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A B S T R A C T

Cyanobacterial blooms are common in the Baltic Sea during summer, and even though several cyanobacteria are 
toxin producers, many organisms still ingest them as feed. These and other phytoplankton toxins can be detected 
in blue mussels accumulating over the season, which represents a potential health hazard for shellfish consumers. 
On a global scale, biotoxins therefore need to be quantified in shellfish before human consumption. We moni-
tored 11 different groups of biotoxins in three blue mussel farms and the composition of 23 potentially toxin 
producing phytoplankton taxa from March to November 2022. None of the biotoxins were above available health 
guideline values nor regulated levels. However, the well-known cyanobacterial toxin in the Baltic Sea, nodularin, 
produced by Nodularia spumigena, was detected in net- and rope-farmed mussels throughout the summer, with 
the highest concentration of 47 µg kg-1. In contrast, the less studied toxin cylindrospermopsin was only present in 
mussels in early spring and late fall (surface water temperature approx. 2–10 ◦C), with the maximum concen-
tration of 19.7 µg kg-1 in April, where Aphanizomenon is a potential producer, but yet not confirmed. Further, 
Dinophysis acuminata, a potential producer of Diarrhetic Shellfish Toxins (DSTs), was observed above warning 
levels at two sites with up to 2 400 individuals L-1, although the found concentration of 73 µg kg-1 is below the 
regulated level for DST group (160 µg kg-1). Altogether emphasizing that high species abundance does not 
necessarily result in a high toxin accumulation. On the other hand, mussels can serve effectively as indicator 
species, detecting the presence of novel toxins when producer abundance is low. As no period of the year was 
completely toxin-free, quantitative analysis is recommended when mussels are to be harvested.

1. Introduction

Ongoing climate change and anthropogenic perturbation of aquatic 
environments globally increase the need for sustainable food produc-
tion. Aquaculture can be an efficient use of space and resources, where 
mussel farming is especially promising as it also potentially mitigates 
eutrophication (Kotta et al., 2020). Currently, the only designated pro-
duction area for farming of blue mussels for human consumption in the 
Baltic Sea is located in Kiel, despite mussel growth rates being sufficient 
for production also further north (Karlsson and Reutgard 2019). Estab-
lishing sustainable production in the Baltic Proper would reduce excess 

nutrient supplies and enable several new products and farming activ-
ities. However, naturally produced biotoxins, including those from 
cyanobacteria, accumulate in mussels that later are intended for food, 
thus need to be closely monitored to ensure consumer health.

Globally, a number of different marine biotoxins and their producers 
are regularly monitored in edible bivalves, and adjacent to farms, to 
ensure safe shellfish consumption. Current monitoring of marine bio-
toxins in the marine North Sea is focusing on the diarrhetic shellfish 
toxins (DSTs), mainly produced by species of Dinophysis and Pro-
rocentrum; amnesic shellfish toxins (AST), produced by Pseudo-nitzschia 
species; azaspiracids (AZA), produced by Azadinium species; and 
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paralytic shellfish toxins (PSTs), which can be produced by Alexandrium 
species (Persson et al., 2020). These species are typically found in ma-
rine waters, but occasionally also reach high concentrations in brackish 
waters such as the Baltic Sea, especially Dinophysis spp. (Setälä et al., 
2005, 2011). Further, yessotoxins (YTX) are a group of lipophilic poly-
ether compounds that are mainly produced by the dinoflagellates 
Gonyaulax spinifera, Protoceratium reticulatum, and Lingulodinium poly-
edra, and the toxin was detected in Finnish coastal waters in 2006 
(Setälä et al., 2011). Warning limits (individuals L-1) of the potential 
toxin producers are also monitored and act as indicators for toxin pro-
duction (Persson et al., 2020).

Although marine biotoxins are typically less problematic in estuarine 
areas, there is an increased risk of fresh- or brackish water cyano-
bacterial toxins accumulating in mussels and shellfish (Amzil et al., 
2023; Camacho-Muñoz et al., 2021). Therefore, in regions such as the 
Baltic Sea, where the toxin-producing brackish filamentous cyanobac-
teria bloom annually, these species would need to be added to the list of 
monitored species (Karlson et al., 2022; Olofsson et al., 2020). Seafood 
from such locations would therefore require quantitative analysis of 
cyanobacterial toxins such as nodularin, microcystin, anatoxin, and 
cylindrospermopsin in addition to the regulated marine biotoxins 
mentioned above. Cyanotoxins are a chemically diverse group of toxins 
that enfold a variety of bioactivities and are produced by a number of 
different cyanobacteria. The hepatotoxin nodularin, for instance, is 
mainly produced by Nodularia spumigena in the Baltic Sea (R et al., 2023; 
Lopes and Vasconcelos, 2011), whereas the chemically similar toxins 
microcystins can be produced by e.g., Dolichospermum, Aphanizomenon, 
Microcystis, and Planktothrix species (Overlingė et al., 2021; Paerl and 
Otten, 2013; Thajuddin et al., 2023). Both the microcystins and nod-
ularin may cause serious damage to the human liver if consumed 
through drinking water or food. Anatoxin, an alkaloid with neurotoxic 
effects, is produced by the same species groups as microcystins (Otero 
and Silva, 2022; Sivonen et al., 1989; Thajuddin et al., 2023). Among 
others, Dolichospermum, Aphanizomenon, and Microcystis species are also 
known to potentially produce the cyto- and hepatotoxin cylin-
drospermopsin (Meriluoto et al., 2016; Preußel et al., 2006, 2009, 2014; 
Salmaso et al., 2016). Cylindrospermopsin is toxic to the liver and kid-
ney in humans, and potentially also carcinogenic.

