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Abstract 

The transfer of microcystins (MC) up the food chain was measured in 4 lakes in central Sweden; Ekoln, Lilla 
Ullfjärden, Valloxen, and Storsjön. In lakes Ekoln and Valloxen, Microcystis aeruginosa was the dominant cyano-
bacterium, while the oscillatorian species Planktothrix prolifica form dense blooms in Lake Lilla Ullfjärden. The 
cyanobacterial composition in Lake Storsjön was more diverse with several Microcystis and Dolichospermum 
species. All dominant taxa are well-known producers of hepatotoxic MC. The highest recorded MC in the water 
samples from Lake Lilla Ullfjärden was measured in the bloom of P. prolifica (35 µg L−1). The highest MC content 
was measured in invertebrates; however, the MC concentration was usually low in fish. Maximum levels were 
9 µg g−1 dry weight (dw) in zooplankton, 10 µg g−1 dw in benthos, and 2.7 µg g−1 dw in fish (smelt) liver. In fish 
muscle the highest recorded levels were 0.10–0.18 µg g−1 dw in bleak and smelt from Lake Lilla Ullfjärden and in 
pike-perch and roach from Lake Storsjön. Based on the World Health Organization’s tolerable daily intake value of 
0.04 µg kg–1 body weight, we conclude that any risk related to MC from human consumption of fish from these 
lakes is minimal.  
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Introduction

Cyanobacterial blooms are common in most countries, 
particularly in agricultural areas (Chorus and Bartram 
1999, Codd et al. 2005, Carmichael 2008). In Sweden, 
about 50% of cyanobacterial blooms are toxic, and the 
most common toxin-producing genera are Dolichosper-
mum, Aphanizomenon, Microcystis, and Planktothrix 
(Willén et al. 1995, 2000, Willén and Mattsson 1997).

Microcystins (MC) are the most common of the hepa-
totoxins, and to date about 70 variants with varying 
toxicity have been identified (Carmichael 1997, Haande et 
al. 2007). A prerequisite to MC production is the presence 
of the mcy gene PCC7806 (Tillett et al. 2013). Genetic 
variability and differences in environmental conditions 
can result in different toxicities of species between lakes, 
seasons, and years (Janse et al. 2004, Wilson et al. 2005). 

Although cyanobacterial toxicity has been well 
studied, investigations on the bioaccumulation of MC in 
common aquatic organisms are less common; however, 
toxicity levels in freshwater mussels (Eriksson et al. 1989, 
Williams et al. 1997), crayfish (Miles et al. 2013), 
zooplankton (Watanabe et al. 1992), and fish have been in-
vestigated (Dawson 1998, Ibelings and Chorus 2007, 
Poste et al. 2011). Two recent reviews by Ferrao-Filho and 
Kozlowsky-Suzuki (2011) and Kozlowsky-Suzuki et al. 
(2012) reported data on MC accumulation in a wide 
variety of taxa. They found accumulation in zooplankton 
and zooplantivorous fish, whereas biodilution of MC was 
evident for most primary consumers. 

Laboratory experiments have shown that MC can be 
toxic to fish (Tencalla et al. 1994); however, some of these 
experiments were performed with unrealistically high 
toxin concentrations (e.g., 6600 µg kg−1 MC body weight). 
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It is therefore necessary to study bioaccumulation directly 
in the field. To our knowledge, no previous studies have 
presented data on MCs in aquatic organisms other than 
phytoplankton from Swedish lakes. 

This research investigated the bioaccumulation of MC 
in samples of zooplankton, zoobenthos, and fish in 4 
Swedish lakes. Phytoplankton samples were taken concur-
rently to enable analysis of MC concentration in the water 
column to be compared with the data of zooplankton, 
benthos, and fish. The study addressed the following 
questions: 
1. What levels of MC are present in zooplankton, 

zoobenthos, and fish under natural conditions in these 
4 Swedish lakes? 

2. Are the levels of MC in fish livers positively 
correlated to the size of the fish?

3. Is there a relation between MC levels in phytoplank-
ton and fish?

4. Does occasional consumption of fish from these lakes 
pose a health risk based on the World Health Organi-
zation (WHO)’s daily tolerable intake values?

Studied lakes and cyanobacterial 
characteristics

The 4 lakes sampled (Ekoln, Lilla Ullfjärden, Valloxen, 
and Storsjön), are situated in the boreonemoral region of 
the eastern part of central Sweden and differ in size, 
nutrient state, and dominance of various cyanobacterial 
taxa (Table 1 and 2).

Lake Ekoln is a large basin of Lake Mälaren, Sweden’s 
fourth largest lake. While it remains eutrophicated, it has 
been the focus of remedial measures that have halved 
Lake Ekoln’s phosphorus concentrations and algal 
biomasses and shortened its summer algal blooms to 2 
months (Aug and Sep). Microcystis aeruginosa (Kützing) 
Kützing continues to be the dominant species (Willén 
2001).

Lake Lilla Ullfjärden is a groundwater-fed, well-sepa-
rated headwater basin of Lake Mälaren, classified as 
mesotrophic. It is 22 m deep, and this in combination with 
its sheltered location creates long periods of stable stratifi-
cation. Lake Lilla Ullfjärden is almost always dominated 
by cyanobacteria, especially the oscillatorian, red-colored 
Planktothrix prolifica (Gomont) Anagn. & Komárek. The 
species develops during winter in the surface water and 
forms spectacular reddish blooms under the ice. It moves 
downward during summer stratification to avoid bright 
light and usually reaches its biomass maximum in the 
metalimnion. This species is a common MC producer in 
Swedish lakes (Willén and Mattsson 1997, Chorus and 
Bartram 1999). 

Lake Valloxen is quite eutrophic and is situated in the 

drainage area of Lake Mälaren. It has a mixed cyanophyte 
community in summer, with Microcystis-dominated 
blooms the most common. 

Lake Storsjön belongs to a smaller northerly draining 
area. It is characterized by a large area in relation to its 
depth, resulting in mixing in the water column and a lack 
of stable summer stratification. The development of 
cyanophytes begins in June and continues over the 
summer season until late September. Especially rich taxa 
diversity has been recorded, with 14 species of Dolichos-
permum and 4 species of Microcystis (Söderhielm 1998); 
Microcystis is usually the prevailing taxon in late summer. 
Notable among the toxin-producing taxa are the frequently 
occurring M. viridis (A. Braun) Lemmerm.; Dolichosper-
mum circinale (Rabenh.) Wacklin, L. Hoffm. & Komárek; 
and D. flos-aquae (Bréb. ex Bornet & Flahault) Wacklin, 
L. Hoffm. & Komárek. (Komárek and Anagnostidis 
1999a, 1999b, Komárek 2013; preprints to these flora 
were used for determinations).

