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The dinoflagellates Gymnodinium corollarium (Gc), Biecheleria baltica (Bb), and Apoca-
lathium malmogiense (Am) are very difficult to separate using traditional light microscopy. 
Their dominance patterns may have ecosystem-wide consequences in terms of, e.g., the 
Baltic Sea carbon cycle. This study describes a protocol to separate them, determines their 
relative abundances, and suggests the adjustment of monitoring programs. A relatively 
simple staining technique was found to be suitable to identify Gc, Bb, and Am. Opposite 
trends were observed for Gc (increasing) and Bb (decreasing) along with the spring bloom, 
indicating different niches. Two clusters of sub-basins were identified: 1) almost absolute 
dominance of the usually grouped biomass by Gc; and 2) Bb also became dominant. Gc 
occasionally dominated even the overall microscopy-derived biomass, Bb clearly contrib-
uted, and Am contributed minor proportions. The proposed strategy can be implemented in 
monitoring protocols. This will facilitate the tracking of changes within Baltic Sea phyto-
plankton assemblages.

Introduction

Phototrophic motile dinoflagellates are a group 
of phytoplankton and key aquatic primary pro-
ducers. For instance, in the Baltic Sea, the phy-
toplankton spring bloom is the most important 
event in terms of primary production (Lignell 
et al. 1993). The biomass-relevant spring bloom 
dinoflagellates in the Baltic Sea form resting 
stages (Kremp et al. 2018). These resting stages 
are not directly bioavailable as a source of energy 
for other organisms and thus, may function as a 
sink for inorganic nutrients and carbon (e.g., 
Spilling et al. 2018). Therefore, depending on 
the dominant species, dinoflagellates might pro-
vide beneficial ecosystem services. On the other 
hand, low proportions of dinoflagellates (< 0.5, 

relative to diatoms) are considered an indica-
tion of better ecosystem health (Wasmund et al. 
2017). Thus, understanding the phytoplankton 
community composition is important. This is 
highlighted by the fact that higher proportions 
of dinoflagellates (compared with diatoms) have 
been detected in several parts of the Baltic Sea 
(Wasmund and Uhlig 2003, Klais et al. 2011), 
due to changes in climatic conditions such as a 
reduction in sea ice in the last decades (Klais et 
al. 2013).

Species-specific differences exist within 
the phylum of dinoflagellates so the present 
study was motivated by the need to differenti-
ate between three species, belonging to dif-
ferent systematic orders and (based on previ-
ous knowledge) may constitute a major part of 
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interactions between biotic and abiotic factors as 
well as between different organisms. The domi-
nant species defines the quantity and quality of 
the food web's base, and the fate of nutrients and 
carbon.

Fortunately, separation of the three species is 
possible using several approaches (e.g., Kremp 
et al. 2005). Different identification methods are 
available with various advantages and disadvan-
tages to each method. For instance, the analy-
sis of calcofluor white MR2-stained samples by 
inverted epifluorescence microscopy (used here) 
allows the separation of dinoflagellate species 
based on compositional and structural differ-
ences in their cell walls (Fritz and Triemer 1985). 
Compared with molecular tools, this method 
has multiple advantages: it is easy to learn for 
a trained phytoplankton microscopist; it can be 
used on live samples (relevant for establishing 
new cell lines) and with alkaline fixatives; it 
allows the separation of different life cycle stages 
(relevant for, e.g., Bb and Am); it results in quali-
tative and quantitative results; and it is less costly 
(given the availability of a suitable microscope).

The findings of Sundström et al. (2009 and 
2010) and Kremp et al. (2018) described above, 
initiated this study, which aims to: 1) show that 
the described method is suitable for separating 
Gc, Bb, and Am; 2) highlight the additional 
knowledge gained by using species-level identi-
fication for samples collected in different phases 
of the spring bloom in and sub-basins of the 
Baltic Sea; and 3) propose a strategy to imple-
ment the separation of the three species in phyto-
plankton monitoring programs.