Continuous monitoring of cyanobacterial toxins in the Baltic Sea is 
lacking, but nodularin was recently quantified in several offshore sta-
tions (España Amórtegui et al., 2023; Karjalainen et al., 2008). However, 
coastal accumulation and dense mats of cyanobacteria potentially reach 
far higher concentrations and might accumulate significantly in filter 
feeders like mussels. Nodularin has been quantified previously in wild 
mussels, with up to approx. 82 µg kg-1 wet weight in the Southern Baltic 
Sea (Mazur-Marzec et al., 2007; 2013). Surprisingly, nodularin was 
recently detected for the first time on the west coast of Sweden (salinity 
of around 25), with up to 33.1 µg kg-1 in mussels (Mytilus edulis) (España 
Amórtegui et al., 2023), potentially due to freshwater intrusion via 
rivers nursing blooms. However, there is no recommended action limit 
for nodularin applicable to sea food in Europe, but Australia suggests 51 
µg kg-1 (wet weight) to be a health guideline limit for human con-
sumption (Testai et al., 2016). Knowledge on cylindrospermopsin in the 
Baltic Sea is even more scarce, although recently observed in cyano-
bacterial mats in Finland (Shishido et al., 2023), and it has been quan-
tified in Swedish as well as central European lakes (Dirks et al. 2024; 
Wilk-Woźniak et al., 2024). Microcystins are similar to nodularins in its 
structure, but comparatively more common in freshwater systems 
(Bartram and Chorus, 1999), with future potential of spreading with the 
freshening of the Baltic Sea (Olofsson et al., 2020). While there are 
warning levels for species abundance of potentially toxin producing 
dinoflagellate and diatoms, this is globally lacking for cyanobacteria, 
although it would be useful for shellfish producers. With climate change 
there is an increasing need to gain a better understanding of the mix of 
naturally produced toxins, with accumulation in food potentially 
harmful to both humans and aquatic organisms. Especially since 

cyanobacteria are known to like warmer temperatures and therefore 
may need more attention than the other biotoxins (Paerl and Huisman, 
2008).

Conclusively, both dinoflagellate and cyanobacteria derived toxins 
can be a challenge to mussel farming in the Baltic Sea as they accumulate 
in filter-feeding bivalves like mussels, especially with the annual cya-
nobacterial blooms. Therefore, increased knowledge about temporal 
periods for safe harvest, lag time of toxins in mussels, as well as insight 
into the quantitative diversity of toxins and their seasonal magnitude, is 
essential for mussel farming in their future expansion and production of 
mussels that are intended for human consumption. The aim of this study 
was to monitor three blue mussel (Mytilus edulis) farms along the 
Swedish south-east coastline during a complete season with high tem-
poral resolution. The study presents seasonal occurrences of 11 different 
groups of biotoxins with the potential to accumulate in mussels, as well 
as the abundance of 23 phytoplankton taxa which are potential toxin 
producers.

2. Methods

2.1. Site description

Three blue mussel (Mytilus edulis) farms in the Baltic Sea were 
monitored biweekly to weekly from March to November 2022. These 
sites are currently active mussel farms, and represent a gradient along 
the Baltic Sea coastline, to capture variation in algal blooms and species 
distribution. Samples were collected to study the composition of 
potentially toxin-producing phytoplankton in the surrounding water as 
well as toxins accumulated in the mussels. The farms are located outside 
Hagby (56◦33′56.4″N 16◦14′1.8″E), Hasselö outside of Västervik 
(57◦50′44.4″N 16◦45′32.5″E), and Dalarö (59◦7′36.9″N 18◦27′59.9"E), all 
along the south-east Swedish coastline (Fig. 1). The water depths at the 
farms are 32–42 m, 20 m, and 6 m at Dalarö, Hasselö and Hagby, 
respectively, with mussels hanging from 3 m to 10 m at Dalarö and 0.5 m 
to 5 m at Hasselö and Hagby. The mussels at Hagby and Hasselö were 
net-farmed and at Dalarö rope-farmed.

2.2. Phytoplankton abundance and composition

Phytoplankton sampling started March 7th in Hagby and Hasselö, 
and April 4th in Dalarö. It continued until November 21st in Hagby (n =
24), and November 27th in Hasselö (n = 23) and Dalarö (n = 21) 
(Table S1). Water samples for phytoplankton community composition 
were collected at 0–10 m at Dalarö and Hasselö, and 0–5 m at Hagby, 
using integrated tube sampling technique and directly fixed with Lugol’s 
Iodine solution. Samples were analyzed by the Swedish Meteorological 
and Hydrological institute (SMHI), according to Utermöhl (1958) with 
additional staining of dinoflagellates using calcofluor on dark filters. 
The species in focus were pre-selected to comprise known 
toxin-producing species along the Swedish coastline. The list (Table S2) 
was compiled based on species within the control program for mussels 
on the Swedish west coast (Persson et al. 2020) combined with known 
toxin producers, including potentially toxic cyanobacteria, in the Baltic 
Sea (Lundholm et al., 2009). The presence of mussel larvae was also 
estimated from additional net samples.

Additional monitoring data of phytoplankton abundance (in-
dividuals L-1) was extracted from the freely available SHARKweb 
(sharkweb.smhi.se) for four stations as near the mussel farming sites as 
possible, B1, BY31, and REFM1V1, as well as one more general open sea 
location, BY5 (see map). These monitoring data were selected to 
represent the larger area the farms are located in and to identify if our 
sampling year is a representative year of this region. Cyanobacterial 
abundance was therefore transformed to average per month per year, 
station, and genus and thereafter as mean per month over the years 
2000–2023. Zeroes were added when the species were not recorded, and 
included in the mean estimate.
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2.3. Biotoxins in mussels

Sample collection for analysis of biotoxins accumulated in mussels 
started March 14th in Hagby, March 21st in Hasselö, and April 4th in 
Dalarö (Table S1). Sampling for analysis of toxin concentrations in 
mussels was thereafter performed every second week except during 
October and November when it was once per month. Sampling 
continued until November 20th in Hagby (n = 17), November 27th in 
Hasselö (n = 17), and November 28th in Dalarö (n = 17). Mussels were 
pooled from the shallow, middle, and deepest parts of each farm, to a 
total of 500 g each in bags and directly frozen. Mussels were thereafter 
thawed in aluminum foil covered jars to keep away from light. Mussel 
meat was removed from the shell, whereafter byssus threads and epi-
phytes were removed to avoid inclusion of the external algae in the 
samples. 15 g of mussel meat was sent on ice to Eurofins for analyses of 
lipophilic toxins and saxitoxins, and 50 g of mussel meat was sent to 
Wageningen Food Safety Research for analysis of cyanotoxins.