Methods

Sampling

Phytoplankton were sampled 3 times in Lake Ekoln, 5 
times in Lake Lilla Ullfjärden, and once in Lake Storsjön 
in 1998 (Table 2a). In 2001 they were sampled 5 times in 
Lake Ekoln and Lake Lilla Ullfjärden, 4 times in Lake 
Valloxen, and 5 times in Lake Storsjön (Table 2b). 
Samples were taken at the surface layer (0–1 m), except 
from Lake Lilla Ullfjärden, where we also collected water 
from the metalimnic accumulation of Planktothrix. 

Samples were filtered on glass-fiber filters (MGC, 
Munktell filter AB) for MC and chlorophyll a (Chl-a), 
analysis, and the filters and an aliquot of the filtrate were 
kept in a freezer (−20 °C) until analysis. Samples for 
analysis of Chl-a, MC, and dominant phytoplankton per 
volume of water were taken from all 4 lakes. Chl-a in 
Lake Storsjön was sampled only once in 2001 (Table 3), 
and therefore we used Chl-a and MC data from 1997 for 
that lake (Söderhielm 1998), assuming that few 
differences would have occurred over such a short time 
(Fig. 1). Subsamples of all phytoplankton samples were 
preserved with Lugol’s solution, supplemented with acetic 
acid for later identification and enumeration.

Zooplankton were sampled in Lake Lilla Ullfjärden 3 
times in 1998 and 4 times in 2001, and once in Lake Ekoln 
in 2001. At the beginning of the season, when zooplank-
ters were rare, sufficient numbers were obtained by 
pumping water directly into the plankton net from a depth 
of 0–5 m. We concentrated the zooplankton using an 80 
µm plankton net in 1998 and a 160 µm plankton net in 
2001. Cladocerans and copepods sampled in 2001 were 
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manually separated with forceps and kept frozen with the 
phytoplankton samples. Functional groups were not 
separated in 1998. Some of the concentrated zooplankton 
was preserved with Lugol’s solution supplemented with 
acetic acid for size analysis. 

We collected 3 species of zoobenthos (Asellus 
aquaticus L., Bithynia tentoculata L., and Viviparus sp.) in 
Lake Lilla Ullfjärden in 1998. The sample amounts were 
8, 1.3, and 2.5 g, respectively, for the specimens of each 
collected, and the sample amounts for enzyme linked im-

Parameter L. Ekoln (basin of Mälaren) L. Lilla Ullfjärden L. Valloxen L. Storsjön (w. basin)
Coordinates N 59°45ʹ 59°37ʹ 59°44ʹ 60°33ʹ
Coordinates E 17°36ʹ 17°30ʹ 17°50ʹ 16°42ʹ
Surface area (km2) 30 2 3 39
Catchment area (km2) 100 9 30 1200
Mean depth (m) 15 22 3.8 4.5
Max depth (m) 50 52 9 15
Alkalinity (meq L−1 2.1 1.8 2.6 0.31
Secchi depth (m) 2.3 2.7 — 1.6
Colour (mg Pt L−1) 59 13 29 80
pH 8.2 8.7 8.1 7.4
Total-P (µg L−1) 50 25 53 39

Total-N (µg L−1) 1610 600 1050 540

Table 1.  Morphometric and chemical characteristics of the 4 Swedish lakes (from Söderhielm 1998, Willén et al. 2000). Department of Aquatic 
Sciences and assessment database, Swedish University of Agricultural Sciences; “—” represents no samples.

Lakes Dates Depth (m) Dominating taxa
Ekoln 29 July 0 Microcystis aeruginosa (sparse), diatoms dominating

12 Aug 0 Microcystis aeruginosa (sparse), diatoms dominating, green algae 
and dinoflagellates (subdominants)

26 Aug 0 Microcystis aeruginosa, Planktothrix agardhii, Aphanizomenon 
flos-aquae (no visible cyano-bloom due to mixed water column)

Lilla Ullfjärden 29 July 0.5 Planktothrix prolifica, Aphanizomenon spp. (= flos-aquae, skujae), 
Limnothrix spp., Planktolyngbya limnetica 

6.5 Planktothrix prolifica 
12 Aug 0.5 Planktothrix prolifica, Limnothrix spp., Pseudanabaena sp. 

(subdominants) 
6.5 Planktothrix prolifica, Aphanizomenon spp.

26 Aug 0.5 Planktothrix prolifica 
7.0 Planktothrix prolifica 

9 Sep 0.5 Planktothrix prolifica, Limnothrix spp. Planktolyngbya limnetica, 
Aphanizomenon spp. (small amounts)

7.0 Planktothrix prolifica, Limnothrix spp. Planktolyngbya limnetica, 
Aphanizomenon spp. (small amounts) 

14 Oct 0.5 Planktothrix prolifica, Limnothrix spp., Planktolyngbya limnetica
1.0 Planktothrix prolifica, Limnothrix spp. Planktolyngbya limnetica

Storsjön 27 Aug 0 Microcystis viridis (subdominant, diatoms prevail)

 Table 2a. Dominant cyanobacteria during summer 1998 in 3 Swedish lakes. 
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munosorbent assay (ELISA) analyses were between 24.7 
and 26.7 mg.

Fish were collected from Lake Lilla Ullfjärden once in 
1998 and twice in 2001. Lakes Ekoln and Valloxen were 
sampled in 2001, using 3 multimesh gillnets with several 
sections of different mesh sizes and a total area of 36 × 
1.5  m. Lake Storsjön was sampled in both 1998 and 2001 
using 3 smaller multimesh nets with an area of 30 × 1.0 m 
and a net with a mesh-size of 50 mm to catch pike-perch 
(Lucioperca lucioperca L.). From the total catch, pieces of 
livers and dorsal muscle tissue were taken from 3–5 fishes 
of various sizes and species. All samples were freeze-
dried before MC analyses. 

Analyses

Chl-a analyses were conducted according to ISO 
10260:1992(E) (ISO 1992), using warm 95% ethanol for 
extraction. 

