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Harmful algae in the planktonic food web of the Baltic Sea

Pauliina Uronen

 University of Helsinki, Faculty of Biosciences, Department of 
 Biological and Environmental Sciences, 2007

This study deals with algal species occurring commonly in the Baltic Sea: haptophyte Prymnesium parvum, 
dinofl agellates Dinophysis acuminata, D. norvegica and D. rotundata, and cyanobacterium Nodularia 
spumigena. The hypotheses are connected to the toxicity of the species, to the factors determining toxicity, 
to the consequences of toxicity and to the transfer of toxins in the aquatic food web.

Since the Baltic Sea is severely eutrophicated, the fast-growing haptophytes have potential in causing 
toxic blooms. In our studies, the toxicity (as haemolytic activity) of the haptophyte P. parvum was 
highest under phosphorus-limited conditions, but the cells were toxic also under nitrogen limitation 
and under nutrient-balanced growth conditions. The cellular nutrient ratios were tightly related to the 
toxicity. The stoichiometric fl exibility for cellular phosphorus quota was higher than for nitrogen, and 
nitrogen limitation led to decreased biomass. Negative allelopathic effects on another algae (Rhodomonas 
salina) could be observed already at low P. parvum cell densities, whereas immediate lysis of R. salina 
cells occurred at P. parvum cell densities corresponding to natural blooms. Release of dissolved organic 
carbon from the R. salina cells was measured within 30 minutes, and an increase in bacterial number 
and biomass was measured within 23 h. Because of the allelopathic effect, formation of a P. parvum 
bloom may accelerate after a critical cell density is reached and the competing species are eliminated. 
A P. parvum bloom indirectly stimulates bacterial growth, and alters the functioning of the planktonic 
food web by increasing the carbon transfer through the microbial loop.

Our results were the fi rst reports on DSP toxins in Dinophysis cells in the Gulf of Finland and on PTX-2 
in the Baltic Sea. Cellular toxin contents in Dinophysis spp. ranged from 0.2 to 149 pg DTX-1 cell-1 

and from 1.6 to 19.9 pg PTX-2 cell-1 in the Gulf of Finland. D. norvegica was found mainly around 
the thermocline (max. 200 cells L-1), whereas D. acuminata was found in the whole mixed layer (max. 
7 280 cells L-1). Toxins in the sediment trap corresponded to 1 % of DTX-1 and 0.01 % PTX-2 of the 
DSP pool in the suspended matter. This indicates that the majority of the DSP toxins does not enter the 
benthic community, but is either decomposed in the water column, or transferred to higher trophic levels 
in the planktonic food chain.

We found that nodularin, produced by Nodularia spumigena, was transferred to the copepod Eurytemora 
affi nis through three pathways: by grazing on fi laments of small Nodularia, directly from the dissolved 
pool, and through the microbial food web by copepods grazing on ciliates, dinofl agellates and heterotrophic 
nanofl agellates. The estimated proportion of the microbial food web in nodularin transfer was 22-45 % 
and 71-76 % in our two experiments, respectively. This highlights the potential role of the microbial 
food web in the transfer of toxins in the planktonic food web. 

Keywords: harmful algal bloom, Baltic Sea, toxin, phytoplankton, aquatic food web, microbial food web, 
nutrients, eutrophication, DSP toxins, nodularin, allelopathy, dissolved organic carbon, sedimentation, 
toxin transfer, Prymnesium parvum, Dinophysis acuminata, Dinophysis norvegica, Dinophysis rotundata, 
Nodularia spumigena
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1 Introduction to harmful algal blooms
1.1 Species

Harmful algal blooms (HABs) are caused by 
microscopic planktonic algae, ranging in size from 
less than 10 μm to over 100 μm. Globally, about 
300 algal species cause harmful effects and about 80 
species produce toxins that can reach even humans 
through the food web (see Hallegraeff 2004 for 
review). Species that cause harmful blooms can 
occur in high abundances, like haptophytes with cell 
densities up to millions per liter (Carlsson et al. 1990), 
or they may cause negative effects at low cell densities 
counted in only few hundred cells per liter, like some 
dinofl agellates (Lindahl & Andersson 1996). 

Harmful species are found in all microalgal groups 
including for example diatoms, dinofl agellates, 
haptophytes and raphidophytes, in addition to 
cyanobacterium species. A ”harmful species” cannot 
be distinguished from others by taxonomical ways: 
Even one species can act in a harmful way, or not, 
depending on e.g. its genotype (e.g. Larsen & Bryant 
1998), growth phase (e.g. Lehtimäki et al. 1997), 
or nutrient conditions (e.g. Siu et al. 1997). The 
variety of harmful effects is large, ranging from 
toxin production to ecosystem effects and effects to 
humans. Thus, non-toxic species may be harmful 
in many ways as well. Their effects are caused 
by high biomass production, which may lead to 
oxygen depletion and consecutive fi sh kills, or by 
slime or scum production which may disturb tourism 
activities and fi sheries. Toxin producers, in turn, may 
be separated into two groups: species that produce 
intracellular toxins, and species that excrete their 
toxins into the water (GEOHAB 2001). An inventory 
of species producing toxins or causing other negative 
effects is presented in Table 1.

