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During autumn 2007, an unusual increase in an algal species belonging to the order Prymnesiales was observed throughout the

Baltic Sea Proper during routine national monitoring. Electron microscopical examination of the blooming species showed

two types of flat scales – small and large – that resembled those of the alternate stage of Prymnesium polylepis. No spine-

bearing scales were found. The 18S rDNA sequence data (n¼ 20, c. 1500 bp) verified the species identification as P. polylepis.

There was up to 0.5% (7 bp) variability in the P. polylepis partial 18 S rDNA sequences from the Baltic Sea. These envir-

onmental sequences differed by 0–0.35% (0–4 bp) from cultured P. polylepis (isolate UIO036), and by 1.0–3.7% from other

available Prymnesium sequences. The number of cells assumed to be P. polylepis began to increase in October 2007 coin-

cidently with significantly calm and dry weather, and at their maximum the cells accounted for over 80% of the total

phytoplankton biovolume in December–January. During February–April 2008, 95% of the Prymnesiales cells were in the size

class of P. polylepis (46 mm). The species attained bloom concentrations (41� 106 cells l–1) from March to May 2008. The

species was observed throughout the Baltic Sea, except the Bothnian Bay, Gulf of Riga and the Kattegat. No toxic effects of

the bloom were observed.

Key words: 18S rDNA, Baltic Sea, phytoplankton, Prymnesium polylepis alternate stage, Prymnesium polylepis bloom, harm-

ful alga, winter

Introduction

Prymnesium polylepis (Manton & Parke)
Edvardsen, Eikrem & Probert (Prymnesiales,
Haptophyta) excited public awareness in 1988 by
forming an extensive toxic bloom on the coasts of
Denmark, Sweden and Norway, killing 900 tonnes
of farmed fish (Skjoldal & Dundas, 1991). After
the first descriptions of the 1988 bloom (e.g.
Dahl et al., 1989; Nielsen et al., 1990), extensive
research was undertaken on P. polylepis. This
included studies on toxicity (Carlsson et al., 1990;
Edvardsen et al., 1990; Tobiesen, 1991; Meldahl
et al., 1994; Johansson & Granéli, 1999; Schmidt
& Hansen, 2001), bloom dynamics (Kaas et al.,
1991; Dahl et al., 2005; Lekve et al., 2006),

mixotrophy (Jones et al., 1993; Granéli &
Risinger, 1994; Stibor & Sommer, 2003) and life
cycle (Paasche et al., 1990; Edvardsen & Paasche,
1992; Edvardsen & Vaulot, 1996; Edvardsen &
Medlin, 1998). Blooms of species of Prymnesiales
have been reported from the Skagerrak and
Kattegat region recurrently from April to August
since 1988, and blooms of P. polylepis in 1989,
1994 and 1995, but without harmful effects
(Edvardsen & Paasche, 1998; Dahl et al., 2005).
Species of Prymnesiales are regular components

of marine phytoplankton communities (Thomsen
et al., 1994; Dahl et al. 2005). This also holds for
the Baltic Sea, where they are most abundant
during late spring and summer (Mackiewicz,
1991; Hajdu et al., 1996; Hajdu, 2002). The
distribution of Prymnesium polylepis is not well
documented but appears to be worldwide
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(Edvardsen & Paasche, 1998). In the Baltic Sea,
P. polylepis has been recorded from the Kattegat,
Danish sounds, northern Baltic Proper and Gulf of
Finland (Hajdu et al., 1996; Hällfors, 2004). The
species grows in a wide range of temperatures and
salinities (Edvardsen & Paasche, 1992, 1998;
Rhodes et al., 1994). Abiotic factors, such as
low nutrient concentrations and high N : P and
N : SiO4 ratios, and stratified water masses in
sunny weather, have been suggested as the main
reasons for blooms of Prymnesiales species
(Lekve et al., 2006).
Light microscopical species identification in the

