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INTRODUCTION

Phytoplankton succession studies in the Baltic Sea
have focused on the high-growth season (from spring
to fall) (e.g. Niemi 1973, Andersson et al. 1996, Klais
et al. 2013, Lips et al. 2014, Svedén et al. 2016). The
classical temperate phytoplankton succession de -
scription begins in spring, when increasing light

enhances primary production and the spring bloom
diatoms exhaust nutrients from the water column
(Lips et al. 2014). Changes in phytoplankton assem-
blages follow the changes in the physical environ-
ment, i.e. available light and nutrient supply (Popova
et al. 2010), but also species interactions, such as
competition and grazing (Sommer et al. 1986). A low-
production phase with small flagellated algae follows

Phases of microalgal succession in sea ice
and the water column in the Baltic Sea

from autumn to spring

Sara Enberg1,2,*, Markus Majaneva1,2,3, Riitta Autio4, Jaanika Blomster2, 
Janne-Markus Rintala1,2,5

1Tvärminne Zoological Station, University of Helsinki, J.A. Palménin tie 260, 10900 Hanko, Finland
2Department of Environmental Sciences, University of Helsinki, PO Box 65, 00014 Helsinki, Finland

3Department of Natural History, NTNU University Museum, Norwegian University of Science and Technology, 
7491 Trondheim, Norway

4Marine Research Centre, Finnish Environment Institute, PO Box 140, 00251 Helsinki, Finland
5INAR − Institute for Atmospheric and Earth System Research, University of Helsinki, PO Box 64, 00014 Helsinki, Finland

ABSTRACT: The phytoplankton biomass in the Baltic Sea is low during the cold-water season
(October to May) compared to the warm-water season (June to September). However, the sea ice
is a habitat for diverse assemblages in polar and subpolar areas. These areas, including the Baltic
Sea, are subject to changing environmental conditions due to global warming, and temporal and
spatial studies are required to understand changes in the processes the organisms are involved in.
We delineated microalgal succession in the northern Baltic Sea during the cold-water season
using a weekly collected data set. Microscopy results together with molecular methods showed
that 5 microbial groups could be distinguished: the sea-ice microalgal assemblage and 4 phyto-
plankton assemblages (fall, winter, under-ice water and spring). Based on cell enumeration, the
microalgal biomass in the water column remained low until the end of the ice-covered season and
was dominated by small flagellates and dinoflagellates. The young-ice assemblage in January
resembled the water-column assemblage, but indicated a partly selective species-concentrating
mechanism during ice formation due to lower species richness in ice than in the water column.
Biomass of microalgae increased in the ice and water column during the March to May period,
and the assemblage changed from flagellate-dominated to diatom- and dinoflagellate-dominated.
The result that the spring phytoplankton, based on species and biomass, formed a separate as -
semblage indicates that sea-ice algae did not contribute to the spring bloom phytoplankton
assemblage.

KEY WORDS:  Microalgae · Cold-water season · Succession · Sea ice · Baltic Sea

Resale or republication not permitted without written consent of the publisher



Mar Ecol Prog Ser 599: 19–34, 2018

in the summer, but summertime diazotrophic cyano-
bacterial blooms are a recurrent phenomenon in
eutrophic waters (Finni et al. 2001, Kahru et al. 2007,
Svedén et al. 2016). During the fall, when the temper-
ature decreases and stratification is broken, nutrients
are replenished and a bloom of diatoms and dino -
flagellates may occur (Wassmund & Uhlig 2003). The
wintertime in high-latitude seas is characterized by
low algal biomass and a predominance of small
mixotrophic and heterotrophic taxa (Dale et al. 1999,
Moreau et al. 2010, Nicolaus et al. 2012, Krawczyk et
al. 2015, Makarevich et al. 2015).

Parallel to the seasonal succession of phytoplank-
ton in high-latitude seas, an annual primary succes-
sion occurs in the sea ice, with organisms living in the
water column colonizing newly formed sea ice (Li -
zotte 2003). The initial algal colonization of sea ice
has been described as both a non-selective and se -
lective concentrating mechanism during ice forma-
tion (Garrison et al. 1983, Gradinger & Ikävalko 1998,
Tuschling et al. 2000, Różańska et al. 2008). In labo-
ratory experiments, the transition from open-water to
sea-ice habitat is characterized by an initial physio-
logical inhibition, followed by subsequent adaptation
(Grossmann & Gleitz 1993).

Based on time series data, a recent review (Leu et
al. 2015) suggested a division of sea-ice assemblages
into 3 functional phases (pre-bloom, bloom and post-
bloom), mostly driven by allogenic factors such as
temperature and light. Flagellates, likely heterotro-
phic (Mikkelsen et al. 2008, Różańska et al. 2009),
predominate in the pre-bloom. Towards spring, the
increasing solar angle and air temperature diminish
the snow cover, increase the ice temperature and
enlarge the brine channels (Golden et al. 1998), pro-
viding more light and space for ice algae to grow.
Photosynthetic diatoms and dinoflagellates dominate
in the sea-ice bloom (Stoecker et al. 1992, Gleitz et al.
1998, Ratkova & Wassmann 2005, Mikkelsen et al.
2008). The arborescent colony-forming pennate dia -
tom Nitzschia frigida is a key species of land-fast ice
across circum-Arctic regions (Syvertsen 1991, Różań -

ska et al. 2009, Poulin et al. 2011). A heterotrophic
assemblage characterizes the post-bloom (Haecky &
Andersson 1999, Kaartokallio et al. 2008, Riedel et al.
2008). Most of the previous sea-ice re lated research
has focused on the bloom and post-bloom assem-
blages (Stoecker et al. 1993, Sime-Ngando et al.
1997, Kaartokallio 2004, Thomson et al. 2006, Różań -

ska et al. 2009), and little is known of the flagellate-
dominated pre-bloom (Niemi et al. 2011).