1.2 Algal toxins

Most hazardous algal toxins are those which cause 
paralytic shellfi sh poisoning (PSP), diarrhetic shellfi sh 
poisoning (DSP), amnesic shellfi sh poisoning 
(ASP) and ciguatera shellfi sh poisoning (CSP) to 
humans after consumption of shellfi sh. Additionally, 
cyanobacterial hepatotoxins and neurotoxins cause 
negative effects while ichtyotoxins damage fi sh. The 
harmful consequences of these toxins are presented 
in Tables 1 and 2.

PSP toxins are potential neurotoxins, which 
block the excitation current in nerve and muscle 
cells leading in worst cases to paralysis and death 
(reviewed by Wasmund 2002, Luckas et al. 2005). 
At least 21 PSP toxins have been identifi ed, the 
most acute being saxitoxin (FAO 2004). The main 
producers of PSP toxins are dinofl agellates from the 
genus Alexandrium (Hallegraeff 2004). DSP toxins, 
in turn, are grouped to okadaic acid (OA) and its 
derivatives dinophysistoxins (DTXs), pectenotoxins 
(PTXs), and yessotoxin (YTX) and its derivative. 
These toxins differ regarding to their chemical 
structure and their effects on humans, and they 
have not caused human mortalities (Burgess & Shaw 
2001). The okadaic acid group affects the intestinal 
villi causing diarrhea, pectenotoxins are hepatotoxins 
damaging the liver, and yessotoxin affects cardiac 
muscle cells (van Egmond et al. 1993). Okadaic 
acid, dinophysistoxins and pectenotoxins are 
mainly produced by dinofl agellates Dinophysis spp., 
Prorocentrum spp., and yessotoxin by Protoceratium 
reticulatum (FAO 2004). 

Cyanobacteria may produce hepatotoxins and 
neurotoxins. The most important hepatotoxins are 
microcystins and nodularin (e.g. Sivonen et al. 1989, 
Sivonen et al. 1992, Sivonen & Jones 1999), which 
inhibit the eukaryotic serine- and threonine-specifi c 
protein phosphatase 1 and 2A, act as tumor promoters 
and cause mutagenic effects (reviewed by Vaitomaa 
2006). These toxins are produced by Nodularia 
spumigena and by Anabaena and Microcystis 
genera, in addition to several other cyanobacteria. 
Cyanobacterial neurotoxins (saxitoxins and 
anatoxins) are produced by the genus Anabaena 
(reviewed by Vaitomaa 2006).

Because of the known threat of algal toxins, 
monitoring programmes are run all over the world, 
and toxin levels are followed both in the water 
and especially in shellfi sh meat in countries with 
important shellfi sh farming industry (FAO 2003). 
As a result of poisoning incidents, allowance levels 
have been recommended for many toxin groups, 
for example PSP and DSP toxins (FAO 2004). 
Cyanobacterial toxins are regularly found in drinking 
water supplies, and although acute symptoms are 
reported, a relatively low long-term exposure can 
also lead to, for example, liver damage (Fleming 
et al. 2002). Thus, standardized methods on these 
toxins (methods reviewed by Spoof 2004) are run 
for monitoring of drinking water and public beaches 
with the guidance of World Health Organization’s 
safety limits (WHO 2003).
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Table 1. Deletorious effects caused by harmful algae in coastal and brackish waters (rewritten from GEOHAB 2001; original version 
modifi ed from Zingone & Enevoldsen 2000)

Effect Examples of causative organisms

Human health
Paralytic shellfi sh poisoning (PSP) Dinofl agellates Alexandrium spp., Pyrodinium bahamense var. compressum, 

Gymnodinium catenatum, Cyanobacterium Anabaena circinalis

Diarrhetic shellfi sh poisoning (DSP) Dinofl agellates Dinophysis spp., Prorocentrum spp.
Neurotoxic shellfi sh poisoning (NSP) Dinofl agellate Gymnodinium breve

Amnesic shellfi sh poisoning (ASP) Diatoms Pseudo-nitzschia spp., Nitzschia navis-varingica

Azaspiracid shellfi sh poisoning (AZP) unknown
Ciguatera fi sh poisoning (CFP) Dinofl agellate Gambierdiscus toxicus

Respiratory problems and skin irritation, 
neurological effects

Dinofl agellates Gymnodinium breve, Pfi esteria piscida 
Cyanobacteria Microcystis aeruginosa, Nodularia spumigena

Natural and cultured marine resources
Haemolytic, hepatotoxic, osmoregulatory effects, 
and other unspecifi ed toxicity

Dinofl agellates Gymnodinium spp., Cochlodinium polykrikoides, 
Pfi esteria piscida, Gonyaulax spp., 
Raphidophytes Heterosigma akashiwo, Chattonella spp., 
Prymnesiophytes Chrysochromulina spp., Phaeocystis pouchetii, 
Prymnesium spp.
Cyanobacteria Microcystis aeruginosa, Nodularia spp.

Negative effects on feeding behaviour Pelagophyte Aureococcus anophagefferens

Hypoxia, anoxia Dinofl agellates Prorocentrum micans, Ceratium furca

Gill glogging and necrosis Prymnesiophyte Phaeocystis spp.