Material and methods

Origin of samples

The water samples (n = 62) were collected 
during three research cruises on board R/V 
Aranda (2014: n = 15; 2015: n = 38; 2016: 
n = 9) with the aid of a CTD-rosette sampler 
equipped with Niskin bottles. Surface waters 
(z = 3 m) of the Baltic Sea (Fig. 1a, HELCOM 
2017) were sampled at 51 different stations 
located in seven different sub-basins during dif-
ferent bloom-phases. Some of the stations were 

the phytoplankton biomass produced during the 
spring bloom in the Baltic Sea (e.g., Sundström 
et al. 2010). Gymnodinium corollarium (Gc), 
Biecheleria baltica (Bb), and Apocalathium mal-
mogiense (Am) are very difficult to separate 
using traditional light microscopy and are usu-
ally grouped under a single name (referred to 
henceforth as dino-group) without knowing the 
species-specific abundances and biomasses. In 
fact, the three species are considered inseparable 
when analysed according to traditional monitor-
ing protocols (light microscopy, mixed samples 
preserved with acidic Lugol's solution, using 
125-fold magnification). Important findings are 
lost when these species are not separated, since 
they differ ecologically (laboratory study by 
Sundström et al. 2009, life cycle modelling study 
by Warns et al. 2013) and have different effects 
on aspects such as, the biogeochemistry of the 
Baltic Sea (Spilling et al. 2018). For example, 
Bb prefers lower temperatures and can be abun-
dant under the sea ice even before the onset of 
the spring bloom (Sundström et al. 2010). The 
sedimentation of its resting stages may contrib-
ute as much as 45% to the total export of particu-
late organic carbon (POC) after the spring bloom 
in the Gulf of Finland (GOF, Heiskanen 1993). A 
study on the GOF sediment revealed that drasti-
cally increasing abundance of Bb resting stages 
has coincided with increasing eutrophication 
since the 1930's (Kremp et al. 2018). Gc occurs 
in high abundance during the spring bloom in 
several sub-basins (Sundström et al. 2010) such 
as the Baltic Proper (Sundström et al. 2009). The 
resting stages of Gc (an athecate species) were 
found to be comparably fragile (Sundström et 
al. 2010) and thus, it can be assumed that they 
degrade more quickly on the sea floor compared 
with thecate species (e.g., Bb and Am). The rest-
ing stages of Am are far less abundant compared 
with Bb in the GOF and therefore, contribute 
only a minor fraction of the POC-pool in the 
spring (Kremp et al. 2018). Due to their different 
strategies for resting stage formation (encyst-
ment) and germination (hatching of vegetative 
cells), nutrient uptake efficiencies, and longevity 
of resting stages, different dominance patterns of 
these species may have ecosystem-wide conse-
quences. Therefore, species-level identification 
is important for improving the understanding of 
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Monoalgal cultures of the three species were 
used for dye testing and for validating the iden-
tification of species in field samples (strains: 
WHTV-S1 (Biecheleria baltica, Bb), GCTV-C1 
(Gymnodinium corollarium, Gc), and SHTV-JR 
(Apocalathium malmogiense, Am); FINMARI 
culture collection). This approach to identify-
ing and quantifying the three dinoflagellate spe-
cies Gc, Bb, and Am, forming the dino-group, 
is based on inverted epifluorescence micros-
copy of samples stained with calcofluor white 
MR2 (Fluorescence Brightener 28, Sigma-Al-
drich). This dye absorbs ultraviolet (UV)-ra-
diation (340–400 nm range) and re-emits visi-
ble blue light (Fritz and Triemer 1985). Thus, 
the microscope equipment and settings must be 
selected accordingly. The amount of cellulose 
in the dinoflagellate cell wall determines the 
staining intensity. The original method (Fritz and 
Triemer 1985) was slightly modified and opti-
mised for Baltic Sea samples by Anke Kremp 

visited repeatedly (one twice in 2016; others 
in different years), resulting in 62 individual 
samples. Combining the samples of all three 
cruises, largely the Northern half of the Baltic 
Sea was covered (Fig. 1b, Google Maps 2023). 
The southernmost station was located between 
the Swedish islands Gotland and Öland. Further 
details can be obtained from Lipsewers et al. 
(2020).

Identification of the three cold-water 
dinoflagellates by inverted 
epifluorescence microscopy of 
calcofluor white MR2-stained samples

The staining method and the data analyses are 
described in detail. Details concerning the defi-
nition of bloom-phases and Microscopy Derived 
Carbon (MDC) are described in Spilling et al. 
(2019) and Lipsewers et al. (2020), respectively.