Microcystins were analyzed using ELISA (EnviroGard 
Microcystin Plate Kit, Strategic Diagnostics) according to 
the standard operating procedure (Meriluoto and Codd 
2005). The limit of detection (LOD) is at 0.1 µg L–1. Phy-
toplankton and zooplankton were thawed and frozen 3 
times before the extraction with 75% methanol (Fastner et 
al. 1998). Pieces of fish liver and muscles (micro-balance) 
were ground before extraction. Phosphate buffer was used 

Lakes Dates Depth (m) Dominating taxa
Ekoln 30 July 0 Microcystis aeruginosa, M. flos-aquae, Dolichospermum spp., 

Aphanizomenon flos-aquae
21 Aug 0 Microcystis aeruginosa (a heavy bloom drifted to the beach)
5 Sep 0 Microcystis aeruginosa (conspicuous dominance ≈ 95%)

24 Sep* 0 Microcystis aeruginosa
24 Sep* 0 Microcystis aeruginosa, M. botrys (both sparse)

Lilla Ullfjärden 15 June 0 Planktothrix prolifica, Aphanizomenon spp. (= flos-aquae, skujae)
6 Planktothrix prolifica

16 July 0 Planktothrix prolifica, Aphanizomenon spp., Limnothrix spp.
9 Planktothrix prolifica

1 Aug 0 Limnothrix spp., Planktothrix prolifica, Aphanizomenon spp.
9 Planktothrix prolifica,

16 Aug 0 Aphanizomenon spp., Limnothrix spp., Planktothrix prolifica
9 Planktothrix prolifica

2 Oct 0 Planktothrix prolifica, Limnothrix spp.
12 Planktothrix prolifica

Valloxen 9 July 0 Aphanizomenon spp.
19 July 0 Microcystis aeruginosa (but diatoms and green algae prevail)
19 Aug 0 Microcystis spp. (=aeruginosa, botrys, viridis), Aphanizomenon spp., 

Dolichospermum spp. (subdominants).
4 Sep 0 Aphanizomenon spp.

Storsjön 21 Aug 0 Planktolyngbya limnetica (dominance), Aphanizomenon flos-aquae, 
Cuspidothrix issatschenkoi, Microcystis viridis, Anabaena mendotae, 
Woronichinia naegeliana

5 Sep 0 Aphanizomenon flos-aquae (dominance), Microcystis viridis, M. 
wesenbergii, Planktolyngbya limnetica.

20 Sep 0 Aphanizomenon flos-aquae, Microcystis wesenbergii
7 Oct 0 Diatoms (small amounts)
23 Oct 0 Aphanizomenon flos-aquae (sparse), diatoms

Table 2b. Dominating cyanobacteria during summer 2001 in 4 Swedish lakes.
* Different sampling sites.
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if samples needed dilution (Chu et al. 1990). The samples 
were analyzed in duplicate.

All phytoplankton samples were analyzed under an 
inverted microscope for dominant cyanophytes (Table 2a 
and b). Zooplankton lengths (mean of 20 individuals) in 
the samples collected in 2001 were measured under an 
inverted microscope. The length (µm) was converted to 
biomass (m, µg g−1 dw) using equations described by 
Dumont et al. (1975):
 Cladocerans m = 1.5 × 10−8 × length2.84

 Calanoida copepods m = 7.9 × 10−7 × length2.33

 Cyclopoida copepods m = 1.1 × 10−7 × length2.59 

Phytoplankton samples, 6 from 1998 and 19 from 
2001, were dried on filters and analyzed for MC (Table 3a 
and b). Water samples, 10 from 1998 and 15 from 2001 
(Table 3a and b); dried zooplankton samples, 10 from 
1998 and 8 samples from 2001 (Fig. 2a and b) and 7 dried 
zoobenthos samples from 1998 (Fig. 2c); 41 dried fish 
liver samples from 1998 and  50 samples from 2001 
(Tables 4, 5a and  b, 6, 7a and b); dried dorsal muscle 
samples, 24 from 1998 and 26 from 2001 (Tables 5a and 
b, 6, 7a and b) were also analyzed for MCs. All fish were 
separated in species and classed by size. 

Results

Phytoplankton 

Microcystis aeruginosa was dominant in Lake Ekoln and 
Planktothrix prolifica in Lake Lilla Ullfjärden in both 
sampled years (Table 2a and b). Lake Valloxen was 
dominated by Aphanizomenon spp., while Lake Storsjön 
showed a more diverse cyanobacterial assemblage over 
the season (Table 2b). 

Concentrations of Chl-a and MC varied considerably 
between lakes and over the season (Table 3a and b; 
Fig. 1a–e). The MC quantities from concentrated phyto-
plankton on filters were lower than those from raw water 
samples, except for one sample from Lake Ekoln. This 
difference was expected because the raw water samples 
contained both particulate and dissolved MC. 

The Chl-a concentration 1998 was lowest in Lake 
Ekoln (0.9–11 µg L−1), while Lake Lilla Ullfjärden had 
much higher values on most of the sampling occasions 
that year (16–58 µg L−1; Table 3a). In 2001, the Chl-a con-
centration was lowest in the surface sample of Lake Lilla 
Ullfjärden but considerably higher in the metalimnion and 
in Lake Ekoln (Table 3b; Fig. 1). The high values of Chl-a 
and MC in Lake Ekoln (700 and 210 µg L−1, respectively) 
were measured on 21 August at a popular beach close to 
the town of Uppsala. The wind had concentrated the heavy 
bloom of M. aeruginosa close to a bridge where the 
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Fig. 1. Chlorophyll a (Chl-a; full line) and microcystin (MC; broken 
line), sampled in the surface layer of (a) Lake Ekoln during summer 
2001; (b) Lake Lilla Ullfjärden suface during summer 2001; (c) 
Lake Lilla Ullfjärden metalimnion during summer 2001; (d) Lake 
Valloxen surface during summer 2001; and (e) Lake Storsjön 
surface during summer 1997 (Söderhielm 1997).
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sampling took place, but the value decreased considerably 
due to storm mixing 3 weeks later (Table 3b). The Chl-a 
concentrations were high in Lake Valloxen and low in 
Lake Storsjön, while the MC concentrations were 
relatively low in both lakes (Table 3b; Fig. 1). 

Zooplankton and benthos 

The mixed zooplankton collected from Lake Lilla 
Ullfjärden in 1998 contained relatively high levels of MC 
ranging from 1.5 to a maximum of 8.7 µg g−1 dw (Fig. 2a). 
Similar levels were found in 2001 with MC from 
0–6.9 µg g−1 dw in cladocerans and 0–3.5 µg g−1 dw in 
copepods (Fig. 2b). All sampled zooplankton in 1998 
reached MC values higher than the LOD, whereas 5 
samples in 2001, including the single sample from Lake 
Ekoln, had concentrations lower than the LOD (Fig. 2a 
and b). The 3 zoobenthos genera Asellus, Bithynia, and 
Viviparus, sampled in September 1998, contained high 
levels of MC, 2.3–8.3 µg g−1 dw (Fig. 2c). 