Tourism and recreational activities
Production of foam, mucilage, 
discolouration, repellent odour

Dinofl agellates Noctiluca scintillans, Prorocentrum spp.
Prymnesiophyte Phaeocystis spp.
Diatom Cylindrotheca closterium
Cyanobacteria Nodularia spumigena, Aphanizomenon fl os-aquae, 
Microcystis aeruginosa, Lyngbya spp.

Marine ecosystem impacts
Hypoxia, anoxia Dinofl agellates Noctiluca scintillans, Heterocapsa triquetra

Diatom Skeletonema costatum
Prymnesiophyte Phaeocystis spp.

Negative effects on feeding behaviour Pelagophytes Aureococcus anophagefferens, Aureoumbra lagunensis

Reduction of water clarity Dinofl agellate Prorocentrum minimum

Toxicity to marine wild fauna Dinofl agellates Gymnodinium breve, Alexandrium spp.
Diatom Pseudo-nitzschia australis
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1.3 Increase of HABs in the world

Harmful algal blooms occur all around the world in 
all kinds of water bodies. During recent decades, an 
increasing trend of harmful algal blooms has been 
reported in the marine coastal waters (GEOHAB 
2001), and toxic blooms are reported from new areas, 
such as South America and Thailand in addition 
to “traditional” HAB areas like North American, 
Japanese and European coasts (Hallegraeff 2004). 
One reason for the reported increase is obviously 
more intensive monitoring, but also increased 
scientifi c knowledge about the toxic species, their 
autecology and effects on the ecosystem (Hallegraeff 
1993). Thus, harmful species are more effi ciently 
found and the effects of toxins are better understood. 
In addition, methods in toxin analyses have improved, 
which has led to fi nding of new toxins. 

Due to the increased importance of aquaculture, 
fi sheries and tourism in coastal zones, negative 
economical impacts touch a larger audience. The 
effects of HABs are related to direct economical 
losses for fi sheries and shellfi sh farming, but also 
to decreased value of recreational areas and to 
general health concerns and avoidance of seafood 
consumption (Hoagland & Scatasta 2006). 
Additionally, new areas are invaded by alien species. 
One important way in more effi cient dispersal is the 
increase of maritime activities and, in consequence, 
increased ballast water discharge (International 

Maritime Organization 2006). The effects of human 
induced changes in aquatic ecosystems are under 
research. The climatic change affects for example 
water temperature, stratifi cation and freshwater 
run-off (Dale et al. 2006), and on the other hand, 
eutrophication and over-fi shing may have severe 
effects on the food web (see chapters below).

1.4 The planktonic food web and harmful 
algal blooms

1.4.1 The planktonic food web
The mechanisms behind bloom formation are in 
the heart of the HAB studies. What are the factors 
leading to HABs and increased toxin production? 
Why are some species harmful or toxic? The 
answers are searched for in bottom-up and top-down 
regulation, and in the complicated interactions within 
the planktonic food web (Fig. 1). 

Photoautotrophs (phytoplankton) use sunlight and 
CO2 producing organic matter through photosynthesis. 
In the traditional food chain, zooplankton is important 
grazer of phytoplankton (Fig. 1) and is further grazed 
by mysids and fi sh. Excretion of inorganic nutrients 
acts as feed-back from the heterotrophs to the 
autotrophs, and all the organisms release dissolved 
organic matter by excretion (Lignell 1990), viral 
induced lysis of cells (Fuhrmann 1999) and sloppy 
feeding (Strom et al. 1997) (Fig. 1). Dissolved 

Table 2. Types of harmful consequences associated with marine phytoplankton blooms (rewritten from Wasmund 2002 who refers to 
Hallegraeff 1993, Richardson 1997 and Cembella et al. 1995). Toxins abbreviated as in Table 1.

Type of toxicity Symptoms
DSP After 30 min. to a few hours: diarrhea, nausea, vomiting, abdominal pain. Chronic exposure may promote 

tumor formation in the digestive system. Recovery after 3 days, irrespective of medical treatment
PSP Tingling sensation or numbness around lips, prickling sensation in fi ngertips and toes, headache, dizziness, 

nausea, vomiting, diarrhea, muscular paralysis, respiratory diffi culty, rapid pulse, in extreme cases death 
through respiratory paralysis within 2-24 h.

ASP After 3-5 h: nausea, vomiting, diarrhea, abdominal cramps; in extreme cases decreased reaction to deep pain, 
dizziness, hallucinations, confusion, short-term memory loss, seizures

CFP Within 12-24 h gastro-intestinal symptoms: diarrhea, nausea, vomiting, abdominal pain. Neurological 
symptoms: numbness and tingling of hands and feet; cold objects feel hot to touch; diffi culty in balance; low 
heart rate and blood pressure; rashes. In extreme cases, death through respiratory failure. Neurological 
symptoms may last for months and years.

Hepatotoxins Stupor, spasm, convulsions, unconsciousness, death by causing blood to pool in the liver. This pooling can 
lead to circulatory shock within a few hours or lead over several days to death by liver failure. Non-lethal 
doses might contribute to cancer.

Neurotoxins Muscle twitching and cramping, followed by fatigue and paralysis; may cause death within minutes by 
paralysis of the respiratory muscles.