Fig. 1. (a). The Baltic Sea with all of its sub-basins (modified after HELCOM 2017). The location of the Archipelago 
Sea (ArS) is indicated by the black arrow. (b) The sampled part of the Baltic Sea showing the distribution of the vis-
ited stations (prepared with google maps using the coordinates of the sampling stations in WGS-84 format, Google 
Maps 2023). Following the link (Google Maps 2023), all stations can be seen separately. The samples were col-
lected during three research cruises (2014, 2015, and 2016). Some of the stations were sampled more than once 
(one station was visited twice in 2016; others were revisited in different years).
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(unpublished) and used in this study. Environ-
mental samples preserved with neutral Lugol's 
solution were used, as the fluorescent dye is 
pH-dependent and does not work with acidic fix-
atives. Firstly, the cells were settled according to 
Utermöhl (1958), and sedimentation volumes of 
25 to 100 ml were used, depending on the known 
abundance of the dino-group in the total plank-
ton counts. Five drops (Pasteur pipette, evenly 
distributed) of a calcofluor white MR2 working 
solution (1 mg ml–1) were added to the concen-
trated sample (Hydro-Bios counting chamber, 
2.973 ml) after sedimentation (24–72 hours). 
Samples were incubated for at least five minutes 
in the dark at room temperature before analy-
sis with the aid of an inverted epifluorescence 
microscope (Leica DMI 3000 B) and a camera 
(Leica DFC 490) at 40-fold magnification. 
Micrographs were taken at different magnifica-
tions. It was aimed to analyse at least 100 cells 
of the dino-group per sample. For samples with 
very low biomass/dino-group abundance, the 
maximum sedimentation volume of 100 ml and 
one half of the counting chamber area were 
examined to determine the relative abundances 
of Gc, Bb, and Am. The relative proportions 
(henceforth referred to as relative contribution/
abundance) of the three species were deter-
mined (e.g., 30 cells of Bb amongst 100 cells 
of the group = 30% Bb). By knowing the spe-
cies-specific counts and the dino-group biomass 
in the overall nano- and microplankton commu-
nity, which was previously determined for each 
sample (details on the method in Lipsewers and 
Spilling 2018), the percentage relative contribu-
tions can be used to calculate an estimate of the 
species-specific biomass.

Data analysis

To calculate average values and standard devia-
tions of the selected variables in the different 
bloom-phases and sub-basins, the sampling sta-
tions, originating from different cruises, were 
grouped accordingly. A species was considered 
dominant if it contributed > 50% of the dino-
group abundance. Calculation of the Gc/Bb-
index (based on relative contributions of Gc and 
Bb to the dino-group) was inspired by Wasmund 

et al. (2017). This index ranges from zero to one, 
where zero indicates an absolute dominance of 
Bb and one an absolute dominance of Gc. The 
equation is the following:

 Gc/Bb – index = Gc% / (Gc% + Bb%) (1)

The index was calculated for each sample 
to identify significant differences between the 
bloom-phases and sub-basins. For this, a Stu-
dent's t-test (unpaired) was performed with all 
possible combinations of bloom-phases and 
sub-basins using the untransformed Gc/Bb-indi-
ces (SigmaPlot 10). A t-test determines if mean 
values of two data columns are significantly 
different by testing the hypothesis that the means 
of these two groups are equal. An unpaired t-test 
can be performed on different sized columns, 
since no relationship is assumed between the 
groups. For two comparisons a paired t-test was 
also performed, since the number of samples 
(column size) was equal. The degrees of freedom 
are henceforth abbreviated as df and the com-
pared column sizes (number of samples, n) are 
given in subscript of a given df-value. p-values 
of < 0.05 represent significant differences. A 
maximum of four decimals is shown for p- and 
T-values.

Results

Suitability of the staining method and 
separation of the three dinoflagellates of 
interest

The first aim of this study was to show that the 
described method is well suited to separate the 
three species, which are usually grouped (Gym-
nodinium corollarium (Gc), Biecheleria baltica 
(Bb), and Apocalathium malmogiense (Am)), 
based on their distinct cell wall characteris-
tics. When the fluorescent dye is excited with 
UV-light, the obvious differences in cell wall 
morphologies between Gc, Bb, and Am are visu-
alised and they can be distinguished in samples 
preserved with neutral Lugol's solution (Fig. 2, 
panel B). The comparison to their appearances 
when the dye is not excited (as seen usually) is 
astonishing (Fig. 2, panel A).
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Gc is athecate and not stained at all; Bb has 
thin thecal platelets and its cell wall appears as 
a uniformly blue margin around the cell; and 
Am has thick distinct thecal plates and features 
the most intense colour. Due to these obvious 
differences, this method is especially useful to 
separate the studied species.