order Prymnesiales is difficult. The cell form and
size, the lengths of the haptonema and flagella, the
swimming pattern, and the existence of long spines
on the scales are characteristics used for species
identification. The size of P. polylepis cells is
6–12 mm (Manton & Parke, 1962), and the fine
structure of the body scales needs to be seen for
correct identification. Therefore, electron micro-
scopy is needed to identify cells to species level
(Thomsen et al., 1994). Furthermore, P. polylepis
has two alternating stages in the haplo-diploid life
cycle: these are referred to as the ‘authentic’ and
‘alternate’ stages (Paasche et al., 1990; Edvardsen
& Paasche, 1992; Edvardsen & Vaulot, 1996). The
alternate stage may be larger than the authentic
stage (Edvardsen & Paasche, 1992; Edvardsen &
Vaulot, 1996), and the two stages have different
scales. The typical fork-bearing flat scales are miss-
ing from the alternate stage, which is instead char-
acterized by spiked scales (Paasche et al., 1990;
Edvardsen & Paasche, 1992). However, the authen-
tic P. polylepis from the Baltic Sea has scales
slightly different (Hajdu et al. 1996) from those
of the type specimen of Manton & Parke (1962)
isolated from the English Channel. The Baltic var-
iant has three scale types: small and large flat scales
and oval flagellar pole scales. No fork-bearing
scales have been found, and the most conspicuous
difference among the other scale types is in the
width of the scale rim, which is broader in the
Baltic variant than in the type specimen (Hajdu
et al., 1996).
During autumn 2007 to spring 2008, a con-

siderable increase in the numbers of a species
of Prymnesiales was observed in several parts
of the Baltic Sea during routine national mon-
itoring programmes. Here, we identified the
species that produced the bloom as the alter-
nate stage of P. polylepis, using electron micro-
scopy and by sequencing two spring samples
with two haptophyte- and Prymnesiales-specific
18 S rRNA gene primers. We show the varia-
tion in size of the cells and in the 18 S rRNA
gene, and for the first time, describe the extent

of a bloom caused by the alternate stage of
P. polylepis.

Materials and methods

Field sampling and cell enumeration

The samples in this study were either Baltic Monitoring
Programme (BMP) samples or ship-of-opportunity sam-
ples (Supplementary Table 1, Fig. 1). The BMP sam-
pling was based on integrated samples obtained from
0–10m or 0–20m at the given stations. BMP samples
were collected and treated according to HELCOM
(2008) monitoring guidelines. The ship-of-opportunity
samples were taken using an Isco 3700R automated
refrigerated water sampler (Teledyne Isco, Lincoln,
NE, USA) installed on board the commercial vessel m/
s Finnmaid, which travels between Germany and
Finland. The sampling device takes a water sample
whenever the ship passes certain preset longitudinal
positions (see a more detailed explanation in
Rantajärvi, 2003). The ship-of-opportunity samples
were kept in darkness in a refrigerator until they were
brought into the laboratory, where they were preserved
with acid Lugol’s solution (Willén, 1962). The BMP
samples were preserved with acid Lugol’s solution
immediately after sampling. Weather data, including
precipitation and three-hour average wind and tempera-
ture at the Gotska Sandön, Hoburg and Falsterbo
weather stations, were obtained from the Swedish
Meteorological and Hydrological Institute (SMHI).
We calculated average wind, precipitation and tempera-
ture for every month between August 2000 and July
2008 with 95% confidence intervals.

In accordance with HELCOM monitoring guidelines,
the Prymnesiales species were counted, undifferentiated
into lower taxa, in six different size–shape classes:
2–4 mm, 4–6mm (sphere), 4–6mm (flattened), 6–10 mm,
10–15 mm and 15–20mm (Supplementary Table 2)
(Olenina et al., 2006). In natural samples, these different
size classes can include several species (Jensen, 1998;
Hällfors, 2004) and P. polylepis would be included in
size classes 4 and 5 (6–10mm and 10–15mm, respectively)
(Supplementary Table 2) (Manton & Parke, 1962; Hajdu
et al., 1996). To decrease the amount of laborious cell
counting, all six size classes of Prymnesiales were enum-
erated only from the February–May 2008 ship-of-
opportunity samples (98–892 Prymnesiales cells per
sample). The abundance data of the BMP samples
included cells 410 mm in length (450 cells per sample,
size classes 5 and 6, Supplementary Table 2), which
was typical for the bloom-forming prymnesialean spe-
cies observed. Subsamples of 10, 20, 25 or 50ml were
settled for at least 19 h. Inverted light microscopes (LM)
similar to the Leitz DM IRB (Leica Microsystems
GmbH, Wetzlar, Germany) with phase contrast and
400–600�magnifications were used for cell enumera-
tion in several transects covering 1.2–5% of the cuvette
bottom (0.1–2.3ml of sample, cuvettes similar to Hydro-
Bios Kiel Combined Plate Chamber, Hydro-Bios
Apparatebau GmbH, Kiel, Germany) or 20–200 ran-
domly chosen fields of view (0.2–2% of cuvette
bottom, 0.1–1.2ml of sample) (Supplementary Table 1).
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Transmission electron microscopy