Ichtyotoxins Inhibiting the respiration of fi sh. Death of fi sh but not of men.
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organic carbon is utilized by heterotrophic bacteria 
as the base of the microbial food web (Azam et al. 
1983, Sherr & Sherr 1988, Sherr & Sherr 2000). The 
microbial food web concept adds the pathway from 
dissolved organic matter via bacteria to heterotrophic 
nanofl agellates (Fenchel 1984, Kuuppo-Leinikki 
1990) and microprotozoa (Fig. 1). Microprotozoa 
is by defi nition the functional group of unicellular 
planktonic organisms (for example ciliates and 
heterotrophic dinofl agellates) that use particulate 
organic matter as their food source (Kivi 1996). 
Ciliates, rotifers, cladocerans and young stages of 
copepods graze on heterotrophic nanofl agellates (e.g. 
Verity 1986, Stoecker & Egloff 1987, Egloff 1988), 
and ciliates are preferred food for copepods (Merrell 
& Stoecker 1998, Paper IV) (Fig. 1).

1.4.2 Bottom-up regulation and eutrophication
In addition to light and carbon, phytoplankton need 
other elements for their growth. Hydrogen, oxygen 
and nitrogen are needed most, whereas for example 
phosphorus, sulphur and potassium are needed in 
smaller amounts, and for example iron and manganese 
are needed in traces (Sterner & Elser 2002). The 
Redfi eld ratio (Redfi eld 1934) describes the general 
global phenomenon that during balanced growth, 

marine phytoplankton contain carbon, nitrogen and 
phosphorus in the average ratio of 106:16:1 by atoms. 
According to von Liebig’s Law of the minimum, 
growth is limited by the factor that is least available 
relative to the demand. In phytoplankton studies, 
nitrogen and phosphorus play the most important 
role in estimating the limiting factor. Each species 
utilizes the nutrients in a specifi c ratio under certain 
conditions (e.g. Geider & La Roche 2002), and the 
critical N: P nutrient ratio describes the conditions 
where nitrogen limitation switches to phosphorus 
limitation (or vice versa). The variation in the critical 
N:P ratio among the species together with the nutrient 
availability affects competition and leads to algal 
species succession (Sommer 1989).

Margalef (1978) combined the available nutrient 
conditions to the prevailing turbulence of the water 
column to describe how growth conditions are 
associated with certain types of species with different 
growth rates. In his model, the r strategists prevail 
in turbulent waters with high nutrient concentrations 
and grow with high growth rates, whereas species 
with the K growth strategy prefer low turbulence, 
but can grow in low nutrient concentrations with 
better competing ability for nutrients. In his model, 
diatoms represent the r strategists and dinofl agellates 
the K strategists. 

Figure 1. Interactions within the planktonic food web. Solid arrows represent carbon fl ow and dashed 
arrows represent release of dissolved organic matter. DOM and POM = dissolved and particulate 
organic matter. Redrawn with modifi cations from Sherr and Sherr (2000).
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Reynolds characterized phytoplankton species 
into three groups: the C-strategists are small-sized, 
invasive opportunists; the S-strategists are slow-
growing, nutrient stress-tolerant species; and the R-
strategists are disturbance-tolerant species (references 
in Reynolds 2006). Smayda and Reynolds (2001) used 
the models of Margalef and Reynolds to examine and 
classify the harmful dinofl agellate species in regard to 
their demand and tolerance to different nutrient and 
turbulence conditions. Their analyses resulted in a 
matrix of pelagic marine habitats, and a description 
of dinofl agellate species associated with them.

Eutrophication, which means the process of 
increased organic enrichment of an ecosystem through 
increased nutrient inputs (Nixon 1995), may lead to 
shifts in the natural species ratios in a community, 
and in worst scenarios result in dominance of harmful 
algal species. Both the increase in nutrient availability 
and changes in nutrient ratios restructure the pelagic 
food web (e.g. Sommer et al. 2002). For example, the 
increased anthropogenic nutrient input has resulted in 
an 8-fold increase of harmful algal blooms in waters 
surrounding Hong Kong (Hallegraeff 2004), and the 
increased use of urea fertilizers can be connected to 
toxic algal outbreaks (Glibert et al. 2006). Harmful 
blooms formed by haptophytes, chlorophytes and 
euglenophytes are explained as responses to coastal 
enrichment by these fast-growing species with 
invasive life-history strategies (Smayda & Reynolds 
2001). However, the mechanisms between nutrient 
inputs and the initiation of harmful algal blooms are 
not always straight-forward (GEOHAB 2006). For 
example, nitrogen limitation does not necessarily 
invoke nitrogen-fi xing cyanobacterial blooms in the 
Baltic Sea (Tamminen & Andersen 2007 in press), 
and on the other hand, the increase of HABs has been 
suggested to be a side-effect of the overall increase of 
phytoplankton biomass in the coastal areas (Riegman 
1998).

Nutrients infl uence also toxin production. Toxicity 
may increase during nutrient limitation as a result 
of cellular stress (Johansson & Granéli 1999b), and 
toxin production can be connected to the ability to 
compete for nutrients: Dinofl agellate Alexandrium 
spp. increase in toxicity when phosphorus is limiting 
their growth (Béchemin et al. 1999). Frangópulos et 
al. (2004) show that those Alexandrium species that 
have a lower ability to compete for phosphorus are 
more toxic than species with higher nutrient uptake 
affi nity under low nutrient concentrations. Thus, 
toxicity might act as a means to eliminate competitive 
phytoplankton species.