The relative species-specific 
abundances of Gc, Bb, and Am in 
different bloom-phases and sub-basins

The second aim was to highlight the additional 
knowledge gained by using species-level iden-
tification in terms of the relative abundances 
of Gc, Bb, and Am in different phases of the 
spring bloom in and sub-basins of the Baltic 
Sea. The statistical analyses focused on the most 
remarkable findings: the development of the 
dino-group composition along with the bloom 
and the different clusters of sub-basins based on 
this community (details below). Based on the 
results (Fig. 3), it was decided to exclude Am 

from further analyses and consider the Gc/Bb-in-
dex (Eq. 1), exclusively. All Student's t-tests 
were considered as successful by the software, 
meaning that the data fit the assumptions met by 
the t-test so there are no error biases.

Bloom-phases

Based on the large and overlapping standard 
deviations, there was no difference between 
the average contributions of the dino-group 
to the total Microscopy Derived Carbon 
(MDC) comparing the bloom-phases (min-
imum: 9.4 ± 13.7 SD%, peak phase; maxi-
mum: 19.8 ± 13.8 SD%, growth phase; aver-
age ± standard deviation (SD); Fig. 3a).

Gc and Bb featured opposite developments 
from growth to post-bloom phase after starting 
out with similar relative contributions to the 
dino-group (~50%; Fig. 3b). The contribution of 
Gc increased (growth phase: 52.01 ± 24.08 SD%; 
post-bloom phase: 93.97 ± 5.17 SD%) whereas 
that of Bb decreased with decreasing phototro-
phic biomass (growth phase: 47.50 ± 24.12 SD%; 
post-bloom phase: 5.66 ± 4.68 SD%). Based on 
the standard deviations (no overlap), the con-
tributions of Bb and Gc clearly differed during 
the decline phase and post-bloom conditions 
(Fig. 3b). The Gc/Bb-indices differed signifi-
cantly during post-bloom conditions in compar-
ison to all other bloom-phases (Table 1). Based 
on the average values, Am contributed less than 
one percent to the dino-group throughout the 
bloom (maximum: 0.52 ± 1.40 SD%, decline 
phase) and did not show a clear trend.

Since the column sizes (number of samples) 
of two of the comparisons were equal, a paired 
t-test was also performed and confirmed statisti-
cally significant differences (paired t-test; Baltic 
Proper (BP) vs. Bothnian Sea (BS): p = 0.0001, 
df10,10 = 9, T = 6.8741; The Quark (Kv) vs. Aland 
Sea (AS): p = 0.0047, df4,4 = 3, T = 7.5931).

Sub-basins

At three of the seven sub-basins, the dino-group 
contributed more than 10% (average values) to 
the total MDC (BP: 25.35 ± 17.42 SD%; Gulf 

Fig 2. Comparing the appearances of the three dino-
flagellates in samples preserved with neutral Lugol’s 
solution (panel A) to the calcofluor-stain of the identical 
cells (panel B). Note the different scale bars for Gym-
nodinium corollarium (10 µm) and the other species 
(20 µm).
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of Finland (GOF): 17.07 ± 14.27 SD%; Archi-
pelago Sea (ArS): 11.09 ± 9.01 SD%; Fig. 3c). 
The standard deviations did not overlap in the 
following comparisons: AS vs. BP and Kv, Both-
nian Bay (BB) vs. BS, BP vs. BS, and BS vs. Kv. 
Based on average values, Gc clearly dominated 
the dino-group in four of the sub-basins with low 
standard deviations (ArS: 93.99 ± 5.37 SD%; 
BB: 98.24 ± 1.26 SD%; BP: 91.02 ± 9.09 SD%; 
Kv: 93.51 ± 8.48 SD%; Fig. 3d). In fact, this 
species dominated every sample taken from ArS, 
BB, BP, and Kv (n = 30). Viewing the data 
revealed that Bb was able to become dominant 

in the other sub-basins (BS, GOF, and AS), also 
indicated by higher average contribution values 
to the dino-group (BS: 45.45 ± 17.13 SD%; GOF: 
34.47 ± 28.08 SD%; AS: 34.11 ± 24.74 SD%; 
Fig. 3d). Again, Am contributed the least to the 
dino-group compared with Gc and Bb (maxi-
mum: 1.82 ± 3.64 SD%, AS).