To visualize the extracellular body scales, eight samples

(BMPH12 on 23 October 2007, CB9 on 22 November

2007, NB10 on 22 November 2007, SB5 on 19 March

2008, SB6 on 19 March 2008, AB3 on 22 April 2008,

BMPH12 on 7 May 2008, and SB5 on 27 May 2008:

Fig. 1) were selected for whole-mount preparations.

These were prepared as explained by Moestrup &

Thomsen (1980). Ten drops from each sample were col-

lected with a glass Pasteur pipette from the bottom of the

LM cell enumeration cuvette or from the bottom of the

300-ml stored sample. The drops were placed in an elec-

tron microscope grid covered by a film of formvar and

carbon. The grids were kept in a fume hood until dry.

The salt crystals formed were removed by submerging

each grid three times in sterile double-distilled water,

letting the grids air-dry after each submergence. Five

grids were stained with uranyl acetate (UA) by placing

them for 20min in 2% neutralized UA followed by three

rinses in double-distilled water to remove the excess

stain. These grids were examined at 60 kV with a JEOL

1200 EX (JEOL, Tokyo, Japan) transmission electron

microscope (TEM) at the Electron Microscopic Unit,

University of Helsinki. In addition, five grids were

placed at a 20� angle inside a shadow-casting sputter

JEOL JEE 4B (JEOL) and coated with a 40 : 60 mixture

of gold : palladium and examined using a 72-kV accelera-

tion voltage in a TEM JEOL 1011 (JEOL) at the

Haartman Institute, University of Helsinki.

DNA extraction, PCR, sequencing and phylogenetic
analysis

DNA was extracted from two live ship-of-opportunity

samples, SB5 and SB6, collected on 19 March 2008

(Fig. 1). The volumes of the samples were 430 and

400ml, respectively. The samples were prefiltered

through a 20 -mm Nitex net (Sefar AG, Heiden,

Switzerland), and the cells in the flow-through were col-

lected onto 2.0 -mm polycarbonate membrane filters

(Nuclepore�, Tewksbury, MA, USA). The filters were

dipped into liquid nitrogen and stored at �70�C. DNA

was extracted from the filters, using the phenol–chloro-

form method (Maggs & Ward, 1996). Amplification of

the approximately 1500-base pair (bp) fragment of 18 S

rDNA of the order Prymnesiales was performed, using

the forward primer CHRYSO128 (50–ATGGTTTATT

TGATGGTACC–30) or CHRYSO194 (50–GTCACAA

TAACTGCTCGAAT–30) and the reverse primer

UNI1534R (Moon-van der Staay et al., 2001). The

CHRYSO128 and CHRYSO194 primers were designed

using the existing sequence data of Prymnesiales species

available in GenBank. The CHRYSO128 primer is more

general; it has a 100% match with members of the

Pavlovophyceae and Prymnesiophyceae, except for one

mismatch with the order Phaeocystales. The

CHRYSO194 primer is specific for the order

Prymnesiales with a minimum of one mismatch with

non-target organisms. We confirmed the efficacy of

these primers by using probeCheck (Loy et al., 2008).