Furthermore, comprehensive long-term studies are
needed to understand the algal processes that occur

in various polar marine ecosystems, which are more
likely to be subjected to changing environmental
conditions due to global warming, especially during
the winter season. However, findings that environ-
mental conditions (mainly ice extent; Legrand et al.
2015, Beall et al. 2016) and assemblage composition
(Kremp et al. 2008, Majaneva et al. 2012a) during the
winter season govern the magnitude and composi-
tion of the phytoplankton spring bloom demand more
research. The pelagic and ice-algal assemblages of
the Arctic and Antarctic differ from those in the low-
salinity Baltic Sea, but the biota originates from the
same evolutionary lineages and experiences the
same physical conditions (low light and temperature,
salinity) during the winter season, and it is therefore
likely that similar phenologies occur.

Our paper describes phytoplankton and sea-ice
assemblage succession and species dynamics in the
water column, under-ice water (UIW) and sea ice
during a cold-water and ice-covered season in the
northern Baltic Sea. The succession of 2 different
sites is described, with different sea-ice cover proba-
bilities, starting from late autumn with open water
until the end of the phytoplankton spring bloom.
Based on changes in microalgal assemblage compo-
sition (microscopy cell enumeration and molecular
methods) we divided the microalgae of the cold-
water season into different groups based on algal
assemblage composition, discuss the interactions
among the groups and link the ice-algal assemblage
with the phytoplankton spring bloom assemblage.

MATERIALS AND METHODS

Study site and field sampling

Our study was carried out in the northwest of the
Gulf of Finland, Baltic Sea. Two different locations
were selected as study sites. Krogarviken (Site A;
59° 50.650’ N, 23° 15.100’ E) is a semi-enclosed shallow
bay with average water depth of only 3 m. The site
has high sea-ice probability and an sea-ice breakup
events are unlikely during the ice-covered season.
Storfjärden (Site B; 59° 51.250’ N, 23° 15.815’ E), is ap-
proximately 30 m deep and more exposed to heavy
winds, which can easily cause sudden sea-ice break -
ups. Sampling was carried out from 8 Oct 2012 to 20
May 2013, with the exceptions of 24 and 31 Dec 2012
and of 22 Apr 2013 when the sea ice started to melt. In
addition, due to poor sea-ice conditions, samples
could not be collected from Site B on 7 Jan 2013 or 11
and 18 Feb 2013.
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Three replicate water samples were taken from
each site (A: 0−3 m; B: 0−15 m) using 3 and 15 m
long hose samplers (6 cm internal diameter). The
cutoff of 15 m at Site B was chosen as a typical
depth scale for the euphotic zone (Luhtala & Tolva-
nen 2013). Water samples were collected into 2 l
transparent plastic bottles without any pre-filtration.
After sea ice had formed, 3 snow thicknesses on the
ice were measured from 3 random spots with 1 cm
precision, followed by ice sampling using a motor-
ized CRREL-type ice-coring auger (9 cm internal
diameter; Kovacs Enterprises). Sea-ice temperatures
were measured at 5 cm intervals using a Testo 110
thermometer, and sea-ice thicknesses were meas-
ured from the obtained ice cores before they were
placed in plastic tubing (Mercamer Oy). Three
replicate ice samples were taken from each site. For
one replicate ice sample, 2 to 5 entire ice cores,
depending on the ice thickness, were drilled and
pooled to ensure there was enough melted sea ice
to be comparable to the 2 l water samples. In addi-
tion, 3 replicate UIW samples were collected from
the drill hole by submerging the 2 l plastic sample
bottle under the water’s surface. Water temperature
and salinity were measured using a Falmouth Sci-
entific NXIC CTD. All water and sea-ice samples
were kept in the dark during transportation to the
field station, where the sea-ice samples were
crushed and melted without allowing the tempera-
ture of the sample to rise above +4°C, as explained
in Rintala et al. (2014). The melting method used in
this study also avoids salinity shock in ice algal
assemblages, which was statistically shown at the
same site by Rintala et al. (2014). After this, the ice
samples were treated in the same way as the water
samples. The bulk salinities of the melted sea-ice
samples were measured with an YSI 63 meter (Yel-
low Springs Instruments).

Nutrients

For nutrient analysis, 1000 ml of water from each
3 replicates was pooled into one sample. Both inor-
ganic (NH4, NO2+NO3, PO4 and SiO4) and total
nutrient (tot-N and tot-P) concentrations were de -
termined using a Hitachi U-110 Spectrophotometer
(Hitachi High-Technologies) with standard proto-
cols for seawater analysis (Koroleff 1976). Ice nutri-
ent concentrations were normalized to the mean
bulk salinities of melted sea ice to correct for
 salinity-related variations in the nutrient concentra-
tions.

Chlorophyll a measurements

For measuring chlorophyll a (chl a) concentration,
two 100 ml subsamples were taken from every water
and ice sample. They were filtered onto GF/F filters
(Whatman), soaked in 96% v/v ethanol and kept in
darkness overnight to extract chl a (HELCOM 1988).
The chl a concentration was calculated from the chl a
fluorescence measured with a Cary Eclipse spectro-
fluorometer (Varian/Agilent Technologies) calibrated
with pure chl a (HELCOM 1988). The chl a concentra-
tions for ice were converted to mg m−3 of sea ice by
multiplying the chl a concentration of the meltwater
by a standard sea ice to seawater density ratio (917 kg
m−3 / 1020 kg m−3 = 0.9) as explained in Meiners et
al. (2012).