The composition of the dino-group was 
found to be comparable in separated sub-basins 
(ArS and Kv) but also differed between con-
nected sub-basins (BS and Kv; Fig. 3d). Based 
on the relative contributions of Gc, Bb, and Am 
to the dino-group, the sub-basins can be grouped 

Fig 3. (a/b). The average contributions of the dino-group to the total Microscopy Derived Carbon (MDC) and the 
average contributions of Gymnodinium corollarium (Gc), Biecheleria baltica (Bb), and Apocalathium malmogiense 
(Am) to the dino-group in the different growth phases of the Baltic Sea spring bloom, respectively. The number 
of samples differed between the bloom-phases (Growth: 3, Peak: 17, Decline: 29, Post-bloom: 13). (c/d) The 
average contributions of the dino-group to the total MDC and the average contributions of Gc, Bb, and Am to the 
dino-group in the different sub-basins (ArS = Archipelago Sea, AS = Aland Sea, BB = Bothnian Bay, BP = Baltic 
Proper, BS = Bothnian Sea, GOF = Gulf of Finland, Kv = The Quark), respectively. The number of samples differed 
between most of the different sub-basins (ArS: 11, AS: 4, BB: 5, BP: 10, BS: 10, GOF: 18, Kv: 4). (b/d) The colour 
code is valid for both plots. (a, b, c, d) Average values represent the percentage relative contributions and the error 
bars represent the standard deviations. Data from three different cruises were used. The label of the y-axis of plot 
(a) is also valid for (c) and the one of (b) is also valid for (d).
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into two clusters as indicated in Fig. 3d: 1) ArS, 
BB, BP, and Kv; 2) AS, BS, and GOF. In cluster 
one, the standard deviations for Gc and Bb were 
lower compared with cluster two and did not 
overlap whereas there was overlap in cluster 
two. In summary, Gc dominated the sub-basins 
in cluster one and Bb also dominated in cluster 
two. The statistical tests supported identification 
of the two clusters based on the dino-group's 
composition (Fig. 3 and Table 1). Except for 
the comparison of Kv and GOF, all sub-basins 
differed significantly between the two clusters in 
terms of the Gc/Bb-indices (Table 1). No signif-
icant differences were found between sub-basins 
of one cluster.

Maximum contributions of the dino-group, 
Gc, Bb and Am to the overall biomass 
(MDC)

In 9.7% of the samples, the dino-group contrib-
uted >30% of the total MDC (maximum: 61.9%, 
GOF, decline phase). The maximum separate 

contributions were 51% for Gc (BP, peak phase) 
and 18% for Bb (GOF, decline phase) and both 
species were detected in all samples. Am was 
detected in 24.2% of the samples and contrib-
uted a maximum of 7.3% to the dino-group (AS, 
decline phase), which was equivalent to 0.35% 
of the total MDC. Am never became dominant.

Strategy proposal for implementation of 
this method in monitoring programs

The third aim of this study was to propose 
an implementation strategy for separation of 
the three dinoflagellate species in phytoplank-
ton monitoring programs. Thus, an approach to 
achieve a higher resolution of the community 
structure is suggested in the following:

1) As these species are only present during 
the vernal bloom, it would be sufficient to 
separate them in samples collected during 
the spring sampling campaign organised 
by HELCOM (Baltic Marine Environ-
ment Protection Commission).

Table 1. The numerical outcomes of the unpaired Student’s t-tests on untransformed data (all successful accord-
ing to SigmaPlot 10). Merely, the significant differences (p < 0.05) in the Gymnodinium corollarium (Gc)/Biecheleria 
baltica (Bb) – indices (Eq. 1) between different bloom-phases and different sub-basins (see Fig. 3 for abbrevia-
tions) are presented. The number of samples differed between both bloom-phases and most of the sub-basins (n). 
df = degrees of freedom. The compared column sizes (number of samples, n) are given in subscript.

The differences in the Gc/Bb-index between the different bloom-phases
 Comparison T-value p-value Degrees of freedom

 Growth / post-bloom –6.4676 0.0000 df3,13 = 14
 Peak / post-bloom –3.6243 0.0011 df17,13 = 28
 Decline / post-bloom –2.3719 0.0226 df29,13 = 40

The differences in the Gc/Bb-index between the different sub-basins
 Comparison T-value p-value Degrees of freedom

 ArS / AS 16.4141 0.0000 df11,4 = 13
 ArS / BS 7.4692 0.0000 df11,10 = 19
 ArS / GOF 3.3728 0.0023 df11,18 = 27
 BB / AS 30.3778 0.0000 df5,4 = 7
 BB / BS 5.6319 0.0001 df5,10 = 13
 BB / GOF 2.5663 0.0180 df5,18 = 21
 BP / AS 8.9506 0.0000 df10,4 = 12
 BP / BS 6.0761 0.0000 df10,10 = 18
 BP / GOF 2.8084 0.0093 df10,18 = 26
 Kv / AS 9.4959 0.0001 df4,4 = 6
 Kv / BS 4.2994 0.0010 df4,10 = 12
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2) To reduce the additional workload, only 
samples within a certain threshold (e.g., 
> 5%) of dino-group contribution to total 
MDC could be analysed.