Fish

We collected 8 fish species from Lake Ekoln (Table 4), 9 
from Lake Lilla Ullfjärden (Table 5a and b), 4 from Lake 
Valloxen (Table 6), and 8 from Lake Storsjön (Table 7a 
and b). Most fish liver samples from lakes Ekoln and Lilla 
Ullfjärden (August and October) contained MC (Table 4 
and 5). In Lake Valloxen, 5 of the 12 analyzed fish livers 

had microcystins ranging from 0.05 to 1.1 µg g−1 dw; the 
other values were below the LOD (Table 6). Six of the 15 
(40%) fish liver samples from Lake Storsjön had MC 
values lower than the LOD in 1998 and 6 of 17 (35%) in 
2001 (Table 7a and b). Microcystins were measured in the 
fish muscles samples of bleak, smelt, roach, ruffe, and 
pike-perch from Lake Lilla Ullfjärden and Lake Storsjön 
(Table 5a and b, 7a).

The mean MC content in livers from Lake Lilla 
Ullfjärden was not significantly different between the 2 
sampling dates in Lake Lilla Ullfjärden 2001 (P = 0.09, 
mean and CV = 0.86 ± 0.58 and 0.54 ± 0.19, respectively), 
whereas the MC levels were significantly higher in 
zooplankton than in fish both years (P = 0.0002, mean and 
CV = 5.3 ± 2.7 and 0.17 ± 0.039, respectively). Similarly, 
MC levels in benthos were much higher than in fish 
(P = 0.022). Only phytoplankton data from Lake Lilla 
Ullfjärden were sufficient to run a regression test between 
MC results for phytoplankton and fish. This regression 
test indicated no significant relationship existed between 
MC levels in phytoplankton and fish in that lake (RSquare 
= 0.26, P = 0.16, n = 9).

Discussion

This study demonstrates that although the liver toxin MC 
is accumulated in the food web, it is concentrated at the 
highest levels in zooplankton and zoobenthos (Fig. 2) and 
at lower levels in fish livers and muscles (Table 4–7). 

Lakes Date Depth Chl-a MC (µg L−1)
(m) (µg L−1) Filter Raw-water

Ekoln
29 July 0 11.4 0.008 0.1
12 Aug 0 10.5 — 0.1
26 Aug 0 0.9 — 0.1

L. Ullfjärden
29 July 0.5 23.3 — 1.4

6.5 58.4 1.5 4.3
12 Aug 0.5 16.3 — —

6.5 51.5 — —
26 Aug 0.5 26.6 0.22 1.8

7.0 37 0.37 4.1
9 Sep 0.5 17.4 — 2.3

7.0 22.5 — 4.0
14 Oct 0.5 26.7 0.22 2.8

1.0 32.6 0.66 —

Table 3a. Chlorophyll a (Chl-a) and microcystin (MC) concentrations of phytoplankton in 2 Swedish lakes, 1998; “—” represents no samples.
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Lakes Date Depth Chl-a Microcystins (µg L−1)
(m) (µg L−1) Filter Raw-water

Ekoln
30 July 0 4.7 0.36 0.48

beach 21 Aug 0 700 >53 210
beach 5 Sep 0 71 4.5 3.5

24 Sep* 0 16 0.92 2.5
24 Sep* 0 3.2 >0.25 0.5

L. Ullfjärden
15 June 0 8.3 1.2 4.3

6 19 7.3 9.2
16 July 0 2.4 0.24 0.97

9 36 13 35
1 Aug 0 2.4 0.30 0.9

9 54 19 31
16 Aug 0 5.9 1.1 1.9

9 36 6.4 13
1 Oct 0 17 2.9 9.3

12 11 2.0 9.7
Valloxen

19 July 0 78 0.97 —
1 Aug 0 95 4.4 —
4 Sep 0 110 1.2 —

Storsjön
21 Aug 0 14 0.5 —

Table 3b. Chlorophyll a (Chl-a and microcystin (MC) concentrations of phytoplankton in the 4 Swedish lakes 2001. 
* Different sampling place. “—” represents no samples

Species in size classes Length (cm) n MC (μg g−1dw)
Perch (Perca fluviatilis L.) 11.5–12.0 3 0.09 ± 0.01

16.4–17.6 3 0.22 ± 0.21
23.2 1 0.69

Pike-perch (Sander lucioperca L.) 8.2–9.0 3 0.15 ± 0.03
25.1–29.8 2 0.14 ± 0.05

Roach (Rutilus rutilus L.) 10.9–13.9 3 0.11 ± 0.04
24.3–26.4 3 0.21 ± 0.23

Bleak (Alburnus alburnus L.) 12.7–13.1 3 0.26 ± 0.25
Bream (Abramis brama L.) 13.5–16.0 3 0.11 ± 0.06

21.2–23.7 3 0.08 ± 0.02
White bream (Abramis bjoerkna L.) 11.3–12.1 3 0.12 ± 0.04

15.9–18.4 3 0.08 ± 0.01
Ruffe (Gymnocephalus cernuus L.) 9.2–9.8 3 0.14 ± 0.07
Smelt (Osmerus eperlanus L.) 8.2–10.5 3 0.17 ± 0.04

Table 4. Average and SD of microcystin (MC) content in fish liver from Lake Ekoln, 25 Sep 2001. No analyses were made of fish muscles.
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recorded in Lake Storsjön, where cyanobacteria were 
subdominant. Both zooplankton and zoobenthos are 
important foods for all species of young fish. For some 
planktivorous species such as smelt, roach, and ruffe, the 
zooplankton and zoobenthos are important over their 
entire life cycle (Ahlgren et al. 1994).

 The biomagnification (BMF) factor is a measure of 
MC accumulation in different organisms and is calculated 
as the ratio between the MC measured in consumers and 
that in their diets (Kozlowsky-Suzuki et al. 2012). 
Because the fish were not sampled on the same dates as 
zooplankton and benthos, the BMF could only be 
estimated for our data from ratios between the means of 
MC in both categories. In addition, MC concentrations for 
cyanophytes were presented in µg L−1 and for zooplankton 
and fish in µg g−1 dw. To resolve this difference, we 
estimated dry weight (dw) for the cyanophytes using the 
conversion factors from 2 years data from Lake Norrviken 
with heavy blooms of cyanophytes (Ahlgren 1983), such 
as dw/Chl = 70.9, (SD ± 24, n = 13) and dw/fw (fresh 
weight) = 0.50 (SD = 0.20, n = 11). 