Microalgal identification, cell enumeration and
biomass estimation

For microalgal identification, 200 ml subsamples
were collected into brown glass bottles from every
sample, preserved with acid Lugol’s solution and
stored refrigerated in darkness until microscopic enu-
meration. Only one of the 3 replicates was used for the
microalgal identification, cell enumeration and bio-
mass estimation. Depending on the sample’s micro-
algal density, a volume of 50 or 10 ml was allowed to
settle for 24 h, according to Ütermöhl (1958), and exa -
mined with a Leica DM IL, Olympus CK30 or Olympus
CKX41 inverted light microscope equipped with 10×
oculars and 10 or 40× objectives (Leica Microsystems;
Olympus Corporation). More than 50 µm large cells
and colonies were counted with 100× magnification
over an area covering one-half of the cuvette, and the
abundance of single-celled and small taxa was
counted from 50 random fields with 400× magnifica-
tion. Species with morphological characteristics visible
in an inverted microscope (e.g. with easily recogniza-
ble colony structure and cell shape) were identified to
species level, whereas microscopically unidentifiable
species were left to a general level. Species easily
misidentified (Gymno dinium corollarium, Biecheleria
baltica and Apo calathium malmogi ense) due to similar
gross morpho logy were identified as the ‘Scrippsiella’
complex in the acid Lugol’s fixed samples. The cell
numbers were converted into carbon biomasses (mg C
m−3) using species-specific biovolumes and carbon
contents according to Olenina et al. (2006) and
Menden-Deuer & Lessard (2000). The biomass was
converted to mg m−3 of sea ice in a similar manner as
the chl a concentration used for ice (see above).
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DNA isolation and 18S rRNA gene identification

For the DNA extraction, 500 or 1000 ml of water
and melted sea ice was sequentially filtered using
47 mm diameter 180 µm pore-size nylon filters (Merck
Millipore), 20 µm Polyvinylidene fluoride filters
(Durapore©, Millipore) and 0.2 µm mixed cellulose
ester membrane filters (Schleicher and Schuell Bio-
science). The filters were stored in a −80°C freezer
until further processing. Total DNA was extracted
from the 0.2 µm filters using a PowerSoil® DNA Iso-
lation Kit (MO BIO Laboratories).

PCR amplification was carried out in 2 stages fol-
lowing Koskinen et al. (2011). In brief, the V4 region of
the 18S rRNA gene was amplified using Phusion poly-
merase (Finnzymes) and forward primer E572F (Co -
meau et al. 2011) with truncated Illumina 5’ overhang
5’-ATC TAC ACT CTT TCC CTA CAC GAC GCT CTT
CCG ATC T-3’ and reverse primer 897R (Hu gerth
et al. 2014) with 5’ overhang 5’-GTG ACT GGA GTT
CAG ACG TGT GCT CTT CCG ATC T-3’. Cycling con-
ditions consisted of an initial denaturation at 98°C for
30 s, 20 cycles of 98°C for 10 s, 65°C for 30 s and 72°C
for 10 s, and a final extension for 5 min. The amplifi-
cation was completed in 3 replicates during the sec-
ond stage, using a full-length Illumina P5 adapter
and Indexed P7 adapters. The replicates were pooled
between and after the amplifications. The PCR prod-
ucts were purified using AMPure XP beads (Beck-
man Coulter) and quantified with Qubit (Invitro gen).
The amplicons were paired-end se quenced on an
Illumina MiSeq instrument using a v3 600-cycle kit
(Illumina) at the Institute of Biotechnology (Helsinki,
Finland).

The resulting reads were processed using usearch
v.8.1.1831_win32 (Edgar 2013). For details of the
methods, see Supplement 1 at www.int-res.com/arti-
cles/suppl/ m599p019_ supp.txt. In brief, the paired-
end reads were merged using -fastq_mergepairs and
quality-filtered using a -fastq_filter with a minimum
read length of 200 bases and a 1.0 maximum expected
error rate. The primer sequences were removed and
the reads were dereplicated, using -derep_fulllength.
Singletons were removed and operational taxonomic
units (OTUs) were clustered at a 97% similarity level,
using -cluster_otus. The above steps were performed
for each sample, and the resulting OTU fasta-files
were pooled using merge.files in mothur v.1.36.1
(Kozich et al. 2013). The OTUs were then sorted
based on the abundance of reads assigned to them,
using usearch command -sortbysize. To remove du-
plicate OTUs stemming from taxa present in several
samples, the merged OTUs were re-clustered at a

97% similarity level, using -cluster_otus -minsize 2.
The abundance of each OTU in each sample was re-
solved, using -usearch_global against the pooled
OTU file. This pipeline was developed based on an
analysis of a mock assemblage and 7 negative PCR
reactions se quenced together with the samples (M.
Majaneva unpubl. data). The identity of the 97%
OTUs was searched, using classify.seqs in mothur
against the PR2 reference library (Chevenet et al.
2006, 2010, Guillou et al. 2013) and using blastn
search in BLAST v.2.3.0+ (Zhang et al. 2000) against a
nucleotide database at the National Center for Bio-
technology Information (NCBI), followed by the
lowest common ancestor algorithm in MEGAN6 (min-
imum bit score 400, top percentage 3.0 and minimum
support 1; Huson et al. 2016). Taxonomy was assigned
based on an agreement between the 2 searches. In
the absence of a taxonomic assignment, the OTU was
treated as unclassified and removed from further
analyses as a putative chimera (372 OTUs).The OTUs
assigned as metazoa, land plants and land fungi were
also removed for the downstream analyses (41, 10 and
38 OTUs, respectively), and the number of reads/sam-
ple was normalized to 27 591. Diversity metrics (abun-
dance-based coverage estimator [ACE], Shannon and
inverse Simpson’s indices based on OTU abundance)
were calculated, using the summary.single command
in mothur. The raw reads were submitted to the Se-
quence Read Archive of the European Nucleotide
Archive’s (ENA) with accession number PRJEB21047.

Statistical methods

One-way analysis of variance (ANOVA) was used
to test the significance of the differences between the
sites and between ice and water for chl a and diver-
sity metrics. Levene’s test was used to test the homo-
geneity of variances and Shapiro-Wilk test to test
the assumption of normality of the data. A parametric
ANOVA and Tukey’s b test in pairwise comparisons
were used when the variances were homogenous,
while a non-parametric Kruskal-Wallis test with
ranked data and the Mann-Whitney U-test were
used when the variances were unequal. The correla-
tion between algal biomass and chl a concentrations
was analysed with Spearman’s rank-order correla-
tion. For all tests, p < 0.05 was considered statistically
significant. The procedures were performed in SPSS
for Windows v.23 (IBM).