3) To identify Gc, Bb, and Am in spring 
samples, an additional sample should 
be collected and preserved with Lugol's 
solution of a neutral instead of acidic pH 
to allow the use of calcofluor white MR2. 
The extra sample should be taken from 
the same integrated sample used to pre-
pare the usual monitoring sample.

To realise this, HELCOM could consider 
including identification of Gc, Bb, and Am in 
the phytoplankton expert group's routine work or 
set up a new expert group in collaboration with 
external research groups to carry out additional 
analyses of monitoring samples. The required 
funding could be sourced from, e.g., the EU-gov-
ernment to foster the development of tools and 
measures contributing to the conservation of the 
Baltic Sea ecosystem. Ideally, the same person 
analysing the usual phytoplankton monitor-
ing sample would apply this proposed staining 
technique. Alternatively, the additional analyses 
could be the topic of Master's theses. In this 
case, the microscopist should be provided with 
micrographs of the dino-group cells found in 
the corresponding integrated sample. It requires 
some training on cultured cells and environmen-
tal samples (approximately one week depending 
on previous experience) to become familiar with 
and be able to distinguish the three species from 
each other. Subsequently, several samples can be 
analysed daily.

Discussion

General remarks

The results are a snapshot of the bloom dynam-
ics, as only one surface water sample was col-
lected at each station visit during the day. The 
results (average ± standard deviation) for differ-
ent sub-basins and bloom-phases were obtained 
from samples originating partially from different 
research cruises. Furthermore, the number of sta-
tions sampled varied between different bloom-
phases and most of the sub-basins. However, 

this approach did not result in biased findings 
as shown by the characteristic species succes-
sion of different taxonomic units along with the 
bloom (Lipsewers et al. 2020). Additionally, the 
findings are in accordance with other studies (see 
below).

Suitability of calcofluor white MR2 in 
separation of three cold-water 
dinoflagellates (1st aim)

As previously mentioned, species-level identifi-
cation is important for understanding the ecology 
of the Baltic Sea in more detail. For instance, 
Gymnodinium corollarium (Gc), Biecheleria 
baltica (Bb), and Apocalathium malmogiense 
(Am) are ecologically different in terms of nutri-
ent uptake efficiencies and encystment strategies 
(Sundström et al. 2009, Warns et al. 2013). Thus, 
depending on the dominant species, their effects 
on biogeochemical cycles for example, might 
vary substantially. Usually (e.g., in monitoring 
samples), the species-specific abundances of the 
three species are not determined.

Comparison of Gc, Bb, and Am when stained 
and unstained (Fig. 1) clearly underscores the 
advantages of calcofluor white MR2 and vali-
dates its applicability in identifying some of 
the major players of the phytoplankton spring 
bloom community of the Baltic Sea. In cases of 
doubt, characteristic patterns and features of the 
thecal plates (especially of Am) can be studied 
further (e.g., using micrographs and a well-
suited image editor) and/or experts may be con-
sulted. In the present dataset, Am was virtually 
absent and distinguishing between Gc and Bb 
was straightforward. Cell sizes vary within all 
three species and cells of Gc, Bb, and Am can be 
very similar in size (length of the cells in Fig. 1; 
Am: 31.4 µm, Bb: 26.4 µm, and Gc: 21.1 µm). 
Thus, this feature is unsuitable for separation. 
Additionally, the appearance of non-stained cells 
differs between samples, magnifications, and 
microscope settings, making identification using 
the current monitoring protocol for Baltic Sea 
phytoplankton impossible.

Depending on the budget and research ques-
tion, molecular tools could be a good alternative 
to microscopy. Unlike some other nucleic acid-
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based methods, quantitative polymerase chain 
reaction (qPCR) leads to qualitative (identifica-
tion) and quantitative (abundances) results. Fur-
thermore, this method features a lower detection 
limit and allows a high sample-throughput, but 
it is also more costly. In addition to PCR-
based methods, metabarcoding could be used to 
develop a method for the separation of Gc, Bb, 
and Am. Nevertheless, the staining method is 
best suited to be implemented in existing moni-
toring programs.