At Eurofins, LC-MS/MS analyses of lipophilic toxins and paralytic 
shellfish toxins (PSTs) were performed in consistency with the EU- 
harmonized standard operation procedure (SOP) using acidic chroma-
tography conditions for determination of lipophilic marine biotoxins 
(European Union Reference Laboratory for Marine Biotoxins, 2015; 
Villar-González et al., 2011) as well as the EURLMB SOP for the analysis 

of Paralytic shellfish toxins (PST) from the European Union Reference 
Laboratory for Marine Biotoxins (2020) for the analysis of PSTs using 
precolumn-oxidation HPLC-FLD method based on OMA AOAC 2005.06 
(European Union Reference Laboratory for Marine Biotoxins, 2020; 
Gago-Martínez et al., 2005). All samples were analyzed for the presence 
of 15 lipophilic toxins, 10 of which are regulated lipophilic marine 
biotoxins, and 13 paralytic shellfish toxins comprised by the SOPs, ac-
cording to which some toxin isomers are detected in pairs (C1/2, 
dcGTX2/3, GTX2/3 and GTX1/4). The analysis was performed using 
certified reference standards that were obtained from the Institute for 
Marine Biosciences, National Research Council (NRC), Halifax, Nova 
Scotia, Canada. The two analogues in yessotoxins (YTX) group, 
45-OH-YTX and 45-OH-homo-YTX, were analyzed indirectly using YTX 
and hYTX assuming an equal response factor as there were no certified 
reference standards commercially available for these two toxins at the 
time of the study. The limit of quantification (LOQ) in μg kg-1 for each of 
the toxins can be found in Table S3.

Cyanotoxins were analyzed by Wageningen Food Safety Research in 
The Netherlands. Mussel samples were analyzed for microcystins (MCs: 
dmMC-RR, MC-RR, MC-YR, dmMC-LR, MC-LR, MC-LY, MC-LA, MC-LW 
and MC-LF), nodularin (NOD), anatoxins (ATXs: anatoxin-a (ATX) and 
homoanatoxin-a (hATX)) and cylindrospermopsins (CYNs: CYN, 7‑epi- 
CYN and 7-deoxy-CYN) by LC-MS/MS. One extraction procedure was 

Fig. 1. Map showing the locations of the mussel farms Dalarö, Hasselö, and Hagby as yellow dots, and SMHI monitoring stations B1, BY31, BY5, and Ref M1V1 as red 
dots, distributed along the Swedish south-east coastline.
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applied for analysis of MCs and NOD, and another extraction procedure 
was used for ATXs and CYNs. For both approaches, 1 g of homogenized 
mussel tissue was used. For MC/NOD analysis, the tissue was extracted 
with aqueous methanol (80 methanol: 20 water) at room temperature. 
After addition of the aqueous methanol, samples were vortexed for 2 
min and centrifuged for 5 min. An aliquot of the supernatant was 
transferred to a filter vial and analyzed by LC-MS/MS. For the analysis of 
ATX/CYN, samples were extracted twice in 0.1 % formic acid, as the 
extraction solution. After adding 2 ml of the extraction solution, samples 
were placed in a water bath at 95 ◦C for 10 min and centrifuged for 5 
min. The supernatant was transferred to a clean tube whereafter the 
extraction procedure was repeated on the same sample portion using 2 
ml of the acidic extraction solution. The supernatants were pooled, the 
pool was centrifuged from which a portion was transferred and filtered 
in a filter vial and analyzed with LC-MS/MS.

LC-MS/MS analysis was performed on a Water Xevo TQ(X)S system. 
MCs and NOD were separated with an Acquity UPLC BEH C18, 1.7 μm 
2.1 × 100 mm column, using a 5 min gradient with 0.1 % formic acid in 
water as eluent A and 0.1 % formic acid in acetonitrile as eluent B. ATXs 
and CYNs were separated on a Acquity UPLC HSS T3 1.8 μm 2.1 × 100 
mm column, using an 8 min gradient using the same mobile phases. 
Samples within the validated range were quantified against matrix 
matched calibration curves which were prepared by spiking blank 
mussel samples with toxin standards before extraction. A first line 
control was used in each analytical series for quality control.

Both LC-MS/MS methods were validated in-house as quantitative 
confirmation methods, based on SANTE/12682/2019 (2020) guidelines 
on analytical quality control, and fulfilled the criteria for accuracy, 
selectivity, linearity, repeatability and precision. For the analysis of 
hATX, quantification was only possible with the standard addition 
method. The validated range (in μg kg-1) for each of the toxins can be 
found in Table S3.

2.4. Environmental factors

Surface water temperature was recorded each sampling occasion at 
Hasselö and Dalarö, while not in Hagby. The bottom water temperatures 
and surface salinities for all farms were acquired from the Copernicus 
Marine MyOcean Viewer (data.marine.copernicus.eu) for the corre-
sponding sampling dates. The visibility depth at the mussel farms was 
recorded using a Secchi disc.

2.5. Statistical analyses

We aimed to correlate the occurrence of toxins in mussels with the 
phytoplankton abundance in the water as well as with the environ-
mental parameters water temperature and Secchi depth. Since the toxin 
and phytoplankton data contained a large number of zeros and were not 
normally distributed, we went for the non-parametric Spearman’s rank 
correlation analysis. The data set was reduced to the phytoplankton taxa 
and toxins which were at least observed once during the study period at 
any of the three investigated locations. Further, the test was done for 
each location separately in order to observe location-specific trends in 
correlation patterns between phytoplankton taxa and toxins. Toxin 
values at the quantification threshold with unknown concentrations 
were set to zero.

3. Results

3.1. Phytoplankton species distribution

The abundance of potentially harmful phytoplankton taxa varied 
greatly between the farms, with generally lower abundance at Hagby as 
compared to Hasselö and Dalarö (Table 1), except for Nodularia spumi-
gena, Dolichospermum spp. and Dinophysis norvegica. The phytoplankton 
abundance generally peaked during summer, with the exception of 

Dinophysis acuminata, whose abundance also increased in October 
(Figs. 2 and 3). Overall, 12 out of the 23 potentially toxin-producing taxa 
of phytoplankton were identified at least once in any of the mussel farms 
(Tables 1 and S2). Species biomass per group could not be directly 
compared because the number of individuals per liter of cyanobacteria 
was higher than that of dinoflagellates at all mussel farms (Table 1), 
while the latter are much larger per cell in terms of volumes.