1.4.3 Top-down control
Top-down control refers to mechanisms linked to 
higher trophic levels such as grazing and predation. 
Microprotozoa (Kivi 1996), for example ciliates and 
heterotrophic or mixotrophic dinofl agellates, are 
important grazers of phytoplankton, and they may 
feed on harmful species, too (reviewed by Turner 
2006). Copepods feed on the plankton community 
which is suitable in size (Hansen et al. 1994), and 
they are able to actively choose and reject their food. 
Switching between foods enables copepods to react 
to the availability of the food, but also it leads to 
obtaining a nutritionally complete diet (reviewed by 
Kleppel 1993). Because of the lower growth rates 
of copepods compared to phytoplankton, there is a 
time-lag in the response of the copepod abundance to 
the phytoplankton growth. For example in temperate 
areas, when nutrients and light become abundant in 
spring, phytoplankton escape from grazing control 
and start to bloom (Kiørboe 1998). 

Zooplankton may have an important role in 
grazing on a harmful species at low cell densities 
(Deonarine et al. 2006), but if the harmful species has 
traits leading to avoidance of its grazing (Tillmann 
2004), other algal species may become selectively 
grazed and the harmful species may gain competitive 
advantage (Nejstgaard et al. 1997). Thus, toxin 
production may have evolved as one way to escape 
grazing (reviewed by Turner & Tester 1997, Turner 
2006). However, Turner (2006) shows that toxins 
which accumulate in the food web and cause negative 
effects on higher trophic levels, have surprisingly 
little effects on their primary grazers, which questions 
whether the algal toxins are actually effective grazer 
deterrents in the nature. 

Top-down control of the aquatic food web is 
recently severely altered by human overexploitation 
of fi sh. Removal of the top-grazers has cascading 
effects in the food web, but the connections between 
fi sheries and promotion of harmful algal blooms are 
still unclear (Turner & Granéli 2006).

1.4.4 The microbial food web
After bacteria were shown to be the major consumers 
of dissolved organic matter (Pomeroy 1974, Cole et 
al. 1982), the importance of the microbial food web 
to the marine food webs in general was recognized 
(Azam et al. 1983). The main source for dissolved 
organic matter (DOM) is undoubtedly phytoplankton 
excretion (reviewed by Dafner & Wangersky 2002), 
but sloppy feeding by zooplankton (Strom et al. 1997) 
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and viral lysis of phytoplankton cells (Fuhrmann 
1999) are important sources of DOM as well. In the 
Baltic Sea, phytoplankton excrete organic matter 
corresponding to about 10 % (annual mean) of the algal 
biomass, and bacteria satisfy 8-25 % of their carbon 
demand via uptake of these exudates (Lignell 1990). 
The microbial food web is recognized as an important 
part of the Baltic plankton community, and a whole 
spectrum of the interactions within the microbial food 
web has been studied from the sources of dissolved 
organic matter and bacterial production (Lignell 1993, 
Autio 2000) to heterotrophic nanofl agellates (Kuuppo 
1994) and ciliates as grazers (Kivi 1996, Johansson 
2002, Setälä 2004).

The interactions between harmful algae and 
different organisms belonging to the microbial food 
web, for example bacteria and ciliates (e.g. Kodama 
1990, Hansen 1991, Doucette et al. 1998), have 
been studied globally. However, there are only few 
studies that handle the whole microbial food web in 
the context of harmful algal blooms. Kamiyama et 
al. (2000) have described, how during and after a 
raphidophyte Heterosigma akashiwo bloom, bacteria 
fl ourished and heterotrophic nanofl agellates increased 
in their abundance but ciliates were absent. In another 
case, the decline of a haptophyte Phaeocystis bloom 
in the North Sea led to DOM release, which boosted 
the activity of the microbial loop (van Boekel et al. 
1992). 

In the Baltic Sea, cyanobacterial blooms have 
raised interest also with respect to dynamics of the 
microbial food web. As the cyanobacterial bloom 
decomposes, the release of organic carbon, nitrogen 
and phosphorus increases thereby supporting the 
growth of heterotrophic bacteria and other microbes 
(reviewed by Sellner 1997). Thus, a cyanobacterial 
bloom leads to increased bacterial production 
(Tamminen et al. 1984), and effective grazing control 
by heterotrophic nanofl agellates and ciliates (Kuuppo 
et al. 2003). 

Nielsen et al. (1990) describe how a heavy toxic 
Chrysochromulina spp. bloom in the Kattegat-
Skagerrak area strongly inhibited bacterial production 
and lowered bacterial cell density, but the microbial 
food web (heterotrophic nanofl agellates, ciliates 
and copepods) rapidly recovered during the bloom 
decline. Similarly, Kononen et al. (1998) have 
observed a Chrysochromulina spp. subsurface 
(10-15-m depth) bloom in the western part of the 
Gulf of Finland, together with low concentration 
of ciliates. In the surface layer, the opposite was 
found: Chrysochromulina spp. occurred in low cell 

densities and the ciliates were abundant. The authors 
suggest that the difference in the vertical distribution 
was due to the ability of the ciliates to remain in 
the surface water by active movement and due to 
their low grazing potential in the colder thermocline 
water. The authors do not refer to the toxicity of 
Chrysochromulina spp. which, however, might be 
one reason for this phenomenon. 