The relative contributions of the three 
species in different bloom-phases and 
sub-basins (2nd aim)

General findings

This study revealed that the combination of Gc 
and Bb may dominate the nano- and microplank-
ton biomass (> 50% of the total Microscopy 
Derived Carbon (MDC)), highlighting their role 
as important primary producers in the Baltic Sea. 
Previously, it was thought that Am would also 
bloom but it contributed only a minor fraction 
to the dino-group biomass (< 10%), highlighting 
the importance of separating these species. The 
results clearly show the important information 
gained by species-level identification, especially 
the different trends of the dino-group and single 
species during the spring bloom. Therefore, the 
following will focus on the species-specific find-
ings, exclusively.

Bloom-phases

Generally, overlapping standard deviations of 
the relative abundances (e.g., comparing two 
species in one bloom-phase or one species in 
different bloom-phases) indicate no clear differ-
ences in the dominance patterns. Considering 
the standard deviations (no overlaps), the con-
tribution of Gc clearly increased as the bloom 
progressed (comparing the growth phase and 
post-bloom conditions) whereas the one of Bb 
decreased. The later the stage of the bloom, the 
more pronounced were the differences observed 
between the relative abundances of Gc and Bb 

based on the species-specific standard deviations 
in the decline and post-bloom phase. Accord-
ing to the statistical analyses, the Gc/Bb-indices 
differed significantly (p < 0.05), comparing the 
post-bloom phase to all other phases. These find-
ings indicate that they occupy different ecolog-
ical niches during the Baltic Sea spring bloom 
and thus, follow species-specific succession. For 
instance, Bb can be abundant under the sea ice 
before the onset of the spring bloom (Sundström 
et al. 2010), explaining its higher contribution 
in the initial phase of the bloom, when the tem-
peratures are still low. Furthermore, Kremp et 
al. (2018) found increasing abundances of Bb 
resting stages coinciding with increasing eutro-
phication, supporting the fact that this species 
was most abundant in the beginning of the 
bloom, when the concentration of dissolved inor-
ganic nutrients is still high. Low abundances of 
Am were detected throughout the bloom and 
no obvious trend was observed, indicating that 
it does not occupy a distinct ecological niche 
during the spring bloom. These findings agree 
with the records of resting stages from sediments 
in the GOF (Kremp et al. 2018).

Sub-basins

Some of the sub-basins of the Baltic Sea differ 
significantly in terms of temperature, salinity 
and growth-limiting nutrients. For instance, the 
GOF is a highly eutrophicated sub-basin, gener-
ally supporting high algal biomass (Pitkänen et 
al. 2001), and features comparably low salini-
ties. In cluster two of the sub-basins, the vari-
ation in the relative abundances of Gc and Bb 
was higher with no obvious differences (larger 
and overlapping standard variations), meaning 
that both species were able to dominate the 
dino-group. The GOF was part of this cluster 
and Bb featured its maximum contribution to 
the overall MDC (18%) at one station situ-
ated within it. A study on a 100-year-old sedi-
ment core from the GOF, connected drastically 
increasing abundances of Bb resting stages to 
increasing eutrophication (Kremp et al. 2018), 
supporting the presented findings of the pelagic 
environment. The fact that Bb was also domi-
nant in 40% of the stations in the BS, belong-



204 Lipsewers • BOREAL ENV. RES. Vol. 28

ing to the Northern Baltic Sea, might also be 
related to its tolerance for low temperatures. In 
contrast, Gc has shown almost absolute domi-
nance in the sub-basins of cluster one, which 
included the BP. In this cluster, the standard 
deviations for the biomass-relevant Gc and Bb 
were lower compared with cluster two and did 
not overlap, indicating differences in their rela-
tive abundances within these sub-basins. The 
statistical analyses confirmed separation of the 
two clusters based on the proportions of Gc and 
Bb, except for the comparison of two sub-basins 
(unpaired t-test; Kv vs. GOF: p = 0.0660, df4,18 
= 20, T = 1.9451). Furthermore, Gc was able to 
dominate the entire nano- and microplankton 
biomass in the BP alone (maximum contribution 
to MDC = 51%). This species was originally 
described in samples collected in this sub-basin 
(Sundström et al. 2009). The BP is characterised 
by higher salinities compared with GOF (for 
instance). Generally, Gc can become abundant 
in several sub-basins of the Baltic Sea during 
the spring bloom (Sundström et al. 2010). Am 
was not found at stations located in the Bothnian 
Bay (BB) and The Quark (Kv), which could 
have been due to the microscopy detection limit. 
Also, its overall abundance in the entire dataset 
was negligible (maximum contribution to dino-
group = 7.3%), indicating that its contribution 
was previously overestimated. This is supported 
by the findings in the sediment records of Kremp 
et al. (2018). Findings of the composition of the 
dino-group based on the sub-basins were some-
what controversial: relative abundances of Gc, 
Bb, and Am were comparable in sub-basins that 
are not in direct proximity to each other (Archi-
pelago Sea (ArS) and Kv) but also different in 
directly connected ones (BS and Kv). ArS and 
Kv are not part of the open Baltic Sea, meaning 
that their plankton communities could be influ-
enced by their proximity to land. However, in a 
recent study (Lipsewers et al. 2020), the distance 
to the shore did not significantly affect commu-
nity composition during the Baltic Sea spring 
bloom. Thus, geography alone does not deter-
mine the composition of the dino-group. The 
data for the different sub-basins included sam-
ples from different bloom-phases and vice versa, 
indicating that different factors interact to shape 
the phytoplankton community composition. In 