At all three sampling locations, Dinophysis species were detected 
during almost the entire season, where D. acuminata was especially 
prevalent with varying concentrations over the investigated months 
(Fig. 2). Alexandrium spp., and Phalacroma rotundatum were also 
observed in all mussel farms. The dinoflagellate Alexandrium ostenfeldii 
was observed at Hasselö and Dalarö, Prorocentrum cordatum in Hasselö 
and Dinophysis acuta in Dalarö. The only exceeded warning limits for 
dinoflagellates occurred in Dalarö during two occasions with above 
1500 individuals L-1 for D. acuminata, on May 30th and July 4th, and in 
Hasselö in October (Fig. 2). The dinoflagellate Phalacroma rotundatum 
was only found during the summer and autumn months (June-October) 
with quite low numbers of individuals (≤ 170 L-1) compared to other 
dinoflagellates, like D. acuminata and D. norvegica. Individuals of 
P. cordatum were only found in the middle of October in Hasselö. 
A. ostenfeldii was detected in mid July in Dalarö and mid April in 
Hasselö, whereas Alexandrium spp. was found in Hagby during spring 
season (March-May) and in August, while in Hasselö during summer 
(June-July) and beginning of October.

The filamentous cyanobacteria Aphanizomenon flos-aquae, Aphani-
zomenon spp., Dolichospermum spp., and N. spumigena were observed in 
all mussel farms (Fig. 3) similarly to haptophytes of the genus Prymne-
siales (Table 1). The prevalence of the four cyanobacteria taxa A. flos- 
aquae, Aphanizomenon spp., Dolichospermum spp., and N. spumigena 
varied among the three sample sites and the season (Fig. 3). Overall, the 
cyanobacteria were mainly found during June-August, however with 
slight variations between the four species. A. flos-aquae first appeared in 
April and individuals of this species were only detected until August, 
whereas Aphanizomenon spp. was found from the end of June until the 

Table 1 
Highest species abundance (individuals L-1) at the three farms, potential toxin 
produced, and warning levels when available. Species that were observed at 
least once during the season in at least one farm are shown (all species are listed 
in Table S2). Missing values indicate that there are no available warning levels 
for these species or that they were not present at the sampling site.

Species Toxin Warning 
value 
ind/L

Highest 
number 
ind/L 
Hagby

Highest 
number 
ind/L 
Hasselö

Highest 
number 
ind/L 
Dalarö

Alexandrium 
ostenfeldii

PST 200* – 120 40

Alexandrium 
spp.

PST 200* 17 80 80

Aphanizomenon 
flos-aquae

Anatoxin, 
PST

– 19 572 35 454 137 151

Aphanizomenon 
spp.

CYN, PST, 
anatoxin

– 34 887 234 476 109 208

Dinophysis 
acuminata

DST 1500* 748 1 938 2 400

Dinophysis 
norvegica

DST 4 000* 442 1 040 80

Dinophysis acuta DST 200* – – 120
Dolichospermum 

spp.
Anatoxin, 
microcystin

– 101 453 619 916 100 170

Nodularia 
spumigena

Nodularin – 7 922 4 480 3 421

Phalacroma 
rotundatum

DST 1 500* 40 80 170

Prorocentrum 
cordatum

Unclear – – 311 –

Prymnesiales Unclear – 7 076 14 150 8 625

* Warning levels in Persson et al. (2020).
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beginning of November. Also, Dolichospermum spp. appeared already in 
April, but only in Hasselö, and was thereafter detected until the end of 
September. The cyanobacterium N. spumigena was only found from July 
to September at all the locations. To our knowledge there are no health 
risk guidelines available for cyanobacteria abundances (individuals L-1) 

associated with mussel farms even on a global scale.

3.2. Biotoxin analyses

One biotoxin belonging to the group of paralytic shellfish toxin 

Fig. 2. Dinoflagellate abundance (individuals L-1) at the three farms throughout the season. Gray symbols represent sampling occasions where none of the colored 
species were observed.

Fig. 3. Cyanobacterial abundance (individuals L-1 x 1000) at the three blue mussel farms throughout the season. Gray symbols represent sampling occasions where 
none of the colored species were observed.
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(PST), N-sulfo-carbamoyl Gonyautoxins 2&3 (denoted as C1/2), was 
detected in one sample in Hagby at a concentration of 40 μg kg-1 on 
August 15th, which is below the regulated limit of 800 μg kg-1 (Tables 2 
and S5). One toxin belonging to the group of diarrhetic shellfish toxins 
(DSTs), dinophysistoxin DTX-1, occurred in all mussel farms, although 
with seasonal differences (Fig. 4). At the farm outside Dalarö, DTX-1 was 
only present in the first three samples collected in April, but not 
detectable in samples collected during the rest of the season. In samples 
from Hasselö, DTX-1 was only detected once, at the end of October, 
while in Hagby DTX-1 occurred three times, from the end of October 
until sampling was completed in November. During this study, the 
regulated limit value of 160 µg kg-1 was never reached for DTX-1 
(Table 2). The yessotoxin (YTX) was present in mussels from all farms; 
in Hagby in June and July, and in Hasselö in July (Fig. 4). Outside 
Dalarö, the toxin was present in the mussels from the beginning of July 
to the beginning of September, a total of five sampling occasions, but 
never above the regulated limit for human consumption (Table 2).

For the cyanotoxins, microcystin (only as MC-RR) was detected only 
in Hasselö, with <5 μg kg-1 on April 14 (Tables 2 and S5). Nodularin was 
the most common cyanotoxin, present in mussels from all farms, peaking 
in summer (Fig. 5). Nodularin levels were <10 μg kg-1 in the mussels 
from Dalarö when the sampling started in the beginning of April, and 
were then present in all but two samples during the season. In samples 
from Hagby and Hasselö, nodularin was detected from June, until the 
end of October. The maximum concentration of nodularin occurred in 
July in samples from Hagby which was near the Australian guideline 
value for mussel consumption of 51 μg kg-1 (Testai et al., 2016).

Total concentration of cylindrospermopsin, including dCylin-
drospermopsin, was only present in the mussel farm near Dalarö (Fig. 5). 
Further, this toxin group was only present in the mussels at the begin-
ning and end of the sampling season and not during the summer. Total 
cylindrospermopsin concentration in early April was 19.7 μg kg-1 which 
was above the Australian guideline value of 18 μg kg-1 for fish 

consumption, but below the guideline value for mussels, 39 μg kg-1 

(Testai et al., 2016).
The presence of other marine biotoxins, including domoic acid 

(AST), azaspiracids (AZA), anatoxins, pectenotoxins (PTXs) or okadaic 
acid (OA), could not be confirmed in any samples from the three studied 
mussel farms (Tables 2 and S5).