To divide assemblages from the OTU and micro -
scopy analyses into different groups, the PRIMER
v.6.1 package of the Plymouth Marine Laboratory
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and the programme PAST v.3.04 (Hammer et al.
2001) were used to perform the multivariate analy-
ses (71 samples). Microalgae and OTUs observed
more than once in at least 2 samples were in -
cluded in the analyses to ensure sufficient data for
ordination, thus reducing the total number of taxa
from 76 to 40 (microalgae) and from 1137 to 661
(OTUs). Data on algal biomasses and OTU abun-
dance were log(x + 1) transformed to produce a
less severe difference between small and large val-
ues. Groups were defined a priori based on sub -
strate and time (water-ice, fall-winter-spring) and
hierarchical cluster analysis was conducted on
the taxon composition between the samples (Bray-
Curtis’ similarity index) and tested for significant
differences using 1-way PERMANOVA with 9999
permutations (Anderson 2001).

RESULTS

Environmental dynamics

Winter 2012−2013 was characterized by long-last-
ing ice cover, from mid-December to mid-April on
the coast of the Gulf of Finland (http:// en. ilmatie
teenlaitos.fi/ice-winter-2012-2013). The thermal win-
ter (when the daily mean temperature re mains below
0°C) began on 29 Nov 2012 in the sampling area and
ended 11 Apr 2013. A short warm period occurred
between 27 Dec 2012 and 4 Jan 2013, during which
the mean temperature was above 0°C. The heaviest
rains were observed between October and Decem-
ber, and snow cover was permanent from 29 Nov
2012 until 18 Apr 2013 (see Fig. S1 in Supplement
2 at www. int-res. com/ articles/
suppl/m599 p 019_ supp. pdf).

At the beginning of our study,
the water column was mixed
and the temperature was ap-
proximately +11°C at both sites.
The temperature decreased to -
wards ice formation, and was
close to 0°C throughout the wa-
ter column during the ice-cov-
ered season. After ice melt, the
water temperature increased,
and on 20 May 2013 thermal
stratification was established at
both sites (see Fig. S2 in Sup-
plement 2). Before ice forma-
tion, the salinity was approxi-
mately 5.5 at Site A and 6.0 at

Site B. Salinity decreased during the ice-covered sea-
son, and was 3.5 to 5 at Site A and 4.7 to 5.7 at Site B.
After ice breakup, the salinity was higher compared
to the ice-covered season (4.6 to 5.6 at Site A and 5.5
to 5.9 at Site B) (Fig. S3 in Supplement 2).

The ice conditions differed between the 2 sites.
The ice cover at Site A formed at the end of 2012 and
broke up after mid-April 2013. The first ice samples
were collected on 7 Jan 2013, when ice thickness was
9 cm. A maximum ice thickness of 47 cm was reached
at the beginning of April (Fig. 1a). The first ice sam-
ples from Site B were collected on 14 Jan 2013, when
ice thickness was 11 cm. The weather conditions
changed in mid-February, and strong winds broke
up the ice. Samples were collected again on 28 Feb
2013, when the ice field was reformed from old ice
floes either singly or by being packed on top of each
other. There was also new ice that had formed be -
tween the old ice floes, but this ice was not sampled.
The ice reached a maximum thickness of 53 cm at the
end of March, and Site B was ice-free in mid-April
1 wk prior to Site A (Fig. 1b). Snow cover thickness
varied from 0 to 19 and 0 to 3 cm at Sites A and B,
respectively (Fig. 1).

The concentrations of NH4-N, NO2+NO3-N, PO4-P,
SiO4-Si and tot-N and tot-P concentrations in the ice
were lower compared to those in the water column,
except for NH4-N, which was higher in the ice and
UIW compared to the 0−3 m and 0−15 m layers at
Sites A and B, respectively. After ice breakup, the
PO4-P and SiO4-Si concentrations decreased in the
water column and the NO2+NO3-N concentration
was zero. The tot-N and tot-P concentrations showed
a small decrease after ice breakup (see Table S1 in
Supplement 2).
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Seasonal dynamics of chl a and the
microalgal assemblages

The chl a concentration in the water column was
low from the beginning of the study until April, and
the maximum concentration was 6 mg chl a m−3 at
both sites (Fig. 2). The ice chl a concen-
tration differed significantly between the
2 sites throughout the ice-covered season
(Kruskal-Wallis test, Mann-Whitney U-
test, all p < 0.05). The chl a concentration
in the ice at Site A increased from 4.4 ±
0.3 mg chl a m−3 at the beginning of the
ice-covered season to 32.0 ± 3.8 mg chl a
m−3 by 8 Apr 2013, after which the chl a
concentration decreased in the ice and
subsequently increased in the UIW and
0−3 m layer. The highest ice chl a con-
centration at Site B (18.9 ± 1.8 mg chl a
m−3) was observed on 28 Feb 2013, after
reformation of the ice field. After 28 Feb
2013, the ice chl a concentration de-
creased towards ice breakup, and was
6.5 ± 0.4 mg chl a m−3 on 8 Apr 2013. Al-
though the chl a concentration at Site B
increased in the UIW and 0−15 m layer
during the spring, the maximum concen-
tration was similar to that in the ice. Dur-
ing the phytoplankton spring bloom, be-
tween 13 and 20 May 2013, the chl a
concentration was significantly higher in
the water column at Site A than at Site B
(Kruskal-Wallis test, Mann Whitney U-
test, all p < 0.05) (Fig. 2).