1.4.5 Allelopathy and mixotrophy
In addition to the bottom-up and top-down controlling 
factors, interactions between algal species shape 
the algal community as well. In a broad sense, 
allelopathy is defi ned as any process involving 
secondary metabolites produced by plants, algae, 
bacteria, and fungi that infl uence the growth and 
development of agricultural and biological systems 
(International Allelopathy Society 1996). However, 
in our and related studies, allelopathy is defi ned as 
chemical interactions among competing microalgae 
and bacteria, in which allelochemicals inhibit the 
growth of competing algae and bacteria (Legrand et 
al. 2003). Negative allelopathic effects occur when 
algal species release chemical compounds into the 
water, and in that way struggle against other species 
by hindering their growth and damaging their cells 
(Legrand et al. 2003). Allelopathy is common among 
phytoplankton species, not only among so-called 
harmful species, and allelopathic compounds can be 
non-toxic, but benefi cial in competition for limited 
resources (Fistarol 2004).

Mixotrophic species can combine autotrophic and 
heterotrophic modes of nutrition. Thus, algal species 
that are primarily photoautotrophic may utilize 
organic particles or dissolved organic substances 
(Setälä 2004 and references therein), and supplement 
their nutrition when light or inorganic nutrients are 
low (Caron et al. 1993, Arenovski et al. 1995). 
Inversely, species that are primarily heterotrophs 
may improve their survival through photosynthesis 
when food is depleted (Andersson et al. 1989). For 
example, dinofl agellates commonly feed on other 
algal species (Jacobson & Anderson 1996), and the 
haptophyte Prymnesium parvum may ingest bacteria 
(Nygaard & Tobiesen 1993) and species that are its 
potential grazers by fi rst immobilizing them with 
the toxins and then feeding them phagotrophically 
(Tillmann 2003). 
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1.5 Effects, transfer, detoxifi cation and 
degradation of algal toxins

The effects of HABs on aquatic organisms range from 
acute to chronic impacts. Exposure to algal toxins 
can lead to mass mortalities of aquatic organisms, 
but chronic, sublethal effects can have severe 
consequences to the ecosystem as well (reviewed 
by Landsberg 2002). Aquatic organisms suffer due 
to grazing inhibition which results in starvation (e.g. 
Turner et al. 1998, Sopanen et al. 2006) and reduced 
reproduction, for example reduced egg hatching 
success (e.g. Frangópulos et al. 2000). Toxic algae 
also affect negatively development and growth, as 
reported for blue mussels by Nielsen and Strømgren 
(1991). Changes in behavior include avoidance of 
the blooms and abnormal swimming direction and 
movements (e.g. Valkanov 1964, Hansen 1989).

The transfer of algal toxins has gained most 
attention in regard to accumulation to shellfi sh due 
to human exposure to the toxins through this route. 
Shellfi sh are effective in fi ltering the water which 
leads to accumulation of algal toxins in the shellfi sh 
tissues (e.g. Marasigan et al. 2001). Toxins and effects 
caused by toxins are, however, found on all trophic 
levels in the aquatic food web. Accumulated toxins 
have been found in heterotrophic dinofl agellates 
(Jeong et al. 2001), ciliates (Maneiro et al. 2000), 
copepods (e.g. Lehtiniemi et al. 2002, Karjalainen 
et al. 2006), fi sh (Kankaanpää et al. 2002b), birds 
(Gochfeld & Burger 1997) and mammals (Scholin 
et al. 2000). Cellular toxins can be incorporated 
through feeding of toxic algal cells, which is 
typical for the transfer of dinofl agellate PSP and 
DSP toxins (Maneiro et al. 2000, Hamasaki et al. 
2003). On the other hand, dissolved toxins (for 
example microcystins) may adsorb to the surfaces 
of the particles (Hyenstrand et al. 2001) and might 
be transferred to higher other trophic levels that way 
(Karjalainen et al. 2003, Paper IV).

Detoxifi cation of tissues demands resources 
which otherwise could be allocated to growth 
or reproduction. After for example nodularin is 
transferred to higher organisms, such as copepods, 
fi sh or mussels, detoxifi cation takes place in their 
tissues (e.g. Kankaanpää et al. 2002a, Sipiä et al. 
2002, Svensen et al. 2005). Depuration of copepod 
tissues occurs rapidly after the exposure to toxins 
ends: Karjalainen et al. (2006) have shown, how the 
nodularin content in copepods decreased sharply 
within less than 3 hours, but traces of nodularin still 

remained in the tissues after 24 h. Dinofl agellate 
toxins are likewise detoxifi cated. This has been 
reported with PSP toxins, produced by Alexandrium 
species, which were transformed in copepods 
(Guisande et al. 2002, Teegarden et al. 2003) and 
in mussels (Suzuki et al. 2003). In the study of 
Teegarden et al. (2003), 5 % of the ingested PSP 
toxins were found in the copepod tissues, whereas 
over 90 % of the toxins was transformed and excreted 
into the water. DSP toxins also may be transformed 
in animal tissues: for example PTX-2 can be found 
as PTX-2 seco-acid in mussels (Burgess & Shaw 
2001). In general, detoxifi cation seems to be more 
effi cient in zooplankton than in bivalves and benthic 
invertebrates (Doucette et al. 2006).