Fig. 4. Concentration of diarrhetic shellfish toxins (DSTs), paralytic shellfish toxins (PSTs) and yessotoxins (YTXs) in mussels (μg kg-1) harvested from the three farms 
across the season. Regulated limits for food consumption for DSTs is 160 μg kg-1, for PSTs 800 μg kg-1, and for YTXs 3 750 μg kg-1. Dashed lines mark zero values and 
semi-transparent dots when sampling was conducted but no toxins were detected.

Table 2 
Regulated limits of marine biotoxins in bivalves aimed for human consumption 
(provided for those available). Toxins for which there is no regulatory limit are 
referred to health guideline values in Australia or USA (Testai et al., 2016). A-C 

Highest toxin values detected in blue mussels from the three studied mussel 
farms in Hagby, Hasselö and Dalarö, respectively. For cyanobacteria toxins 
microcystin and nodularin, and cylindrospermopsin variants, respectively, the 
sum of toxins should be below the health guideline values. All values are in µg 
kg-1.

Toxin Limit 
value

Highest 
value 
HagbyA

Highest value 
HasselöB

Highest 
value 
DalaröC

AST 20 
000+

– – –

PST 800+ 40 – –
DST 160+ 73 30 49
AZA 160+ – – –
YTX 3 750+ 170 190 280
Microcystin 51* – <5 –
Cylindrospermopsin 39* – – 8.7
dCylindrospermopsin 39* – – 11
Anatoxin (for fish) 5 000# – – –
Nodularin 51* 47 26 22

+ Regulated values for concentrations in mussels (Persson et al., 2020).
* Health guideline values for mussels in Australia (Testai et al., 2016).
# Health guideline values for fish (when not available for mussels), in the USA 

(Testai et al., 2016).
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3.3. Environmental variables and mussel larvae

Water temperature at Dalarö reached 18 ◦C in the surface and 17 ◦C 
in the bottom as the highest, Hasselö 20 ◦C and 16 ◦C, respectively, and 
the highest bottom water temperature in Hagby was 20 ◦C (Supple-
mentary Fig. 1). The temperature when first detecting DTX-1 and 
cylindrospermopsin in spring was only approx. 2 ◦C in Dalarö, and in fall 
when DTX-1 was observed in Hagby and Hasselö around 10 ◦C. Salinity 
in Dalarö was 6.1, Hasselö 7.2, and Hagby 7.4 in April 2022 (Copernicus 
OceanViewer).

The visibility depth in Hagby varied over the sampling season, with 
around 6 m from the beginning of May to the beginning of September 
and with generally lower values before and after (Table S6). In contrast, 
the visibility at Dalarö was around 8–9 m until mid-May when it slowly 
dropped to reach the lowest visibility depth of 4 m in mid-July before 
increasing again. Similarly, outside Hasselö, visibility was above 8 m 
until the end of June and reached its lowest of 4 m in the beginning of 
August and then started increasing again. Suggested visibility thresholds 
by HELCOM for the Northern Baltic Proper is 7.1 and Western Gotland 
Basin 8.4 for good ecological status (HELCOM, 2023). However, these 
limits are exceeded (lower visibility) in most basins except towards the 
North Sea.

In Hagby and Dalarö farms, mussel larvae were observed from the 
beginning of May until the beginning of August (Table S7). In the farm 
outside Hasselö, mussel larvae were found for the first time on April 4 
and occurred at every sampling occasion until August 1. As the method 
was semi-quantitative based on net sampling, we could not include it in 
any statistical evaluation.

3.4. Correlations between phytoplankton taxa, toxins and environmental 
parameters

The Spearman’s correlation analysis (Fig. 6) showed slightly 
different patterns among the investigated sites. In Hagby, four toxins, 

C1/2, DTX-1, YTX, and nodularin were detected at least once during the 
study period, thus included in the site-analysis. The correlation matrix 
for this site revealed a strong positive correlation between the toxin C1/ 
2 and A. flos-aquae as well as N. spumigena, and somewhat lower with 
Prymnesiales followed by the dinoflagellate Alexandrium spp. and the 
cyanobacterium Dolichospermum spp. (Fig. 6A). DTX-1 only positively 
correlated with D. acuminata. The toxin YTX was positively correlated 
with Phalacroma rotundatum and Aphanizomenon flos-aquae, and to a 
stronger extent with Aphanizomenon spp., and Dolichospermum spp. The 
cyanotoxin nodularin was mainly positively correlated to A. flos-aquae 
and N. spumigena. Moreover, both YTX and nodularin, revealed a posi-
tive correlation with temperature and Secchi depth. On the other hand, 
the dinoflagellate Alexandrium spp. was negatively correlated with both 
temperature and Secchi depth, and D. norvegica partly as well.

In Dalarö (Fig. 6B), five toxins were detected at least once and 
included in the correlation matrix. Here, similar patterns between DTX-1 
and both cylindrospermopsins (7‑epi-Cylindrospermopsin and 7-deoxy- 
Cylindrospermopsin) and phytoplankton taxa were observed where all 
were negatively correlated with most of the investigated taxa, but 
positively to Secchi depth. The toxin nodularin was positively related to 
all investigated cyanobacteria species, as well as to Phalacroma rotun-
datum. The toxin group YTXs was positively correlated with all phyto-
plankton taxa but strongest to A. ostenfeldii and Dolichospermum spp. 
While the two CYN toxins and DTX-1 were negatively correlated to 
temperature and positively to Secchi depth, YTX and nodularin showed 
an opposite pattern. All the phytoplankton taxa showed negative cor-
relation with Secchi depth while at least weakly positive with 
temperature.

In Hasselö (Fig. 6C), only three toxins were found at least once and 
included in the correlation matrix. Here, the toxin DTX-1 was only 
positively correlated with D. acuminata and Secchi depth. YTX was 
strongly positively correlated with A. flos-aquae and weakly with the 
other cyanobacteria, and negatively with Secchi depth. Nodularin had a 
positive correlation with all cyanobacteria, strongest with 

Fig. 5. Cyanobacterial toxins, as the total of each group, at the three studied blue mussel farms. Pale color dots indicate the concentrations that were below the limit 
of quantification (LOQ) for the method; the LOQs for cylindrospermopsin, nodularin and microcystins are 2.5 μg kg-1, 10 μg kg-1 and 5 μg kg-1, respectively 
(Table S3). Recommended limits for food consumption are presented in Table 2.
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Aphanizomenon spp. and N. spumigena, as well as temperature but was 
negatively correlated to Secchi depth. Overall, Secchi depth was nega-
tively and temperature positively correlated with all species, except 
Prorocentrum cordatum.