Similar to the chl a concentration, total
biomass of microalgae based on cell
enumeration was low in the water col-
umn throughout the cold-water season.
The total microalgal biomass at the
beginning of the study was 80 mg C m−3

at both sites, and decreased to less than
10 mg C m−3 during December (Fig. 3).
The total biomass in the ice was higher
compared to the water column from the
beginning of February at Site A and
after 28 Feb 2013 at Site B until 8 Apr
2013 (Fig. 3). The total biomass of micro-
algae in the ice differed between the 2
sites throughout the ice-covered season
(January to mid-April). Total biomass in
the ice at Site A was 42 to 98 mg C m−3 in
January and increased to 240 mg C m−3

on 28 Feb 2013. The total biomass of

microalgae in the ice decreased during March, but
increased again in April; highest total biomass (280
mg C m−3) was observed 2 Apr 2013 at Site A. Total
biomass of microalgae in the ice at Site B was below
40 mg C m−3 in January and February before the ice
breakup. Highest total biomass in ice (290 mg C m−3)
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was observed 28 Feb 2013 after the reformation of
ice, after which the total biomass in ice first de -
creased and then increased again towards the final
ice breakup. An under-ice phytoplankton bloom was
observed at both sites in April, and the total biomass
in the UIW was 400 and 500 mg C m−3 at Sites A
and B, respectively. During the phytoplankton spring
bloom, the total biomass varied between 200 and
500 mg C m−3 and 250 and 350 mg C m−3 at Sites A
(0−3 m layer) and B (0−15 m), respectively (Fig. 3).
Total biomass correlated positively
with the chl a concentration (Spear-
man’s rank-order correlation; r = 0.822,
n = 109, p = 0.01).

Light microscopy

A total of 76 taxa were identified from
the samples with inverted light micro -
scopy (Table S2 in Supplement 2). At
the beginning of our study, the algal
biomass in the water column was domi-
nated by dinoflagellates (37 to 68%),
cryptophytes (8 to 11%) and other small
flagellates (16 to 29%) identified as
classes Prymnesiophyceae (Chry so chro -
mu lina birgeri) and Pra sino  phyceae
(Pyramimonas sp.) in addition to small
unidentified flagellates (Fig. 4e,f). Hete -
ro  capsa triquetra, Dinophysis sp. and
the ‘Scrip psi ella’ complex were abun-
dant dinoflagel lates, but most dinofla-
gellates were unidentifiable. Diatoms,
both centric (e.g. Chae to ceros sp., Ske -
le to nema spp.) and pennate (e.g. Pau li -
ella taeniata and Na vi cula sp.) and fila-
mentous cyanobacteria (Plank to thrix sp.
and Aphanizomenon sp.) were present
at both sites. Despite the decreasing
biomass during October to December,
the algal assemblage in the water col-
umn at the beginning of the ice-covered
season (7 and 14 Jan 2013) resembled
the fall assemblage and was domi-
nated by dinoflagellates (30 to 48%),
cryptophytes (~20%) and small un -
identified flagellates (28 to 35%)
(Fig. 4e,f). The UIW assemblage was
also dominated by dinoflagellates (38
to 73%), cryptophytes (11 to 14%) and
small unidentified flagellates (14 to
43%) (Fig. 4c,d).

The ice was characterized by low biomass at the
beginning of the ice-covered season (7 Jan 2013 to 14
Feb 2013), and the ice algal assemblage resembled
the water column assemblage, but the 2 sites dif-
fered. In January, the assemblage at Site A was dom-
inated by dinoflagellates (10 to 32%), especially
unidentified dinoflagellates and the ‘Scrippsiella’
complex. Other abundant microalgae were crypto-
phytes (12 to 22%), small flagellates (19 to 41%) and
cyanobacteria (10 to 29%) (Fig. 4a). Green algae in -
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creased in February, especially Chlamydomonas
cau  data and Klebsormidium flaccidum and the
eugle no  phytes. At Site B, the assemblage in January
was dominated by dinoflagellates (28 to 65%), espe-
cially unidentified dinoflagellates and small flagel-
lates (13 to 43%). Cryptophytes, cyanobacteria,
green algae and euglenophytes were present, but
their biomasses were lower compared to Site A
(Fig. 4b). At the end of February, the ice shifted from
winter to spring ice, which was characterized by an
increase in algal biomass and change in assemblage
composition towards the dominance of diatoms and
dinoflagellates (Fig. 4a,b). At Site A, green algae,
dominated by K. flaccidum, was the third largest
group (22 to 47%) along with diatoms (11 to 50%)
and dinoflagellates (7 to 50%). At Site B, small flagel-
lates remained the third largest group (13 to 36%)
along with diatoms (30 to 63%) and dinoflagellates
(13 to 49%) (Fig. 4a). The biomass of Heterocapsa
arctica sub. frigida increased, but the dinoflagellate
assemblage was dominated by unidentified dinofla-
gellates and the ‘Scrippsiella’ complex. The ice diatom
assemblages at both sites were dominated by pennate
species including cell chains forming P.  taeniata/
Navicula sp. and arborescent colony-forming Nitzschia
frigida. The centric diatoms were present in the ice
throughout the study, but the biomass of centric
diatoms, especially from the genera Chaeto  ceros and
Melosira, increased before ice breakup.

The biomass of dinoflagellates increased in mid-
March, and dinoflagellates dominated the algal as -
semblage in the water column (57 to 81%) (Fig. 4e,f)
and UIW (57 to 76%) (Fig. 4c,d). The most dominant
dinoflagellates were unidentified dinoflagellates,
species from the ‘Scrippsiella’ complex and Peridi ni -
ella catenata. Diatom biomass increased in April,
when diatoms formed 8 to 36 and 5 to 30% of the algal
biomass in the water column and UIW, respectively.
The most abundant diatoms were Skeleto ne ma spp.,
Chaetoceros sp. and P. taeniata/ Navicula sp.

The spring bloom assemblage was dominated by
dinoflagellates (20 to 66%) and diatoms (28 to 80%)
after ice melt (29 Apr 2013 to 22 May 2013) at both
sites (Fig. 4e,f). Species from the ‘Scrippsiella’ com-
plex, P. catenata and Protoperidinium sp. dominated
the dinoflagellates during the spring bloom. The
diatom species P. taeniata/Navicula sp., abundant in
the water column and UIW before ice breakup, was
present in the spring bloom at low abundances.
Skeletonema spp. dominated the dia tom assemblage
at the beginning of the spring bloom. Later, the
diatom assemblage was dominated by the pennate
diatom Diatoma tenuis.