Fig. 1. Map showing the sampling sites. LM samples from all sites, TEM samples from sites AB3, SB5, SB6, CB9, BMPH12

and NB10, and DNA samples from sites SB5 and SB6. The open circles are the SMHI weather stations.
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The partial 18 S fragment was amplified in a PCR

cycle of initial denaturation of 3min at 94�C, followed

by 25 cycles of 1min at 94�C, 1min at 50�C, 2min at

72�C and a final extension of 5min at 72�C. A low

number of cycles in the PCR was used to maximize

the diversity of the amplified products. The amplifica-

tion was done using Taq DNA polymerase (ABgene,

Advanced Biotechnologies, Epsom, Surrey, UK)

according to the manufacturer’s instructions in 25 -mL
reactions. The PCR reactions were purified with

Illustra GFXTM PCR, DNA and Gel Band

Purification Kit (GE Healthcare, Little Chalfont,

Buckinghamshire, UK) according to the manufac-

turer’s instructions. The purified PCR reactions were

cloned with the PCR Cloningplus kit (Qiagen, Hilden,

Germany), and 35 positive colonies were picked

with a toothpick and dipped into the PCR reaction

mixture of Taq DNA polymerase (ABgene). The

amplification was done using the primers M13F

(50–GTAAAACGACGGCCAG–30) and M13R-pUC

(50–CAGGAAACAGCTATGAC–30). The reactions

were purified with USB ExoSAP-IT� (Affymetrix,

Santa Clara, CA, USA), according to the manufac-

turer’s instructions. Cycle sequencing of the positive

clones was carried out, using the Big DyeTM terminator

(Applied Biosystems, Foster City, CA, USA) cycling

conditions. Sequencing was performed with the forward

primers CHRYSO128 or CHRYSO194 and 384MF

(Majaneva et al., 2012), and the reverse primer

UNI1534R. The samples were loaded on an automated

sequencer 3730XL (Applied Biosystems).

The 18 S sequence data of the order Prymnesiales

were aligned with the Prymnesiales sequences published

in GenBank and the supplementary material SSU

FIN.txt of Edvardsen et al. (2011), which include the

genera Chrysochromulina, Chrysocampanula, Imantonia,

Haptolina, Pseudohaptolina and Prymnesium; however,

we excluded sequences under 500 bp (see Fig. 2 for

GenBank accession numbers). Four Isochrysis sequences

were used as an outgroup. The sequence data were

aligned using MAFFT (Katoh et al., 2002) with

Q-INS-i strategy and with a gap-opening penalty of

1.53 and gap-extension penalty of 0.123. Minor adjust-

ments were done manually. Maximum likelihood boot-

strap support values were calculated from 1000

replicates, using GARLI 1.0.659 (Zwickl, 2006) with

model Tim2þ IþG, which was selected in jModelTest

0.1.1 (Posada, 2008) with the AICc criterion. Posterior

probabilities were calculated with MrBayes 3.2

(Ronquist & Huelsenbeck, 2003) from two independent

runs with four Markov chains and 4 000 000 generations

with the first 25% of the sampled trees discarded, leav-

ing 60 000 trees. Since MrBayes cannot implement the

Tim2þ IþGmodel, a similar model (GTRþ IþG) was

used. Maximum parsimony analyses in TNT (Goloboff

et al., 2003) were heuristic, with starting trees obtained

by random taxa addition with 100 replicates, and tree

bisection and reconnection branch swapping; support

values for the clades were calculated from 1000 boot-

strap replicates. The uncorrected pairwise distances

between the aligned sequences were calculated with the

program mothur 1.17.3 (Schloss et al., 2009).

The terminal gaps were ignored. The accession numbers
of our sequences are FN551232–FN551249.

Results and discussion

Species identification

Based on cell size and shape, and the lengths of the
flagella and haptonema in LM (Supplementary
Figs 2 and 3), the cells were distinguished as
belonging to the order Prymnesiales. Most of the
cells were counted in size class 5 (10–15 mm) and 6
(15–20 mm) (Supplementary Table 2).
The general morphology, size and shape of the

cells, and the haptonema of the bloom-forming
prymnesialean species in this study, as well as the
season, agree with Chrysochromulina birgeri, a
cold-water species found in the Baltic Sea.
However, C. birgeri has large scales with hornlike
projections and frequently four flagella (Hällfors &
Niemi, 1974; Hällfors & Thomsen, 1979), which
were not found in the bloom-forming prymnesia-
lean species in this study. Similarly, another
common and large brackish water species,
Chrysochromulina sp. ‘limonia’ (Jensen, 1998), has
easily distinguishable scales with spines and clearly
differs from the Prymnesiales species we observed.
The TEM preparations of samples BMPH12 on