3.5. Comparison to 20 years of monitoring data

Herein, Aphanizomenon had the highest abundance in Hasselö with 
about 270 000 individuals L-1, Dolichospermum in Hasselö with 620 000 
individuals L-1, and Nodularia with 7 922 individuals L-1 in Hagby 
(Table 1). The seasonal average peaks for Aphanizomenon over the last 
20 years reached about 113 000 as the highest in BY31 and around 50 
000 to 70 000 individuals L-1 in the other monitoring stations (Fig. 7). 
For Dolichospermum the average was not as high, with about 10 000 - 20 
000 individuals L-1 in three monitoring stations and up to 50 000 in 
RefM1V1, which is lower than the values obtained in the current study 
(Table 1). For Nodularia the numbers in 2022 were similar to average for 
B1 and BY31 but lower than BY5 average peak and highest values 
similar to Ref M1V1. This means that 2022 was not an extreme year in 
any sense but a bit lower than it can be for Nodularia and slightly higher 
than average for Aphanizomenon. The higher abundances of Dolicho-
spermum at Ref M1V1 and of Nodularia at BY5 indicates the risk of toxin 
accumulation in farms further south along the coast, which was also the 
pattern observed in toxin quantified in the mussels from 2022 (Fig. 5).

4. Discussion

To ensure safe mussel consumption, a number of different biotoxins 
are globally monitored, including those produced by dinoflagellates, 
diatoms, and cyanobacteria. In this study, biotoxin content was moni-
tored in mussels farmed along the western coastline of the Baltic Proper 
in combination with phytoplankton abundances over an entire growth 
season. We focused on 23 potentially harmful phytoplankton taxa 
(Table S2), of which 8 genera were encountered at least once in any of 
the farms (Table 1). Among the detected toxins in this study, represen-
tatives from at least one of the groups DSTs, PSTs, yessotoxin, nodularin, 
microcystin, and cylindrospermopsin were present in any given mussel 
sample in at least one of the farms on each sampling occasion. Toxin 
levels were however always below regulatory or recommended health 
guideline values. Given that toxins were detected throughout the season 
and can vary significantly both temporally and spatially, it is recom-
mended to conduct toxin analyses at the time of harvest.

The annually occurring dense blooms of filamentous cyanobacteria 
in the Baltic Sea are often toxin producing (Karlson et al., 2022; Olofsson 
et al., 2020), which may cause concern for mussel farmers in the region. 
Filter feeders like mussels ingest phytoplankton through their filtration 
activity, and are thus susceptible to toxin bioaccumulation and might act 
as vectors through the food chain (Morais et al., 2008). Therefore, food 
from freshwater and estuarine environments would need testing for 
cyanobacterial toxins in addition to those toxins already regulated 
(Table 2). Here, nodularin, microcystin, anatoxins, and cylin-
drospermopsins are the most prominent cyanotoxins, and similarly to 
other biotoxins, they are of concern because of their negative impact on 
animal and human health (Karjalainen et al., 2007; Thajuddin et al., 
2023). Among the monitored cyanotoxins in this study, anatoxin was the 
only toxin not detected. Despite their well-known risk, there are no 
suggested health guideline values developed for cyanotoxins for food in 
Europe, including Sweden. The limit values that exist are for drinking 
water, with 1 μg L-1 for microcystins (Livsmedelsverket, 2018), and in 
some countries this value also applies for nodularins, anatoxins, and 
cylindrospermopsins (Testai et al., 2016). As limit values for drinking 
water are set at levels that are not harmful at 2 liters daily consumption 
over a lifetime, these cannot be directly translated to foods that are 
consumed to a lesser extent. In other countries where cyanobacterial 
toxins occur in food, different limit values have been developed (Chorus 
and Welker, 2021; Testai et al., 2016) with cylindrospermopsins of 

Fig. 6. Correlation matrix between taxa, toxins and environmental parameters 
based on Spearman’s Rank Correlation Coefficients calculated separately for the 
three locations A. Hagby, B. Dalarö, and C. Västervik.
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18–70 μg kg-1, microcystins and nodularins of 51 μg kg-1, and anatoxins 
of 5 000 μg kg-1.

Among the cyanotoxins, the hepatotoxin nodularin was by far the 
most prominent detected one in this study: found in mussels in all farms 
during almost the entire season, showing a clear peak during the sum-
mer months. In the Baltic Sea, nodularin is mainly produced by 
N. spumigena (Mazur-Marzec et al., 2013), a species that was also 
investigated in our study and found to be present during July and August 
in the three sites. Previous studies also showed accumulation in mussels, 
with concentrations up to approx. 86 μg kg-1 (Mazur-Marzec et al. 2013). 
As expected, the correlation matrix confirms a positive correlation be-
tween nodularin and its well-known producer N. spumigena in all three 
farms, however often together with other cyanobacteria (Fig. 6). The 
fact that nodularin can still be detected without the presence of 
N. spumigena, especially in April which is long before its growth season, 
makes it challenging to understand the link between species abundance 
and toxin concentration. However, cyanotoxins are known to be sus-
tained in the mussels for a long time. A study by Camacho-Muñoz et al. 
(2021) shows that after three days of exposure to nodularin and 
microcystin, a depuration period of 27 days was not enough to 
completely remove accumulated toxins from mussel tissues. One reason 
may be due to slow release of covalently bound compared to free 
microcystins (Camacho-Muñoz et al., 2021; Pham et al., 2017; Williams 
et al., 1997), but also temperature can have an effect, where higher 
temperature has been demonstrated to result in faster elimination rates 
of PST (Tang et al., 2021), thus sustaining toxins longer during winter 
periods as compared to during summer.

In addition, cyanobacterial toxins can be an issue where freshwater 
and marine waters meet (Amzil et al., 2023; Camacho-Muñoz et al., 
2021), which may be the case for the nodularin recently detected in 
mussels on the west coast of Sweden, with up to 33.1 μg kg-1 mussels 

(Mytilus edulis) in August 2020 and 10.9 μg kg-1 in July 2021 (España 
Amórtegui et al., 2023). This observation is not expected due to the 
higher salinity of about 25. Here adjacent freshwater systems might 
have nursed the blooms and then filaments were transported to the 
mussels with water movement. This highlights the need for cyanotoxin 
determination in all mussels exposed to or adjacent to brackish 
environments.