Taxonomic affiliation of sequences

The taxa identified with light microscopy con-
tributed only a small portion of the OTUs detected in
the samples: the sequence data from 58 samples
yielded 1039 OTUs at a 97% similarity level. The
OTU number varied between samples, from 69 to 259
(mean ± SD = 172 ± 50) sample−1. The taxonomic dis-
tribution of assigned OTUs showed that the main
groups present at both sampling sites were ciliates,
fungi, dinoflagellates, cercozoa, green algae and
stra menopiles, a divergent group that includes e.g.
dia toms, chrysophytes, bolidophytes, eustigmato-
phytes, dichtyochophytes and pelagophytes (Fig. S4
in Supplement 2). Here, we concentrate on the
 predominant dinoflagellates, green algae, diatoms,
crypto phytes and haptophytes (Fig. 5a−f). Although
mainly phototrophic, these groups may also include
mixotrophic, phagotrophic or parasitic species, e.g.
certain dinoflagellate species from genus Gyrodini -
um and cryptophytes from genus Goniomonas.

Dinoflagellates were the OTU-richest phototrophic
group in October to December (with a mean of 34
OTUs in the samples), followed by green algae (20),
chrysophytes (15), diatoms (19), cryptophytes (14)
and haptophytes (5) (Fig. S4e,f). The most abundant
dinoflagellate OTUs were affiliated with H. triquetra,
Prorocentrum sp. and unassigned dinoflagellates.
For green algae, Nannochloris sp. and Choricystis sp.
OTUs predominated. The most abundant diatom
OTUs were affiliated with centric diatoms and be -
longed to the genera Thalassiosira, Chaetoceros and
Skeletonema. The most abundant cryptophyte OTUs
were affiliated with Falcomonas daucoides, Tele au -
lax acuta and unassigned cryptophytes, while the
most abundant haptophyte OTU was affiliated with
Chrysochromulina birgerii. Despite the diminishing
biomass and changes in assemblage composition, the
OTU-based diversity was stable between October
and December (repeated-measures ANOVA, p >
0.05), and the diversity was higher compared to the
water column during January to May (Fig. 6a).

An average of 18 dinoflagellate OTUs were col-
lected from the water column samples (Fig. S4c−f)
during the ice-covered season (7 Jan 2013 to 15 Apr
2013), and the most abundant OTUs were affiliated
with Gyrodinium sp., Prorocentrum sp., H. triquetra
and unassigned dinoflagellates. The mean number of
dinoflagellate OTUs in the sea-ice samples was 7
(Fig. S4a,b), and the most abundant OTUs were
Gymnodinium sp. (G. dorsalisulcum), Apocalathium
malmogiense in addition to H. triquetra and unas-
signed dinoflagellates. The mean number of diatom
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OTUs in the water column was 15 (Fig. S4c−f), and
the most abundant species were centric diatoms Tha-
lassiosira guillardii, T. hispida, Skeletonema sp. (S.
marinoi), unassigned Coscinodiscophyceae and pen-
nate Cymbella sp. The mean number of diatom OTUs
in sea ice was 13 (Fig. S4a,b), and the centric diatom
Chaetoceros socialis and unassigned Coscinodisco-
phyceae were the most abundant OTUs. The mean
number of green algae OTUs was 17 and 14 in the

water column and ice, respectively
(Fig. S4a−f), and Chlamydomonas sp.
was abundant especially in the UIW
and sea ice. The mean number of cryp-
tophyte OTUs was 11 in both the water
column and the UIW (Fig. S4c−f), and
the most abundant OTUs were affili-
ated with T. acuta and unassigned
cryptophytes. The sea ice had an aver-
age 3 cryptophyte OTUs (Fig. S4a.b),
and Chroo monas sp. and F. daucoides
were the most abundant OTUs. Both
the UIW and water column averaged 5
haptophyte OTUs (Fig. S4c−f), while
sea ice only averaged 3 OTUs
(Fig. S4a,b), and similar to the October
to December period, the most abundant
OTU was C. birgerii. The diversity of
the water column assemblage during
the ice-covered season (7 Jan 2013 to
15 Apr 2013) was lower compared to
the water column during October to
December, and the diversity in UIW
was lower than that in the water col-
umn during the ice-covered season
(Fig. 6a). OTU-based richness in sea ice
was lower compared to the water col-
umn and UIW. Evenness, however, was
the highest in sea ice (Fig. 6b). Even-
ness increased during the ice-covered
season, especially at Site B.

The mean number of dinoflagellate
OTUs was 10 during the spring bloom
(29 Apr 2013 to 22 May 2013)
(Fig. S4e,f), and unassigned dinoflagel-
lates were the most abundant, in addi-
tion to G. dorsalisulcum, which was
abundant at Site A. The mean number
of diatom OTUs was 16 (Fig. S4e,f), and
the most abundant species were the
centric diatoms Chaetoceros sp. (C. so -
ci alis), T. guillardii, T. hispida, Skele-
tonema sp. (S. marinoi) and the pen -
nate diatom Cymbella sp. The mean

number of cryptophyte OTUs was 7 (Fig. S4e,f), and
the assemblage resembled the UIW assemblage, the
abundant species being F. daucoides, T. acuta, Chroo -
monas sp. and unassigned crypto mona dales. The
mean number of haptophyte OTUs was 4 (Fig. S4e,f),
and the abundance of Chrysochromulina sp. de-
creased. OTU-based richness increased in spring but,
typical for a bloom situation, the evenness of the spring
water assemblage was low (Fig. 6a,b).
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Groups