BMF was estimated between and zooplankton and 
cyanophytes, between zooplankton and fish liver, and 
between fish liver and cyanophytes in 1998 and 2001. In 
1998 BMF was estimated between benthos and 
cyanophytes and between benthos and fish. All samples 
used for this analysis were collected from Lake Lilla 
Ullfjärden in September–October 1998 and August–
October 2001 (Table 8). When cyanophytes were abundant 
in the diet, a high degree of biodilution (BMF << 1) was 
seen but varied considerably, lower in 2001 than in 1998. 
Zooplankton and benthos as food for fish showed lower 
BMF in 1998 than in 2001 (Table 8). All data indicated 
strong biodilution except fish/zooplankton data, which 
indicated moderate dilution. In a synthesis of 42 studies of 
aquatic food webs, such as zooplankton, decapods, 
molluscs, fishes, turtles, and birds, biodilution of MC was 
evident for most primary consumers (Kozlowsky-Suzuki 
et al. 2012). Zooplankton and zooplanktivorous fish 
showed potential for BMF, whereas omnivorous fish 
tended to show the greatest biodilution. 

Several recent studies have been published on accu-
mulation of MC in fish, particularly in Brazil, Uganda, 
and China (e.g., Magalhaes et al. 2003, Xie et al. 2005, 
Deblois et al. 2008, Zhang et al. 2009, and Semyalo et al. 
2010). Most reported values were low (<1 µg g−1 dw) 
except in China, where some liver values exceeded 
10 µg g−1 dw, and muscle values reached 2–3 µg g−1 dw 
(Xie et al. 2005). The highest levels were found in plank-
tivorous fish and the lowest in carnivorous fish. European 
data show reduced growth related to cyanobacterial toxins 
in brown trout (Salmo trutta; Bury et al. 1995). The 
impact of cyanobacterial toxins on whitefish was also 

A generalized illustration of toxin distribution calculated 
for Lake Lilla Ullfjarden in 1998 (Fig. 3) indicates that 
the highest content of MC in fish livers was found in 
Lake Lilla Ullfjärden 2001, where the highly toxic 
species P. prolifica reached considerable biomass, 
especially in the metalimnion. The lowest contents were 

Fig. 2. (a) Microcystin in mixed zooplankton, sampled over 3 
months in Lake Lilla Ullfjärden 1998, concentrated through 80 µm 
net. (b) Microcystin in cladocerans and copepods, sampled during 
summer 2001 in lakes Lilla Ullfjärden and Ekoln, concentrated 
through 160 µm net. (c) Microcystin content in zoobenthos, sampled 
in Lake Lilla Ullfjärden on 21 Sep 1998.
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Size classes Length
(cm)

n MC in liver
(μg g−1 dw)

MC in muscle
(μg g−1 dw)

Perch (Perca fluviatilis L.) 10–10 3 0.14 ± 0.03 <0.1
13–18 3 <0.1 —
22–26 3 <0.1 <0.1
32–37 3 <0.1 0.09

Roach (Rutilus rutilus L.) 9 1 0.16 <0.1
12–12 2 0.45 ± 0.31 <0.1
19–20 2 0.21 ± 0.04 —

Bleak (Alburnus alburnus L.) 10–10 2 0.18 ± 0.01 0.11 ± 0.01
13–14 1 0.11 —

Ruffe (Gymnocephalus cernuus L.) 9 1 0.11 <0.1
Smelt (Osmerus eperlanus L.) 11 1 0.64 0.10
Vendace (Coregonus albula L.) 21–23 2 <0.1 <0.1

Table 5a. Averages and ± SD of microcystin (MC) content in fish liver and muscle. Lake Lilla Ullfjärden 22 Sep 1998. “—” represents no samples; 
bold represents > detection limit.

Size classes Length 
(cm)

n MC in liver
(μg g−1 dw)

MC in muscle
(μg g−1 dw)

16 August
Perch (Perca fluviatilis L.) 8.7–9.2 4 0.77 ± 0.37 <0.03

17.2–18.3 4 0.50 ± 0.26 <0.03
25.9–34.5 5 0.14 ± 0.40 <0.03

Pike-Perch (Sander lucioperca L.) 100 1 1.14 <0.03
Roach (Rutilus rutilus L.) 9.4–10.3 2 0.94 ± 0.64 <0.03

13.5–14.5 3 0.67 ± 0.33 0.038
Bleak (Alburnus alburnus L.) 11.8–12.9 3 0.42 ± 0.31 —
Bream (Abramis brama L.) 14.9–17.0 2 0.74 ± 0.078 <0.03
Ruffe (Gymnocephalus cernuus L.) 9.6–10.8 9 1.08 ± 0.42 0.035

13.0–14.0 3 1.35 ± 0.35 —
Smelt (Osmerus eperlanus L.) 8.0–9.5 3 2.3 ± 0.41 0.11 ± 0.07
Vendace (Coregonus albula L.) 23.9 1 0.25 <0,03
2 October
Perch (Perca fluviatilis L.) 8.7–9.5 3 0.86 ± 0.21 <0.03

12.9-20.0 3 0.28 ± 0.16 <0.03
26.0–26.7 3 0.60 ± 0.42 <0.03

Roach (Rutilus rutilus L.) 10.3–10.5 3* 0.52 —
13.5–14.5 3 0.52 ± 0.42 <0.03

Bream (Abramis brama L.) 26.6 1   <0.03
White Bream (Abramis bjoerkna L.) 9.7–10.7 3* 0.55 <0.03
Ruffe (Gymnocephalus cernuus L.) 9.7–9.9 3 0.73 ± 0.15 <0.03

13.5 1 0.30 —

Table 5b. Averages and ± SD of microcystin (MC) content in fish liver and muscle. Lake Lilla Ullfjärden 16 Aug 2001 and 2 Oct 2001. 
* consist of a mixture of 3 samples. Bold represents > detection limit.
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found in Lake Ammersee in southern Germany, with MC 
detected in the gut at levels up to 35 µg g−1 dw (Ernst et al. 
2001). In a study performed of 7 tropical lakes and 2 
temperate lakes from 2006 to 2009, Poste et al. (2011) 
sampled ~80 fish of 33 different species and reported 
levels of MC from fish muscle or whole small fish 
(<10 cm in length) as µg kg−1 wet weight (ww). Most 
samples (42) showed levels <10 µg kg−1, but 33 samples 
showed levels of 20–30 µg kg−1 ww. In one crater lake the 

highest levels of MC were reached in 2 cichlid species 
(Alluaud’s haplo [Astatoreochromis alluaudi] and red 
back scraper [Haplochromis spp.]) of 56 and 719 µg kg−1 
ww, respectively. Recalculated to µg g−1 dw (dw/ww = 
0.31; Poste et al. 2011) these values correspond to 0.18 
and 2.3 µg g−1 dw, similar to the MC levels in fish livers 
observed in the present study. 