Another hepatotoxin with a similar chemical structure to nodularin, 
is microcystin, which was only found in mussels on one occasion in April 
outside Hasselö when none of the monitored cyanobacterial species 
known to produce microcystin were identified in the study. Again, these 
observations indicate that toxin production does not necessarily corre-
late with species abundance. Further, microcystin is more known to be 
found in freshwater environments, so farms located near freshwater 
runoff might be at higher risk for this toxin accumulating in bivalves.

Surprisingly, the cyanobacterial toxin cylindrospermopsin was 
observed at its highest concentrations already in April (19.7 μg kg-1), 
which exceeds the above recommended concentrations for fish of 18 μg 
kg-1 but not mussels of 39 μg kg-1 in Australia (Testai et al., 2016). The 
toxin has only been detected a few times in the Baltic Sea before; in 
microbial mats in Finland (Shishido et al., 2023) and in the Kamptonema 
sp. strain PCC 7926 (Mazmouz et al., 2010) isolated from the surface 
water bloom in the southern harbor of Helsinki July 1978 (Vaara et al., 
1979). The toxin has been reported to also be produced by Dolicho-
spermum (Salmaso et al., 2016) and Aphanizomenon (Preußel et al., 2006, 
2009, 2014), but from other regions. If Aphanizomenon produced the 
toxin accumulated in the sampled mussels, it would be the first time to 
detect this in the Baltic Sea, but this would need to be validated by 
isolating the taxa and determining its toxin production.

Cylindrospermopsin was only observed in the Dalarö mussels in early 
spring and increasing during autumn, when water temperatures 

Fig. 7. Cyanobacterial abundance (individuals per L) as average per genera per month for 2000–2023 in four monitoring stations (shown on the map in Fig. 1). Data 
was downloaded from sharkweb.se, hosted by SMHI.
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decreased to 2 ◦C. Aphanizomenon species which were present over 
almost the entire season, is a possible producer (Bácsi et al., 2006; 
Banker et al., 1997). However, due to the negative correlation between 
cylindrospermopsins and the investigated taxa (Fig. 6), it is difficult to 
identify the producer of the toxins and indicates a time lag between the 
abundance of potential toxin producers and detectable toxin concen-
trations in mussels. During spring, A. flos-aquae was found in the water 
at the same time as the toxin was detected in the mussels, but as this 
taxon was also found in even higher numbers in the summer, the cor-
relation analysis did not capture their co-occurrence. In autumn, it is less 
clear, as the cyanobacteria have stopped appearing in the water mass 
when the toxin was found in the mussels, but the species had been 
present for a number of weeks before. A. flos-aquae has been shown to 
produce cylindrospermopsin in two German lakes (Preußel et al., 2006, 
2009, 2014), concentrations related to nitrogen availability, tempera-
ture, and light conditions (Preußel et al., 2009). However, sampling at 
Dalarö did not start until April, so it is not possible to say whether there 
was cylindrospermopsin in the mussels already during March. Its 
occurrence can further be linked to slower metabolism in the mussels 
when the temperature is low which results in an accumulation of 
cylindrospermopsin as was observed for PST by Tang et al. (2021). In a 
combination it can also be that A. flos-aquae mainly produces toxins 
when temperature is low, as in Preußel et al. (2006, 2009, 2014).

Other well-known producers of toxins are the diverse group of di-
noflagellates. Prominent dinoflagellates found in the Baltic Sea belong 
to the genus Alexandrium and Dinophysis (Hakanen et al., 2012; Setälä 
et al., 2005), where both showed occasional elevated abundances during 
the investigated period. Dinoflagellates are known for their potential to 
produce variable toxins (Verma et al., 2019; Visciano et al., 2016). The 
analyses were conducted to detect the presence of toxins from ASTs, 
PSTs, DSTs, AZAs, and YTXs groups in the blue mussels, where the only 
toxin from the PST group, specifically C1/2, as well as from the DST 
group, specifically DTX-1, and YTX were detected. DSTs can lead to 
diarrhetic shellfish poisoning and are produced mainly by Dinophysis 
species. According to our correlation analysis, DTX-1 was indeed posi-
tively correlated to D. acuminata in Hagby and Hasselö, which indicates 
location-specific traits in taxa-toxin relationships. In Dalarö, DTX-1 was 
only detected at the beginning of the season when there was low 
abundance of D. acuminata in the water, but as they were observed in 
much higher abundances during summer, the early spring co-occurrence 
was not captured in the correlation analysis. With warmer temperatures 
during spring compared to winter months, the metabolic activity of the 
mussels might increase, leading to faster metabolization of the toxins; a 
detoxification process enhanced by temperature previously observed in 
Mytilus edulis (Tang et al., 2021). Accordingly, lower temperatures slow 
down toxin depuration whereas warmer temperatures promote it. This 
process could explain the sudden disappearance of the DTX-1 after April 
outside Dalarö. However, it needs to be considered that besides tem-
perature, also salinity, the species, and the affected mussel tissue 
considerably influence the detoxification rate. Later in the season, when 
Dinophysis became more common and the warning value of 1 500 in-
dividuals L-1 was also exceeded outside Dalarö, no DTX-1 could be 
detected in the mussels. Thus, our results highlight that a higher species 
abundance does not necessarily correlate with the increased toxin pro-
duction. Conversely, in Hagby and Hasselö, DTX-1 was present in the 
mussels when Dinophysis, particularly D. acuminata had recently been 
abundant in the water. In addition, at Hasselö, Prorocentrum cordatum 
was present in two samples in October and DTX-1 in the mussels was 
detected in early November.

Paralytic shellfish toxins (PSTs) refer to a group of toxins which lead 
to paralytic shellfish poisoning after consumption (Livsmedelsverket, 
2022). Saxitoxins are the most prominent and toxic representatives of 
PSTs and are well-known for the bioaccumulation in shellfish 
(Thangaraj et al., 2023). They can be produced by marine di-
noflagellates like Alexandrium species which are mainly found in fully 
marine waters, but occasionally also reach high concentrations in 

brackish waters such as the Baltic Sea (Kremp et al., 2019; Sopanen 
et al., 2011). PST (as C1/2) was only found on August 15 in Hagby even 
though Alexandrium species were detected a few more times over the 
season and also in Dalarö and Hasselö where PST could not be found. 
This indicates that the toxin production does not necessarily correlate to 
the abundance of the species and suggests a strict regulation of the PST 
biosynthesis by Alexandrium species which might be coupled to a 
number of environmental factors as well as grazing pressure (Selander 
et al., 2012). Also species of the cyanobacteria Aphanizomenon and 
Dolichospermum which were present over July and August in Hagby 
could be responsible for saxitoxins in the mussels, as this has been 
observed in freshwaters (Thangaraj et al., 2023). This hypothesis can be 
underlined by the fact that C1/2 was strongly positively correlated to 
A. flos-aquae and weakly also to Alexandrium spp. (Fig. 6). In addition, 
the levels of Dolichospermum build up the weeks before observed in the 
mussels, with a peak of >100 000 individuals L-1, potentially indicating 
a delayed accumulation if the cyanobacteria was the producer.