The dendrogram produced from the Bray-Curtis
similarity coefficients for the OTUs (size fraction
0.22 o 20 µm) showed 8 clusters at ~55% similarity
(Fig. 7a). The clusters followed the a priori groups:
the fall (8 Oct 2012 to 17 Dec 2012), the water column
during the ice-covered season (7 Jan 2013 to 15 Apr
2013), the UIW (7 Jan 2013 to 15 Apr 2013), the ice
(7 Jan 2013 to 15 Apr 2013) and the spring bloom
(29 Apr 2013 to 22 May 2013), and the groups har-

boured significantly different assem-
blage compositions (1-way PERM-
ANOVA, F = 22.764,54, sum of squares =
12.04, within group sum of squares =
5.062, p < 0.001). Three extra clusters
included 5 transitional samples: 2 early
UIW samples, 2 early sea-ice samples and
1 water sample from the winter− spring
transition (C14, F14, D13, D14 and F26
in Fig. 7a). In addition, the 3 first UIW
samples (F12, C13, F13 in Fig. 7a) clus-
tered with the winter water samples and
the 3 final winter water samples (A25,
E25, E26 in Fig. 7a; sampled under ice)
clustered with an early spring water
 sample.

The dendrogram based on the micro-
algal biomasses (including microalgae
>20 µm) showed similar clustering as
that based on the OTUs (Fig. 7b), and
the a priori groups based on biomasses
harboured significantly different assem-
blage compositions, except fall and win-
ter water (1-way PERMANOVA, F =
10.23, sum of squares = 12.26, within
group sum of squares = 7.572, p < 0.001,
Bonferroni corrected). Though the dif-
ferences between the groups were not
as clear based on the algal biomass re -
sults as they were for the OTU results,
the similarity matrixes (used for produc-
ing the dendrograms) were related (ρ =
0.5, p < 0.01).

DISCUSSION

Our results provide new insight into
cold-water season algal succession in
the northern Baltic Sea. The tempera-
ture and light environments of the Baltic
Sea differ from those in polar areas. In

our study we distinguished 5 different groups in the
microalgae assemblages, 4 in the water column and
1 in the sea ice, from the beginning of October
throughout the ice-covered season until the end of
May, with significant differences in assemblage com-
position and diversity. Four of the 5 groups, i.e. the fall
(8 Oct 2012 to 17 Dec 2012), the winter and the under-
ice water (both 7 Jan 2013 to 15 Apr 2013) and the
spring (29 Apr 2013 to 22 May 2013), were observed
in the water column. The phytoplankton succession
in the water column during the cold-water season in
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Fig. 7. Dendrograms for percent similarity produced from the Bray-Curtis similarities for (a) operational taxonomic units 
(OTUs) and (b) microscopy results. UIW: under-ice water
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our study coincided with changes in light environ-
ment and temperature. The algal assemblage com-
position of the Baltic Sea changes along a salinity
gradient (Gasiūnaitė et al. 2005, Ulanova et al. 2009,
Sildever et al. 2015), indicating that salinity is also
a potential factor shaping the seasonal algal assem-
blage succession during the cold-water season
between ice and the water column. For example, the
seasonal cyanobacteria succession in the water col-
umn correlates with both salinity and temperature
(Bertos-Fortis et al. 2016), showing that many of
the processes affecting microbial assemblages are
complex.

At the beginning of October, the assemblage in the
water column was dominated by dinoflagellates and
other small flagellates belonging to green algae,
cryptophytes and haptophytes. Autumnal succession
studies from the Baltic Sea are sparse, but an early
autumnal bloom dominated by diatoms (dominated
by Chaetoceros sp. and small cells of Thalassiosira
spp.) (Bianchi et al. 2002) or small colonial cyanobac-
teria (Wasmund et al. 2001) was not observed in our
study. The amount of light and temperature de -
creased during the fall and changed the physical
environment, resulting in decreased phytoplankton
biomass. After the ice formation, small flagellates
dominated the algal assemblage in the under-ice
water column in concordance with previous winter-
time studies (Smith et al. 1991, Clarke & Leakey
1996, Fiala et al. 1998, Ratkova et al. 1999). Flagellate
dominance continued until the end of February,
probably due to the flagellates’ ability to supplement
or substitute photosynthesis via mixotrophy and/or
heterotrophy as proposed by Mikkelsen et al. (2008).

Różańska et al. (2008) found that nearly every spe-
cies was observed in both the newly formed sea ice
and the water column, while only a few species were
found exclusively in the water column. In contrast,
Tuschling et al. (2000) and Majaneva et al. (2012b)
have shown sea-ice assemblages to differ from those
observed in the water column and in the newly
formed sea ice. The sea-ice algal assemblage in our
study resembled the water column assemblage at the
beginning of the ice-covered season and, similar to
the water column, was dominated by small flagel-
lates. The lower richness observed in the ice in Janu-
ary compared to the water column based on the
OTUs indicates that ice assemblage formation was
not unequivocally a non-selective concentrating
mechanism during ice formation, as earlier proposed
by Garrison et al. (1983), but that each species in the
water column was unable to colonize the forming sea
ice. However, the selection of diatoms during ice for-

mation into ice, earlier shown by Gradinger & Ikä-
valko (1998), was not observed in our study, possibly
due to the low diatom abundance in the water col-
umn. In situ ice formation studies are challenging in
practice, and consequently, the first ice samples are
typically collected days or weeks after ice formation.
This is also true for our study. The characteristics of
the algal assemblage during ice formation in this
study cannot be determined due to possible changes
in the assemblage between ice formation and the
first sampling.

The succession of the ice algae observed in our
study was similar to the succession described in pre-
vious studies, beginning with a winter stage with low
production, followed by a growth phase and later the
melting period, which ends in ice breakup (Haecky &
Andersson 1999, Kaartokallio 2004, Granskog et al.
2006, Leu et al. 2015). The low ice algal biomass at
the beginning of the ice-covered season has previ-
ously been observed in short-term studies performed
in the northern Baltic Sea (e.g. Niemi & Åström 1987,
Kangas et al. 1993, Piiparinen et al. 2010, Rintala et
al. 2010). The algal biomass began increasing to -
wards the spring equinox, and the assemblage
changed from a flagellate-dominated assemblage to
a dinoflagellate- and diatom-dominated assemblage,
showing that early-winter successional species are
eliminated by late-winter successional species. The
abundant species in the spring ice originated from
the initial ice assemblage. The new algal populations
could also have been introduced from the UIW (1)
due to the upward flux of UIW into the brine channels
(Stoecker et al. 1993, 1998), (2) via the UIW micro-
algae attaching and accumulating to the bottom-ice
surface and ultimately freezing into the ice (Syvertsen
1991) or (3) via a combination of both processes.