23 October 2007, CB9 on 22 November 2007,
NB10 on 22 November 2007, SB5 on 19 March
2008, SB6 on 19 March and AB3 on 22 April
2008 revealed detached scales belonging to only
one species. Two differently sized flat scales
were found (Supplementary Figs 4, 6 and 8): the
smaller on average 0.76� 0.58mm, and the larger
1.50� 1.14mm (Table 1). There were 11 concen-
tric rings of small perforations (Supplementary
Fig. 8) and 43 clearly identifiable surface
fibrils in the small scales (Supplementary Fig. 9).
In the large scales, there were 16 concentric
rings (Supplementary Fig. 6) and 86 fibrils
(Supplementary Fig. 7). There was a visible differ-
ence between the proximal and distal surfaces of
the small scales (Supplementary Fig. 9) that was
not observed in the large scales. The rim widths
were 0.19 mm and 0.15mm in the large and small
scales, respectively (Supplementary Figs 7 and 9).
These scales are very similar to those of

Chrysochromulina mantoniae and the alternate
stage of Prymnesium polylepis. However, we
found neither the stout spine scales typical of
C. mantoniae nor the spine-bearing scales typical
of alternate stage P. polylepis. Therefore, we
sequenced 21 partial Prymnesiales 18S rRNA
gene sequences from two samples (stations SB5
and SB6, Fig. 1). There is no C. mantoniae
sequence available in GenBank. However, we can
be confident that our sequences were not
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C. mantoniae, since all but one sequence clustered
together with P. polylepis and not as a new, distinct
branch (Fig. 2). The P. polylepis group received
98% and 96% bootstrap support in maximum like-
lihood and maximum parsimony analyses, respec-
tively, and 1.0 Bayesian posterior probability.
Sequence 170-E4 clustered with P. kappa (Fig. 2),
separate from the P. polylepis clade. The group
containing P. kappa and sequence 170-E4 was sup-
ported with 72% and 68% in maximum likelihood
and maximum parsimony bootstrap analyses,

respectively, and with 0.92 posterior probability
in Bayesian analysis. However, no scales of
P. kappa were found in TEM, but samples
BMPH12 on 7 May 2008 and SB5 on 27 May
2008 included scales of Haptolina ericina and
H. ericina and H. cf. fragaria, respectively.
The sequence divergence within our P. polylepis

sequences was between 0% and 0.49%, equivalent
to a difference of 0–7 bp. The sequence comparison
was based on 1453 bp of aligned sequences, with
the exception of sequences 171-G2 and EU024987,

Fig. 2. Maximum likelihood tree based on the 18 S rDNA sequence data of the Prymnesiales samples sequenced in this study

(samples SB5¼ 170 and SB6¼ 171) and downloaded from GenBank (accession numbers shown). The numbers at the nodes of
the tree represent the maximum likelihood bootstrap (450), posterior probability (40.90) and maximum parsimony bootstrap
(450) values. Lower bootstrap or posterior probability values are not shown.
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which were 976 and 1214 bp long, respectively.
The P. polylepis sequence AJ004866 from the
Oslofjord, Norway, deviated from our sequences
by between 0–0.35%, which represents a difference

of 0–4 bp, excluding one ambiguous position. The
sequence divergence between the clone 170-E4 and
P. kappa was 0.69%, equivalent to a 9-bp differ-
ence, excluding two ambiguous positions.