Bacteria degrade and transform toxins, and the 
toxins can be metabolized in the tissues of other 
organisms. The bacterial assembly in the water 
plays a crucial role in determining the ability and 
the rate of degradation of algal toxins (Jones et 
al. 1994, Hagström 2006 and references therein). 
For example, bacteria degrade nodularin both in 
particulate and dissolved forms, but with a different 
rate: Degradation of particulate nodularin occurs 
within few days, whereas dissolved nodularin is 
degraded within few weeks (Hagström 2006).

2 Harmful algae in the Baltic Sea
2.1 General

ICES (2006) has recently collected a list of potentially 
harmful species in the Baltic Sea. This list contains 
over 60 species with effects connected to toxicity, 
mechanical disturbance, bloom formation and water 
coloration. Due to the special salinity characteristics 
of the Baltic Sea, the species in the list range from 
freshwater to marine species. Species occurring in 
the Bothnian Bay must be adapted salinities close 
to freshwater (less than 4 psu), whereas many of 
the Atlantic species are present in the Danish 
straits, where the salinity ranges 15-35 psu. Thus, 
salinity tolerance is one of the most important 
factors determining the distribution of the species 
occupying the Baltic Sea. Most of the species 
occurring primarily in freshwaters, but are found in 
the Baltic Sea as well, are cyanobacteria, for example 
species of genera Microcystis and Anabaena. Instead, 
mainly dinofl agellates, for example Dinophysis spp., 
Protoperidinium spp., Protoceratium reticulatum 
and Alexandrium spp., but also diatoms such as 
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Pseudo-nitzschia spp. are found at the higher end 
of the salinity range.

Filamentous cyanobacteria are the most 
commonly known harmful species in the Baltic 
Sea. They have gained attention by forming dense 
surface-accumulating blooms during late summer. 
Main bloom formers are Nodularia spumigena, 
Aphanizomenon sp. and Anabaena spp. Intensive 
studies have been carried out in order to reveal the 
toxin content of these species, the effects of blooms 
on other algal species and on zooplankton, effects 
on mussels and fi sh, and the transfer of nodularin to 
higher trophic levels (e.g. Ph. D. theses of Sivonen 
1990b, Kononen 1992, Lehtimäki 2000, Engström-
Öst 2002, Kozlowsky-Suzuki 2004, Spoof 2004, 
Karjalainen 2005). 

In contrast, the toxicity of other groups of 
potentially harmful algal species is still little studied in 
the Baltic Sea (Table 3). Species such as haptophytes 
Prymnesium parvum and Chrysochromulina spp. and 
dinofl agellates Dinophysis spp. occur regularly in 
the Baltic plankton (Hällfors 2004), and they are 
well-known as potentially harmful species around 
the world (review by Hallegraeff 2004). The largest 
effects have been reported in the late 1980s, when 
haptophyte Chrysochromulina spp. caused massive 
blooms in the Skagerrak-Kattegat (Lindahl & Dahl 
1990), excreting its toxins into the water and affecting 
negatively both plankton and fi sh (Nielsen et al. 
1990). In addition, haptophyte Prymnesium parvum 
blooms associated with fi sh kills have been reported 
in Finland and Sweden (Lindholm & Virtanen 1992, 
Holmquist & Willén 1993, Lindholm et al. 1999). 

Dinofl agellate DSP toxins are not excreted into 
the water, but instead, the toxic effects are caused 
through accumulation in the food web. Thus, risks 
on human health and economics are faced mainly 
through accumulation of these toxins in shellfi sh. 
Because mussels in the Baltic Sea are not used for 
human consumption, reports on HAB events caused 
by dinofl agellates are limited, and until now, little 
is known about the toxicity of dinofl agellates in 
the main Baltic Sea. Dinofl agellate Prorocentrum 
minimum has established in the Baltic Sea during 
last decades, but no reports on the toxicity of this 
species exist in the Baltic Sea (Hajdu et al. 2005, 
Heil et al. 2005), although it is known to produce 
toxins worldwide (Heil et al. 2005). Alexandrium 
species are well known PSP toxin producers globally, 
but they have occupied the Baltic Sea only in recent 
years (Wasmund 2002). For example, A. ostenfeldii 

has created massive blooms during few last years 
around the Baltic Sea (Hajdu et al. 2006), and 
very preliminary results show that also the Baltic 
Sea strains produce saxitoxins (Anke Kremp, pers. 
comm.).

2.2 Aim of the study

In this study (Fig. 2), we examinated the toxicity of 
potentially toxic species (Papers I and III), evaluated 
factors that are connected to cellular toxicity (Paper 
I), studied the consequences of toxicity (Papers I 
and II), and estimated the transfer of toxins in the 
food web (Papers III and IV). These questions were 
studied with haptophyte Prymnesium parvum, 
dinofl agellates Dinophysis acuminata, D. norvegica 
and D. rotundata, and cyanobacterium Nodularia 
spumigena.

Our aims in the experiments with P. parvum were 
connected to (1) cellular nutrient ratios, affecting 
the haemolytic activity; (2) cellular nutrient ratios 
and cell densities, affecting the allelopathic activity; 
and (3) dissolved organic carbon release due to the 
allelopathic effects and the subsequent bacterial 
responses (i.e. changes in bacterial production and 
biomass) (Papers I and II). 