Spatial differences between the ice algal assem-
blage compositions were already encountered be -
tween the study sites from the beginning of our
study. The biomass of the green alga Klebsormidium
flaccidum, which lives on rocks and other substrates,
was higher at Site A than at Site B, indicating that the
incorporation of bottom-dwelling species into the ice
is more likely in shallow areas. Dinoflagellate cysts
are abundant in Arctic and Antarctic sea ice (e.g.
Stoecker et al. 1998, Różańska et al. 2008). Dinofla-
gellate cysts are numerous in the surface sediment of
the Baltic Sea (0 to 5 cm) (Sildever et al. 2017), but
less is known about the dinoflagellate cysts in Baltic
Sea ice. Although dinoflagellates dominated the sea-
ice assemblage in our study, the biomass of dinofla-
gellate cysts accounted for only a small proportion of
the total biomass. Previous studies have shown low
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cyst-forming dinoflagellate diversity between the
salinities of 6 to 10 compared to high diversity when
the salinity level approaches 30 (Ellegaard 2000,
Sildever et al. 2015), indicating that cyst formation is
only a minor survival strategy for dinoflagellates in
northern Baltic Sea ice, where the salinity is lower
than the oceanic sea ice.

The decrease in ice algal biomass during the end of
March and in the beginning of April was followed by
a subsequent increase of microalgal biomass in UIW.
In concordance with a previous study from the Arctic
(Arrigo et al. 2014), the dominant species differed in
the water column and ice, indicating that the under-
ice bloom was comprised of species able to repro-
duce in the UIW environment and not of the domi-
nant sea-ice algae. After ice breakup, the subsequent
phytoplankton bloom and nitrogen depletion were
observed in the water column in concordance with
previous studies (e.g. Michel et al. 1993, Kuosa et al.
1997, Haecky et al. 1998, Różańska et al. 2009, Suk -
ha nova et al. 2009, Hodal et al. 2012, Lips et al. 2014),
but the intensity of the bloom differed be tween the
sites. The assemblage was dominated by diatoms
and dinoflagellates during both spring ice and spring
bloom, indicating a seeding effect from the sea ice.
However, multivariate analyses showed that species
composition was different in the ice compared to the
spring bloom, indicating that the spring bloom spe-
cies were pioneer species of the open-water season.
Consequently, as previously suggested by Mikkelsen
et al. (2008) and Riaux-Gobin et al. (2011), the spring
bloom assemblage was not exclusively formed from
sea-ice algae, or at least not from the same dominant
species. However, Kremp et al. (2008) showed that
the size of inoculum dinoflagellate population and
the co-occurring diatoms affects the bloom formation
and dominance of the dinoflagellate population. The
ice algae that are released from the melting sea ice,
which do not contribute to production in the water
column, are grazed by pelagic or benthic herbivores.
Alternatively, the cells could be exposed to microbial
degradation or sedimentation, depending on how
well the microalgae maintain their buoyancy in the
water column. Padi sák et al. (2003) showed that the
sinking rate is enhanced in colonial-forming micro-
algae that lack the symmetric shape of the colony.
This could explain the decrease of the arborescent
colonies of Nitzschia frigida after ice breakup. Elimi-
nation by immediate cell lysis due to osmotic shock
(Garrison & Buck 1986) is unlikely, especially in the
Baltic Sea, as Rintala et al. (2014) showed that direct
melting of the Baltic Sea does not cause instant
destruction of algal cells. Mild winters are occurring

more frequently in the Baltic Sea, and the length of
the ice season has decreased by 30 d during the last
100 yr (Merkouriadi & Leppäranta 2014). Winters
with no ice cover, and conditions of decreased salin-
ity and increased sea surface temperatures could
lead to earlier phytoplankton blooms with increased
biomass and smaller phytoplankton taxa, changes
that are similar to those described in mesocosm
experiments (e.g. Sommer et al. 2007, Winder et al.
2012). A decrease in fresh water ice cover addition-
ally results in a shift from a phytoplankton assem-
blage dominated by filamentous diatoms to smaller
cells (Beall et al. 2016). Ice algal production is esti-
mated to constitute 0.4% of the annual primary pro-
duction in the Baltic Sea (Haecky & Andersson 1999).
Our results show that ice microalgal biomass based
on cell enumeration is high compared to phytoplank-
ton biomass, especially at the end of the ice-covered
season. However, if ice thickness is less than 0.5 m,
as in our study, the contribution of ice algae to total
primary production remains low (data not shown). In
polar areas where ice cover is thicker, the ice algae
may contribute more than 50% to total primary pro-
duction (Gosselin et al. 1997).

In conclusion, the cold-water season is a dynamic
season with various algal assemblages occurring in
the sea ice and water column, albeit at low algal bio-
mass. The sea-ice assemblage resembled the water
column assemblage, but species richness was lower
in the sea ice compared to the water column, indica-
ting that the formation of the ice assemblage was un-
likely a non-selective concentrating mechanism dur-
ing ice formation. Both the water column assemblage
and the sea-ice assemblage changed from   flagellate-
dominated assemblages to diatom-dominated assem-
blages. However, the sea-ice assemblage formed a
significantly different group compared to the water
assemblages. In addition, the difference be tween ice
and spring bloom assemblage compositions indicates
that sea-ice algae do not have a large seeding effect
from the ice. Although the sea-ice assemblage does
not greatly contribute to water column phytoplankton
growth and spring bloom subsequent to the ice melt,
it may contribute greatly to total microalgal biomass
during the ice-covered season.
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