Studies of MC accumulation in the lower parts of the 
food chain are less common. Eriksson et al. (1989) 

Species in size classes Length
(cm)

n MC in liver
(μg g−1 dw)

MC in muscle
(μg g−1  dw)

Perch (Perca fluviatilis L.) 11–12 2 0.15 ± 0.0 <0.1
13–15 4 <0.1 <0.1
25–30 3 <0.1 <0.1

Pike-Perch (Sander lucioperca L.) 17–18 2 0.1 0.10
19–20 3 <0.1 <0.1

27 1 <0.1 <0.1
34–34 3 <0.1 <0.1
38–39 2 <0.1 <0.1

Roach (Rutilus rutilus L.) 13 1 <0.1 <0.1
17 1 0.14 0.11 

Bleak (Alburnus alburnus L.) 12 1 0.28 <0.1
14 1 0.16 <0.1

Ruffe (Gymnocephalus cernuus L.) 6 1 <0.1 <0.1
8–10 2 0.18 ± 0.01 <0.1

Pike (Esox lucius L.) 47–60 2 <0.1 <0.1

Table 7a. Averages and ± SD of microcystin (MC) content in fish liver and muscle from Lake Storsjön 27 Aug 1998. Bold represents > detection limit.

Species in size classes Length
(cm)

MC in liver
(μg g−1  dw)

MC in muscle
(μg g−1  dw)

Roach (Rutilus rutilus L.) 7.2–7.5* <0.12 <0.03
 8.9–9.1* 1.08 <0.03

11.6 <0.06 —
13.0 <0.08

Bleak (Alburnus alburnus L.) 10.0–10.4* 0.31 —
12.5. 0.05 —
13.4 <0.08

Bream (Abramis brama L.) 24.2 <0.07 —
25.6 0.06

Ruffe (Gymnocephalus cernuus L.) 9.3–11.2* 0.07 —
Roach (Rutilus rutilus L.) 11.4 <0.13
 13.6 <0.08 —

Table 6.  Microcystin (M) content in fish liver and muscle from Lake Valloxen, 4 Sep 2001. 
* consist of a mixture of 3 samples.  “—” represents no samples; bold represents > detection limit.
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Size classes Length
(cm)

MC in liver
(μg g−1 dw)

MC in muscle
(μg g−1 dw)

Perch (Perca fluviatilis L.) 10.5 <0.10 —
16.0 <0.10 —
23.1 <0.05 —
23.8 0.05 —
31.0 0.05 —

Pike-perch (Sander lucioperca L.) 17.4 0.05 <0.03
37.6 <0.06 <0.03
47.6 <0.06 <0.03
48.0 <0.10 <0.03
50.6 0.05 <0.03
51.3 0.05 <0.03
51.4 <0.08 <0.03

Roach (Rutilus rutilus L.) 13.4 <0.12 —
Bleak (Alburnus alburnus) L.) 13.0 <0.08 —
Bream (Abramis brama L.) 25.0 <0.08 —
White bream (Abramis bjoerkna L.) 17.2 <0.11 —
Ruffe (Gymnocephalus cernuus L.) 9.0 0.05 —

Table 7b. Microcystin content in fish liver and muscle from Lake Storsjön 21 Aug 2001. n = 1; “—” represents no samples; bold represents > 
detection limit.

Category MC contents 
(µg g−1 dw)

SD n BMF
(Consumers/diets)

1998
Cyanophytes 1465 589 7
Zooplankton 5.31 2.7 10
Benthos 3.34 2.24 7
Fish-liver 0.167 0.20 12
Zooplankton/Cyano 5.31/1465 = 0.0036
Fish/Cyano 0.167/1465 = 0.00011
Benthos/Cyano 3.34/1465 = 0.0023
Fish/Zooplankton 0.167/5.31 = 0.031
Fish/Benthos 0.167/3.34 = 0.05
2001
Cyanophytes 7846 3447 8
Zooplankton 1.88 2.7 7
Fish-liver 0.72 0.48 21
Zooplankton/Cyano 1.88/7846 ≈ 0.00024
Fish/Cyano 0.72/7846 = 0.00009
Fish/Zooplankton 0.72/1.88 = 0.38

Table 8. Biomagnification (BMF) stands for ratios between the MC contents in the consumers and their diets. BMF is estimated from data of Lake Lilla 
Ullfjärden in August–October 1998 and August-October 2001.
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showed that swan mussels (Anadonta cygnea) could 
concentrate high amounts of toxins, up to 70 µg g−1 dw, 
from Oscillatoria agardhii that contained lower levels 
(40–60 µg L−1). In hepato-pancreatic tissue, as much as 
150 µg g−1 dw was found. A maximum MC value of 65 µg 
L−1 (ADDA-ELISA method) was detected in caged 
freshwater mussels from lakes in New Zealand where 
phytoplankton had a maximum MC of 760 µg L−1 (Wood 
et al. 2006). 

Kotak et al. (1996) studied the food chain in 4 different 
lakes of varying trophic states and found MC up to 67 µg 
g−1 dw in zooplankton, and correlated MC concentration 
in zooplankton and phytoplankton. Among 9 groups of 
macroinvertebrates, MC was detected only in gastropods 
up to 120 µg g−1 dw. It was not further detected in the 
livers of pike white sucker (Catostomus commersoni), 
although this fish did contain toxic phytoplankton in the 
stomach. These levels of MC in invertebrates recorded by 
Kotak et al. (1996) are more than 10 times higher than we 
found in Swedish invertebrates. 

Daphnids have been shown to be less sensitive to MC 
than copepods (DeMott et al. 1991). In experiments in 
which toxic Microcystis were fed to Daphnia magna, 

reduced growth, survival, and fecundity were recorded 
over the season (Thostrup and Christoffersen 1999), and 
the maximum content of MC in D. magna was 24.4 µg g−1 
dw. Ibelings et al. (2005) could not find evidence for BMF 
in planktivorous fish (smelt). Seasonal averages from 
3-year data were 63–211 and 2–12 µg g−1 dw, respectively, 
in zooplankton and in the mussel Dreissena, whereas the 
levels in phytoplankton were much higher, between 70 
and 2000 µg g−1 dw (mean of 3 years). In contrast, Ferrao-
Filho et al. (2002) found a very high concentration factor 
in zooplankton (× 5400–22 000), which might be a 
potential risk for transferring microcystins to fish. In a 
later study, Kozlowsky-Suzuki et al. (2012) reported BMF 
values in zooplankton up to 12. The MC values ranged 
from 0.3 to 16 µg g−1 dw. 

