885. 
https://doi.org/10.1111/mec.13208

Sjöqvist, C. O., & Kremp, A. (2016). Genetic diversity affects ecological 
performance and stress response of marine diatom populations. ISME 
Journal, 10(11), 2755– 2766. https://doi.org/10.1038/ismej.2016.44

Suikkanen, S., Kremp, A., Hautala, H., & Krock, B. (2013). Paralytic shellfish 
toxins or spirolides? The role of environmental and genetic factors 
in toxin production of the Alexandrium ostenfeldii complex. Harmful 
Algae, 26, 52– 59. https://doi.org/10.1016/j.hal.2013.04.001

Sundqvist, L., Godhe, A., Jonsson, P. R., & Sefbom, J. (2018). The anchor-
ing effect— Long- term dormancy and genetic population structure. 
ISME Journal, 12(12), 2929– 2941. https://doi.org/10.1038/s4139 
6- 018- 0216- 8

Tahvanainen, P., Alpermann, T. J., Figueroa, R. I., John, U., Hakanen, P., 
Nagai, S., Blomster, J., & Kremp, A. (2012). Patterns of post- glacial 
genetic differentiation in marginal populations of a marine mi-
croalga. PLoS One, 7(12), e53602. https://doi.org/10.1371/journ 
al.pone.0053602

Tammilehto, A., Watts, P. C., & Lundholm, N. (2016). Isolation by time 
during an arctic phytoplankton spring bloom. Journal of Eukaryotic 
Microbiology, 64(2), 248– 256. https://doi.org/10.1111/jeu.12356

Utermöhl, H. (1958). Zur Vervollkommung der quantitativen 
phytoplankton- methodik. Mitt Int. Ver Limnol, 9, 38.

Van de Waal, D. B., Tillmann, U., Martens, H., Krock, B., van Scheppingen, 
Y., & John, U. (2015). Characterization of multiple isolates from an 
Alexandrium ostenfeldii bloom in The Netherlands. Harmful Algae, 
49, 94– 104. https://doi.org/10.1016/j.hal.2015.08.002

von Dassow, P., & Montresor, M. (2011). Unveiling the mysteries of 
phytoplankton life cycles: Patterns and opportunities behind 
complexity. Journal of Plankton Research, 33(1), 3– 12. https://doi.
org/10.1093/plank t/fbq137

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer- 
Verlag. https://ggplo t2.tidyv erse.org

Wickham, H., François, R., Henry, L., & Müller, K. (2019). dplyr: A grammar 
of data manipulation. https://CRAN.R- proje ct.org/packa ge=dplyr

Winter, D. J. (2012). Mmod: An R library for the calculation of population 
differentiation statistics. Molecular Ecology Resources, 12(6), 1158– 
1160. https://onlin elibr ary.wiley.com/doi/10.1111/j.1755- 0998. 
2012.03174.x

Wolf, K. K. E., Romanelli, E., Rost, B., John, U., Collins, S., Weigand, H., 
& Hoppe, C. J. M. (2019). Company matters: The presence of other 

https://doi.org/10.1007/s10592-008-9793-9
https://doi.org/10.1111/2041-210X.12775
https://doi.org/10.1111/mec.15554
https://doi.org/10.1073/pnas.0708328105
https://www.R-project.org
https://www.R-project.org
https://doi.org/10.1093/icesjms/fsp047
https://doi.org/10.1046/j.1529-8817.1998.340568.x
https://doi.org/10.1046/j.1529-8817.1998.340568.x
https://doi.org/10.1111/mec.15787
https://doi.org/10.1093/plankt/fbw098
https://doi.org/10.1111/evo.12035
https://doi.org/10.1111/evo.12035
https://doi.org/10.1038/ncomms1314
https://doi.org/10.1002/ece3.373
https://doi.org/10.1038/nprot.2017.123
http://www.rstudio.com/
https://doi.org/10.1038/ismej.2017.181
https://doi.org/10.1038/ismej.2017.181
https://doi.org/10.1111/j.1365-294X.2005.02526.x
https://doi.org/10.1111/j.1365-294X.2005.02526.x
https://doi.org/10.4319/lo.2006.51.3.1249
https://doi.org/10.3389/fmars.2018.00393
https://doi.org/10.3389/fmars.2018.00393
https://doi.org/10.1111/1462-2920.12987
https://doi.org/10.1111/1462-2920.12987
https://doi.org/10.1111/1462-2920.14117
https://doi.org/10.1016/j.hal.2019.02.005
https://doi.org/10.1111/mec.13208
https://doi.org/10.1038/ismej.2016.44
https://doi.org/10.1016/j.hal.2013.04.001
https://doi.org/10.1038/s41396-018-0216-8
https://doi.org/10.1038/s41396-018-0216-8
https://doi.org/10.1371/journal.pone.0053602
https://doi.org/10.1371/journal.pone.0053602
https://doi.org/10.1111/jeu.12356
https://doi.org/10.1016/j.hal.2015.08.002
https://doi.org/10.1093/plankt/fbq137
https://doi.org/10.1093/plankt/fbq137
https://ggplot2.tidyverse.org
https://CRAN.R-project.org/package=dplyr
https://onlinelibrary.wiley.com/doi/10.1111/j.1755-0998.2012.03174.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1755-0998.2012.03174.x


528  |    JERNEY Et al.

genotypes alters traits and intraspecific selection in an Arctic di-
atom under climate change. Global Change Biology, 25(9), 2869– 
2884. https://doi.org/10.1111/gcb.14675

Wood, D. E., Lu, J., & Langmead, B. (2019). Improved metagenomic 
analysis with Kraken 2. Genome Biology, 20(1), 257. https://doi.
org/10.1186/s1305 9- 019- 1891- 0

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.

How to cite this article: Jerney, J., Rengefors, K., Nagai, S., 
Krock, B., Sjöqvist, C., Suikkanen, S., & Kremp, A. (2022). 
Seasonal genotype dynamics of a marine dinoflagellate: Pelagic 
populations are homogeneous and as diverse as benthic seed 
banks. Molecular Ecology, 31, 512– 528. https://doi.
org/10.1111/mec.16257

https://doi.org/10.1111/gcb.14675
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1111/mec.16257
https://doi.org/10.1111/mec.16257