Fig. 3. Development of Prymnesiales abundance in the BMP samples in different parts of the Baltic Sea during winter 2007 to
spring 2008. (a) Coastal (BMP H12) and open-sea (BMP H3) stations in the western part of the northern Baltic Sea Proper; (b)
coastal (Ref M1V1) and open-sea (BMP I1 and BMP J1) stations in the western and eastern parts of the central Baltic Proper;

(c) open-sea stations in the southern Baltic Proper (BMP K1 and BMP K2); and (d) open-sea station in the Arkona Basin
(BMP K4). Figure is redrawn from Hajdu et al. (2008).
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The sequence divergence between our P. polylepis
sequences and other species of the genus
Prymnesium in GenBank was 1.04–3.69%, while
between the clone 170-E4 and other Prymnesium
sequences the divergence was 0.76–3.41%. Thus,
our molecular evidence combined with the flat
scale morphology shows that the material collected
was dominated by alternate stage P. polylepis.
The scales of P. polylepis seem to vary geogra-

phically. For example, the Baltic (Hajdu et al.,
1996) and Norwegian (Throndsen et al., 1995)
authentic strains deviate in their scale pattern as
described in the Introduction. Also, our Baltic
alternate stage scales were slightly smaller than
the alternate stage scales of Norwegian strain
described by Paasche et al. (1990). Our environ-
mental P. polylepis sequences also varied, 0.5%
at maximum, but some were identical to the
Norwegian strain (AJ004866) (Fig. 2). Edvardsen
& Medlin (1998) demonstrated that the authentic
and alternate forms of P. polylepis have identical
18 S rDNA and ITS1 regions. Therefore, the
sequence divergence of our environmental P. poly-
lepis sequences is either due to errors in PCR
amplification and cloning, or represents minor
intraspecific or individual copy variability that is
not related to the different life cycle stages.

Bloom occurrence and development

The bloom-forming Prymnesiales, which we
showed to be mainly P. polylepis and which were
counted in size classes 5 and 6, began to increase in
abundance in the BMP samples in late October and
dominated the phytoplankton community from
December 2007 to May 2008. Cells larger than
10mm accounted for up to 80–88% of the total
phytoplankton biovolume during winter–early
spring at the northern stations (BMPH12,
BMPH3 and BMPJ1). However, the size range of
P. polylepis was wide. During February–April
2008, 25% of the ship-of-opportunity-sampled
cells were counted in size class 4 (6–10mm), while
55% were counted in size class 5 (10–15mm) and
15% in size class 6 (15–20 mm) (Supplementary
Fig. 1). In May, the abundance of size class 4

increased to 54% and that of size class 2 (4–6 mm,
sphere) to 13%.
Prymnesium polylepis increased to about

0.4� 106 cells l–1 in the southern, central and north-
ern Baltic Proper (stations BMPK1, BMPI1 and
BMPH3, respectively) during winter (Fig. 3). It
occurred abundantly throughout spring 2008,
attaining maximum abundances, about 2�
106 cells l–1, in the Arkona Basin in April (station
BMPK4). In the southern Baltic Proper, the max-
imum abundances were again about 2� 106 cells l–1

in April–May (stations BMPK1 and BMPK2),
whereas in the central (stations BMPJ1 and
BMPI1) and northern Baltic Proper (station
BMPH3), the maximum abundances were higher,
reaching 2–4.2� 106 and 3.6� 106 cells l–1, respec-
tively, in May. The maximum abundance of
P. polylepis was higher in the open-sea stations
(BMPH3, BMPJ1 and BMPI1) than in the coastal
stations (BMPH12 and Ref M1V1) (Fig. 3).
During autumn 2007 to spring 2008, P. polylepis
cells larger than 10mm were observed throughout
the Baltic Sea, except in the Bothnian Bay, Gulf of
Riga and the Kattegat.
The chlorophyll a values were exceptionally high

at station BMPH12 from October 2007 to March
2008 (see web site http://www2.ecology.su.se/
dbhfj/b1start.htm as station B1). In December
2007 and January 2008, the chlorophyll a values
were 5–6 times higher than the mean value for
1998–2006 (2.5mgm–3 and 1.6mgm–3, compared
with 0.5mgm–3 and 0.25mgm–3, respectively).
During spring 2008, the chlorophyll a values were
also above the mean value (1995–2004) at the other
BMP stations, showing the potential of P. polylepis
for phototrophy. Some Prymnesiales species
(including P. polylepis) tolerate a wide range of
light intensities (Edvardsen & Paasche, 1992;
Rhodes & Burke, 1996) and, with nutrients being
plentiful during winter and early spring, phototro-
phy could be the main nutrition mode for this spe-
cies at this time. It is also known that many
Prymnesiales species can compensate for low light
levels by phagotrophy (Jones et al., 1993, 1995).
Dahl et al. (2005) showed that the annual abun-

dance of Prymnesiales species is positively related
to spring and summer N : P ratios, and negatively

Table 1. Scale measurements of the Baltic Sea alternate stage Prymnesium polylepis.