The MC content in perch of edible size (32–37 cm) 
recorded in Lake Lilla Ullfjärden was 0.1 µg g−1 dw, 
which when converted to ww using the conversion factor 
of 0.31 (Poste et al. 2011) is approximately equivalent to 
28 µg kg−1 ww. A human consuming 100 g dorsal muscle 
of this perch would then ingest 2.8 µg MC. The tolerable 
daily intake recommended by WHO of 0.04 µg kg−1 
body-weight would be slightly surpassed (2.4 µg MC) 

Fig. 3. Distribution of microcystins in the foodweb of Lake Lilla Ullfjärden. Example from the growth season of 1998. Cyanobacteria, mean 
July-Oct, Zooplankton mean Aug-Oct, benthic fauna Oct and Fish Oct.
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when calculated for a person of 60 kg weight (WHO 
2003). There is probably little risk for liver intoxication 
from a daily intake of fish of this kind because the liver is 
not consumed. For a child weighing 20 kg, however, MC 
concentration recorded in this study could be a concern, 
especially considering the child’s more sensitive internal 
organs (Bruckner 2000, concerning chemical toxicity such 
as pesticides). 

These 4 lakes are all popular for recreational fishing. 
We conclude that the risks of adverse health effects related 
to MC by occasionally eating freshwater fish from these 4 
lakes in central Sweden is minimal for adults, although 
higher for children. In contrast, the use of small fish from 
these lakes as food for pets is not recommended. The 
water concentration of MC in one of the lakes (maximum 
of 35 µg L−1 recorded in Lilla Ullfjärden) is among the 
highest recorded in Sweden, and at these concentrations 
the water would be unsuitable for drinking or recreational 
activity based on guidelines in other countries (Chorus 
2012). 

Acknowledgements

We are grateful to Dr. Ingemar Ahlgren for his help with 
some of the references and figures, to two anonymous 
referees for valuable comments on an earlier version of 
this paper. Financial support was given from the Magnus 
Bergvall Foundation, Stockholm.

References 

Ahlgren G. 1983. Comparison of methods for estimation of phyto-
plankton carbon. Arch Hydrobiol. 98:489–508.

Ahlgren G, Blomqvist P, Boberg M, Gustafsson I-B. 1994. Fatty acid 
content of the dorsal muscle – an indicator of fat quality in freshwater 
fish. J Fish Biol. 45:131–157.

Bruckner JV. 2000. Differences in sensivity of children and adults to 
chemical toxicity, the National Academy of Sciences (NAS) panel 
report. Regul Toxicol Pharmacol. 31:280–285.

Bury NR, Eddy FB, Codd GA. 1995. The effects of the cyanobacterium 
Microcystis aeruginosa, the cyanobacterial hepatoxin microcystin-
LR, and ammonia on growth rate and ionic regulation of brown trout. 
J Fish Biol. 46:1042–1054. 

Carmichael WW. 1997. The cyanotoxins. In: Callow JA (editor): 
Advances in Research. 27:211–256.

Carmichael WW. 2008. A world review. One-hundred-twenty-seven 
years of research on toxic cyanbacteria. Where do we go from here? 
In: Hudnell HK, editor. Cyanobacterial harmful algal blooms: state of 
the science and research needs. Advances in experimental medicine 
and biology. New York: Springer-Verlag. 619:105–125. 

Chorus I, editor. 2012. Current approaches to cyanotoxin risk 
assessment, risk management and regulations in different countries. 
Berlin (Germany): Federal Environmental Agency. 63:1–147. 

Chorus I, Bartram J, editors. 1999. Toxic cyanobacteria in water. 
London (UK): E and FN Spon.

Chu FS, Huang X, Wei RD. 1990. Enzymelinked immunosorbent 
assay for microcystin in blue-green alga blooms. J Assoc Off Ana 
Chem. 73:451–456. 

Codd GA, Morrison LF, Metcalf JS. 2005. Cyanobacterial toxins: Risk 
management for health protection. Toxicol. Appl Pharmacol. 
203:264–272.

Dawson RM. 1998. The toxicology of microcystins. Toxicon. 
36:953–962.

Deblois CP, Aranda-Rodriguez RA, Giani A. Bird DF. 2008. 
Microcystin accumulation in liver and muscle of tilapia in two large 
Brazilian hydroelectric reservoirs. Toxicon. 51:435–448.

DeMott WR, Zhang QX, Carmichael WW. 1991. Effects of toxic cy-
anobacteria and purified toxins on the survival and feeding of a 
copepod and three species of Daphnia. Limnol Oceanogr. 36:1346–
1357. 

Dumont HJ, Van de Velde I, Dumont S. 1975. The dry weight estimate 
of biomass in a selcction of Cladocera, Copepoda and Rotifera from 
the plankton, periphyton and benthos of continental waters. 
Oecologia. 19:75–97.

Eriksson JE, Meriluoto JAO, Lindholm T. 1989. Accumulation of a 
peptide toxin from the cyanobacterium Oscillatoria agardhii in 
freshwater mussel Anadonta cygnea. Hydrobiologia. 183:211–216.

Ernst B, Hitzfeld B, Dietrich D. 2001. Presence of Planktothrix sp. and 
cyanobacterial toxins in Lake Ammersee, Germany and their impact 
on whitefish (Coregonus lavaretus L.). Environ Toxicol. 16:483–
488. 

Fastner J, Flieger I, Neumann U. 1998. Optimized extraction of micro-
cystins from field samples – a comparison of different solvents and 
procedures. Water Res. 32:3177–3181.

Ferrao-Filho AS, Kozlowsky-Suzuki B, Azevedo SMFO. 2002. Accu-
mulation of microcystins by a tropical zooplankton community. 
Aquat Toxicol. 59:201–208.

Ferrao-Filho AS, Kozlowsky-Suzuki. 2011. Cyanotoxins: bioaccumu-
lation and effects on aquatic animals. Mar Drugs. 9:2729–2772.

Haande S, Ballot A, Rohlack T, Fastner J. Wiedner C, Edvardsen B. 
2007. Diversity of Microcystis aeruginosa isolates (Chroococcales, 
Cyanobacteria) from East-African water bodies. Arch Microbiol. 
188:15–25.

Ibelings BW, Bruning K, de Jonge J, Wolfstein K, Dionisio Pires LM, 
Postma J, Burger T. 2005. Distribution of microcytins in a lake 
foodweb: No evidence for biomagnification. Microb Ecol. 
49:487–500.

Ibelings BW, Chorus AR. 2007. Accumulation of cyanobacterial toxins 
in freshwater “seafood” and its consequences for public health: A 
review. Environ Pollut. 150:177–192.

[ISO] Organization for Standardization. 1992. ISO 10260:1992 (E). In-
ternational standard. Water quality – Measurement of biochemical 
parameters – Spectrometric determination of chlorophyll-a concen-
tration.