The polyether phycotoxin yessotoxin (Barbosa et al., 2024) was 
found in mussels from all three farms, but exclusively detected during 
July and August when water temperatures reached up to 17–18 ◦C. 
Previous investigations on this lipophilic toxin emphasize its potential 
for bioaccumulation in seafood, and YTX contaminated shellfish has 
been reported worldwide (Tubaro et al., 2010), but here concentrations 
never exceeded regulated levels of 3 750 μg kg-1 in mussels (Persson 
et al., 2020). To date, no known poisonings in humans have been 
documented (Barbosa et al., 2024). Previous studies highlight that 
yessotoxins are primarily produced by the dinoflagellates Protoceratium 
reticulatum, Lingulodinium polyedra, and Gonyaulax spinifera (Draisci 
et al., 1999; Paz et al., 2004; Satake et al., 1997), however, none of the 
above mentioned species were investigated which makes it challenging 
to assume from where the toxin originated. In the monitoring program 
from station B1 near the Dalarö mussel farm, Protoceratium reticulatum 
has been observed at least once per year the most recent decade, be-
tween June to October, in 81 - 570 individuals L-1 (sharkweb.smhi.se). 
Further, neither Lingulodinium polyedra nor Gonyaulax spinifera have 
been observed, but only Gonyaulax verior, although not since 2015. 
Thus, Protoceratium reticulatum was the only known potential producer 
in these waters, with a warning value of 1 000 individuals L-1 in Swedish 
bivalve monitoring for food consumption (Persson et al., 2020). Ac-
cording to the correlation matrix (Fig. 6), YTX were mainly positively 
correlated to cyanobacteria species, especially Aphanizomenon species 
but not exclusively. It needs, however, to be considered, that a positive 
or negative correlation does not necessarily confirm that the toxin is 
produced by the correlated taxa. Instead, it provides an indication of 
which taxa and toxins co-occur. While correlation is a valuable tool for 
identifying potential associations, it does not establish causality.

Many environmental factors may govern or direct toxin production. 
Since phytoplankton are living in an ever-changing environment, 
including seasonal changes, nutrient limitation will occur at some point, 
leading to physiological changes and potentially triggering toxin pro-
duction (Pimentel and Giani, 2014). Temperature is an important driver 
for phytoplankton composition and growth and thus influences species 
abundances and toxin production (Barbosa et al., 2024; Calderini et al., 
2023; Edullantes et al., 2023). While blooms of cyanobacteria are 
generally thought to prefer high temperatures (Paerl and Huisman 
2008), their toxin production is not easy to generalize. This we exem-
plify herein for cylindrospermopsin, being higher in the mussels in the 
colder season of spring and fall, expanding the season for cyanotoxins.

5. Conclusions

We aimed to disentangle the seasonal variation of phytoplankton 
abundances and biotoxin production in the Baltic Sea. However, we 
were not able to identify any time period when mussels were completely 
toxin free, although they were never above regulatory levels. While 
dinoflagellate derived toxins were observed in fall and spring, 
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cyanobacterial toxins were mainly found in summer, except cylin-
drospermopsin. This underlines the importance of toxin determination 
in seafood derived from freshwater and estuarine areas, regardless of 
season. The abundance of the investigated dinoflagellates and cyano-
bacteria varied strongly during the season, but showed a general ten-
dency of higher abundances during summer months. The correlation 
analysis between species abundance and toxin levels were not always 
informative, indicating that species abundance and toxin production 
underlie complex and dynamic mechanisms. Elevated toxin levels dur-
ing the absence of potential toxin producers implies that toxins are 
accumulated in mussels over time, and that detoxification rates might 
differ, depending on compound and season. Further studies are required 
to reveal the linkage between species abundance and toxin production 
and also to elucidate the mechanisms that govern toxin retention and 
detoxification processes in mussel tissues.

There are no health guideline values of cyanobacterial toxins in 
mussels available in Europe, but occasionally the concentrations were 
close to levels suggested by Australia, which demonstrates the need to 
also have such regulations in Sweden and Europe. Further, as we present 
data from only one year, our study does not capture annual variation in 
species abundance and toxin concentration, and other years might have 
less toxins accumulating as well as vice versa. For example, Mazur--
Marzec (2007) found higher nodularin content in mussels as compared 
to our observations, collected in Southern Baltic Sea during summer. We 
also leave some open questions from our results, including identifying 
the producer of cylindrospermopsin in the Dalarö region. Here species of 
Aphanizomenon spp. is a probable producer but needs to be clarified to 
know which taxa to monitor. Combining toxin analyses, microscopy, 
and molecular tools will be needed to understand this production 
completely. Until today, knowledge on these toxins and food products 
from the Baltic Sea is rather low, as mussels and other molluscs from the 
area are currently only farmed for human consumption in one location, 
but is expected to be expanded. With nodularin and cylindrospermopsin 
close to the limits advised in Australia we suggest regulation limits 
should be developed also for European waters in order to expand food 
production in areas exposed to cyanobacteria. This is especially relevant 
in the light of climate change as filamentous cyanobacteria in the Baltic 
Sea are changing in community composition and abundance, with 
freshening and elevated temperatures (Olofsson et al., 2020). This is of 
increasing concern also on a global scale, where cyanobacterial blooms 
may cause disruption to aquaculture and drinking water production.
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Bloom and toxin dynamics of alexandrium ostenfeldii in a shallow embayment at the 
SW coast of Finland, northern Baltic Sea. Harmful Algae 15, 91–99. https://doi.org/ 
10.1016/j.hal.2011.12.002.

HELCOM. (2023). Water clarity. HELCOM core indicator report. https://indicators.helcom. 
fi/wp-content/uploads/2023/04/Water-clarity_Final_September_2023.pdf.
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