Small scales Large scales

Mean� SD

Number of

scales measured

Number of

cells examined Mean� SD

Number of

scales measured

Number of

cells examined

Scale length (mm) 0.76� 0.07 116 15 1.50� 0.17 72 20

Scale width (mm) 0.58� 0.06 116 15 1.14� 0.15 72 20

Rim width (mm) 0.19� 0.23 12 5 0.15� 0.15 18 8

Number of fibrils 43� 4.2 9 5 86� 12.4 8 6

Number of concentric rings 11 1 1 16� 3.7 8 5
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related to summer salinity and phosphate concen-
trations. Lekve et al. (2006) suggested that nutrient
limitation is not advantageous to Prymnesiales by
itself, but when limitation is associated with high
light availability, strong stratification, low turbu-
lence and availability of micronutrients,
Prymnesiales species may bloom. Moreover,
Prymnesium species can gain a competitive advan-
tage through allelopathy and toxicity in stressful
conditions (e.g. nutrient deficiency) (Granéli
et al., 2012).
In contrast to earlier, authentic-stage P. polylepis

blooms in spring (Edvardsen & Paasche, 1998;
Dahl et al., 2005; Lekve et al., 2006), there was
no nutrient limitation during autumn and winter
2007–2008, and N : P ratios were normal through-
out the study period (see web site http://www2.e-
cology.su.se/dbhfj/b1start.htm). However, the
onset of the bloom coincided with a significantly
lower wind and precipitation in the whole Baltic
proper area (Fig. 4, Supplementary Figs 10 and
11) and a strong thermocline at 30–40m depth
(Thorstensson & Yhlen, 2007; Yhlen &
Andersson, 2007). The following winter was the
mildest recorded in south-eastern Sweden since
1858–1859 (Hellström, 2008) with 2–4�C higher
than normal water temperatures in the Baltic Sea
(Grafström, 2008; Lake & Grafström, 2008).
However, there was no longer any stratification
in the uppermost 30–50m in January–March
2008 (Hansson & Andersson, 2008). The calm
and sunny weather in October resulted in high
light availability (considering the season) and low
turbulence above the thermocline, and therefore
made it possible for P. polylepis to build up a con-
siderable biomass, which persisted throughout the
winter. Possible allelopathic effects that may have
inhibited growth of grazers and competitors
cannot be ruled out, but normally there is no
marked growth or grazing during the winter
months.
Similar large cells of Prymnesiales have occa-

sionally been observed in LM samples obtained
from the Swedish stations in the northern Baltic
Sea Proper since winter 1999. They occurred in
high numbers (up to 1.4� 106 cells l–1) during
winter 2004–2005 and in smaller amounts in
winter 2005–2006 (S. Hajdu, unpublished data).
This potentially toxic species seems to be occurring
more regularly in the Baltic Sea. However,
Leivestad & Serigstad (1988) reported no fish
kills at a salinity of 10 (the salinity of the Baltic
Proper is510), but there were fish kills observed at
salinities of 16 and 22 when they tested the toxic P.
polylepis bloom of 1988 in situ in tanks. No toxic
effects of P. polylepis were observed during our
study period in the Baltic Sea, but in addition to
the effects of low salinity in the study area, the

absence of toxicity may be because the alternate
stage appears to be non-toxic or only slightly
toxic (John et al., 2002).
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GRANÉLI, E. & RISINGER, L. (1994). Effects of cobalt and vitamin

B12 on the growth of Chrysochromulina polylepis

(Prymnesiophyceae). Marine Ecology Progress Series, 113:

177–183.
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