Janse I, Kardinaal WEA, Meima M, Fastner J, Visser PM, Zwart G. 
2004. Toxic and nontoxic colonies in natural populations can be dif-



104

DOI: 10.5268/IW-4.1.627

Larson D, Ahlgren G, Willén, E.

© International Society of Limnology 2014

ferentiated on the basis of rRNA gene internal transcribed spacer 
diversity. Appl Environ Microbiol. 3979–3987.

Komárek J. 2013. Cyanoprokaryota 3. Heterocytous genera. Süsswas-
serflora von Mitteleuropa 19:3. Heidelberg (Germany): Springer-
Spektrum.

Komárek J, Anagnostidis K. 1999a. Cyanoprokaryota 1. Chroococcales 
Süsswasserflora von Mitteleuropa 19:1. Jena (Germany): Gustav 
Fisher.

Komárek J, Anagnostidis K. 1999b. Cyanoprokaryota 2. Oscillatoriales. 
Süsswasserflora von Mitteleuropa 19:2. Heidelberg (Germany): 
Elsevier.

Kotak BG, Zurawell RW, Prepas EE, Holmes FB. 1996. Microcystin-
LR concentration in aquatic food web compartments from lakes of 
varying trophic status. Can J Fish Aquat Sci. 53:1974–1985.

Kozlowsky-Suzuki S, Wilson AE, Ferrao-Filho AS. 2012. Biomagnifi-
cation or biodilution of microcytins in aquatic foodwebs? Meta-anal-
yses of laboratory and field studies. Harmful Algae. 18:47–55.

Magalhaes VF, Marinho MM, Domingos P, Oliveira AC, Costa SM, 
Azevedo LO, Azvedo SMFO. 2003. Microcystins (cyanobacteria 
hepatotoxins) bioaccumulation in fish and crustaceans from Sepetiba 
Bay (Brasil, R.J.). Toxicon. 42:289–295.

Meriluoto J, Codd GA, editors. 2005. Cyanobacterial monitoring and 
cyanotoxin analyses. ISBN 951-765-259-3. Turku (Finland): Åbo 
Akademi University Press.

Miles CO, Sandvik M, Haande S, Nonga H, Ballot A. 2013. LC-MS 
analysis with thiol derivatization to differentiate [Dhb7]- from 
[Mdha7]-microcystins: analyses of cyanobacteral blooms, Plankto-
thrix cultures and European crayfish from Lake Steinsfjorden, 
Norway. Environ Sci Technol. 47:4080–4087.

Poste AE, Hecky RE, Guildford SJ. 2011. Evaluating microcystin 
exposure risk through fish consumption. Environ Sci Technol. 
45:5806–5811.

Semyalo R, Rohrlack T, Naggawa C, Nyakairu GW. 2010. Microcystin 
concentrations in Nile tilapia (Oreochromis niloticus) caught from 
Murchison Bay, Lake Victoria and Lake Mburo: Uganda. Hydrobio-
logia. 638:235–244.

Söderhielm A-C. 1998. Förekomst av potentiellt giftproducerande 
cyanbakterier i Storsjön, Sandvikens kommun, sommaren 1997 
(Occurrence of potential toxinproducing cyanobacteria in Lake 
Storsjön). Scripta Limnologica Upsaliensia 1998 B:11. 52 p.

Tencalla FG, Dietrich DR, Schlatter C. 1994. Toxicity of Microcystis 
aeruginosa peptide toxin to yearling rainbow trout (Oncorhynchus 
mykiss). Aquat Toxicol. 30:215–224.

Thostrup L, Christoffersen K. 1999. Ackumulation of microcystin in 
Daphnia magna feeding on toxic Microcystis. Arch Hydrobiol 
145:447–467.

Tillett D, Dittmann E, Erhard M, von Döhren H, Börner T, Neilan BA. 
2013. Structural organization of microcystin biosynthesis in 
Microcytis aeruginosa PCC7806: an integrated peptide-polyketide 
synthetase system. Chem Biol. 7:753–764. 

Watanabe MM, Kaya K, Takamura N. 1992. Fate of toxic cyclic 
hepatopeptides, the microcystins, from blooms of Microcystis (Cy-
anobacteria) in a hypertrophic lake. J Phycol. 28:761–767.

Willén E. 2001. Phytoplankton and water quality characterization: 
experiences from Swedish large lakes Mälaren, Hjälmaren, Vättern 
and Vänern. Ambio. 30:529–537.

Willén E, Ahlgren G, Söderhielm A-C. 2000. Toxic cyanophytes in 
three Swedish lakes. Verh Internat Verein Limnol. 27:560–564.

Willén T, Mattson R. 1997. Water-blooming and toxin-producing cy-
anobacteria in Swedish fresh and brackish waters, 1981–1995. Hid-
robiologica. 353:181–192.

Willén E, Willén T, Ahlgren G. 1995. Skadliga cyanobakterier och alger 
i svenska sjöar. I: Skadliga alger i sjöar och hav. SNV rapport 4447.

Wilson AE, Sarnelle O, Neilan, BA, Salmon TP, Gehringer MM, Hay 
ME. 2005. Genetic variation of the bloom-forming cyanobacterium 
Microcystis aeruginosa within and among lakes: Implications for 
harmful algal blooms. Appl Environ Microbiol. 71:6126–6133. 

Williams DE, Dave SC, Kent ML, Andersen RJ, Craig M, Holmes 
CFB. 1997. Bioaccumulation and clearance of microcystins from salt 
water, mussels, Mytilus edulis, and in vivo evidence for covalently 
bound microcystins in mussel tissues. Toxicon. 35:1617–1625.

Wood SA, Briggs LR, Sprosen J, Ruck JG, Wear RG, Holland PT, 
Bloxharn M. 2006. Changes in concentrations of microcystins in 
rainbow trout, freshwater mussels, and cyanobacteria in Lakes 
Rotoiti and Rotoehu. Environ Toxicol. 21:205–222.

[WHO] World Health Organization. 2003. Guidelines for safe recrea-
tional water environments. Volume 1. Coastal and fresh waters. 
quality. Geneva (Switzerland): World Health Organization,. 

Xie L, Xie P, Guo L, Li L, Miyabara Y, Park H-D. 2005. Organ distribu-
tion and bioaccumulation of microcystins in freswater fish at 
diffefrent trophic level from eutrophic lake Chaohu, China. Environ 
Toxicol. 20:293–300. 

Zhang D, Xie P, Liu Y, Oiu T. 2009. Transfer, distribution and bioaccu-
mulation of microcystins in the aquatic food web in Lake Taihu, 
China, with potential risks to human health. Sci. Total Environ. 
407:2191–2199.