fact, abiotic factors (e.g., temperature, depth of 
the upper mixed layer, and dissolved inorganic 
nutrients) are the major drivers of the nano- and 
microplankton community composition during 
the Baltic Sea spring bloom (e.g., Lipsewers et 
al. 2020). These factors are modified by factors 
such as climate change so the plankton commu-
nity composition is expected to change further, 
with implications for biogeochemical cycles, 
primary production, and food web dynamics 
amongst others.

Relevance of this study for the Baltic Sea 
ecosystem and monitoring programs (3rd 
aim)

Marine ecosystems are facing increasing envi-
ronmental pressures arising from climate change 
and other anthropogenic activities. Simultane-
ously, our dependency on marine resources is 
increasing and it is necessary to monitor and 
understand the effects of environmental change 
on marine food webs (Mulvihill 1990). For 
this purpose, different monitoring programs 
exist. Several plankton groups are suggested to 
thrive due to climatic changes, and it will be 
challenging for monitoring programs to register 
these alterations to the community composition. 
Phytoplankton forms the base of aquatic food 
webs, and negative impact on this base will also 
affect higher trophic levels (e.g., Andersson et 
al. 2015). The plankton community composition 
affects the biogeochemistry of the ocean and 
modelling studies which consider the different 
functional groups may contribute considerably 
to understanding marine material fluxes (Litch-
man et al. 2015, Vichi et al. 2015). Time series 
data can be used to evaluate the ecosystem 
structure and functioning, i.e. community com-
position, community assembly, and food web 
assessment (Wasmund et al. 2011, Lehtinen et 
al. 2016, Klais et al. 2017). Monitoring pro-
grams may also facilitate decisions to adjust 
management practices to maintain or improve 
environmental conditions (Borja et al. 2016). 
Data harmonisation and publicly available data-
sets are required to allow and promote scientific 
use and increase the value of monitoring data 
(Klais et al. 2015, Zingone et al. 2015).
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This study has shown that epifluorescence 
microscopy of calcofluor white MR2-stained 
samples is suitable for unravelling the spe-
cies-specific contributions of three cold-water 
adapted dinoflagellates in the Baltic Sea. Over-
all, species-level identification in a dataset span-
ning different bloom-phases and sub-basins has 
resulted in relevant and novel findings. Thus, 
the identification of these species would be very 
valuable for studying long-term phytoplankton 
trends and improving our understanding of the 
ecosystem-wide effects of changing communi-
ties in the Baltic Sea. This technique could be 
applied to samples currently used for phyto-
plankton identification and quantification (with 
minimal changes, i.e. pH of the fixative), is 
rather inexpensive, and relatively easy to learn. 
Monitoring programs are important and mean-
ingful, however, additional tasks would exceed 
the scope of what is possible. Nevertheless, this 
strategy could solve an unsustainable increase 
in workload while simultaneously obtaining 
higher resolution of the phytoplankton com-
munity. Ideally, this method (modified after 
Fritz and Triemer 1985) will be implemented 
in national monitoring programs (coordinated 
by the Baltic Marine Environment Protection 
Commission (HELCOM)). Even with the afore-
mentioned compromise (see proposed strategy), 
the additional knowledge will increase the sci-
entific potential of long-term datasets and allow 
for assessment of possible far-reaching conse-
quences of changes to plankton community com-
position may have on the Baltic Sea ecosystem.
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