In Paper III, we studied (1) the occurrence 
and toxicity of Dinophysis species, and (2) the 
sedimentation of the DSP toxins in order to evaluate 
the pathway of toxins from the pelagic ecosystem to 
the benthos. The toxins were measured in suspended 
matter in the water column and in sedimenting organic 
matter during several weeks in late summer on one 
location in the Gulf of Finland, and the measurements 
were linked to microscopic analyses of occurrence 
of Dinophysis species.

The aim of the experiments with Nodularia 
spumigena was to evaluate three potential pathways of 
nodularin transfer to the copepods: (1) direct grazing 
on Nodularia fi laments; (2) obtaining nodularin from 
the dissolved pool; and (3) the role of the microbial 
food web in the nodularin transfer (Paper IV). 
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2.3 Species in the study and background 
to the aims 

2.3.1 Prymnesium parvum
Prymnesium parvum Carter 1937 is a haptophyte, 
with the cell size in the range of 5-15 x 5-20 μm. It has 
two fl agella and a short haptonema (Tikkanen 1986, 
Edvardsen & Paasche 1998). Recent taxonomical 
research suggests that haptophytes P. parvum and 
P. patelliferum represent different generations 
rather than separate gene pools both belonging to 
the species P. parvum (Larsen 1999). P. parvum 
occurs commonly in the Baltic Sea (Hällfors 2004). 
Globally, the maximum cell density reported in P. 
parvum blooms has reached 1 600 x 103 cells ml-1, 
and relatively dense blooms, i.e. cell abundance over 
50-100 x 103 cells ml-1, are needed to cause fi sh kills 
(Edvardsen & Paasche 1998). P. parvum releases its 
toxins into the water (Shilo & Rosenberger 1960, 
Yariv & Hestrin 1961, Igarashi et al. 1996), and the 
toxicity is caused by several compounds, but only 
two of them are described and called prymnesin-1 
and -2 (Igarashi et al. 1996, Morohashi et al. 2001). 
Because the chemical structures of the toxins are 
poorly known, quantitative measurements cannot 
be performed. Instead, toxicity in this species is 
estimated indirectly with indicators (Meldahl et al. 
1995), such as haemolytic activity on blood cells 
(Shilo & Rosenberger 1960, Igarashi et al. 1998) and 
tests on shrimp Artemia salina nauplii (Simonsen & 
Moestrup 1997). Using indicative measurements of 
toxicity causes obvious diffi culties in comparison 
between species, strains, locations and experimental 
studies. 

Valkanov (1964) examined the negative effects 
of P. parvum on a wide range of organisms from 
fl agellates, rotifers, cladocerans and copepods to 
oligochaeta and insects. The effects varied from 
cellular damage to changes in movement and death. 
P. parvum can affect the whole planktonic food 
web through the release of allelopathic compounds 
(Fistarol et al. 2003), causing the death of other 
phytoplankton species (Shilo & Aschner 1953, Shilo 
& Rosenberger 1960, Fistarol et al. 2003, Legrand et 
al. 2003, Skovgaard et al. 2003, Paper I) and ciliates 
(Granéli & Johansson 2003), and fish are killed due 
to the toxins that destroy the chloride cells in fi sh 
gills (Terao et al. 1996).

In a study by Sopanen et al. (2006), calanoid 
copepods Eurytemora affi nis and Acartia bifi losa, 
which are common in the Baltic Sea, became 
inactive, they avoided feeding and produced hardly 
any eggs during the exposure to P. parvum. Similarly, 
another copepod species (Calanus fi nmarchicus) 
showed decreased grazing rates and egestion, and 
decreased egg production and hatching success 
during a P. parvum bloom (Nejstgaard et al. 1995). 
However, in another study, small amounts of P. 
parvum offered together with another algae increased 
the egg production of copepod Eurytemora affi nis, 
which means that P. parvum could add some valuable 
elements to the copepod diet if the toxic effects were 
not too strong (Koski et al. 1999b). Besides copepods, 
rotifers suffer from P. parvum both indirectly when 
other prey items are lysed, and directly through 
ingestion of the toxic cells which decreases their 
survival (Barreiro et al. 2005). 

Figure 2. The questions in the study are connected to the occurrence of 
potentially harmful algae, to the factors controlling cellular toxicity, to the effects 
of HABs and to the transfer of the toxins in the aquatic food web.
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Besides toxin production, Prymnesium parvum 
attacks other organisms by phagotrophy (Nygaard 
& Tobiesen 1993, Tillmann 1998, Martin-Cereceda 
et al. 2003). Its prey can vary in size remarkably: it 
can utilize organisms as small as bacteria (Nygaard 
& Tobiesen 1993, Legrand et al. 2001) or large as 
dinofl agellates (Tillmann 1998).

The importance of allelopathy by P. parvum 
on the structure of plankton communities has 
been examined at high cell densities, for example 
460 x 103 cells ml-1 by Fistarol et al. (2003), but 
evidence that allelopathy plays a role at lower cell 
densities (less or equal than 10 x 103 cells ml-1) is 
scarce (Skovgaard & Hansen 2003, Skovgaard et al. 
2003). Therefore, we focused in our experiments on 
relatively low cell densities of P. parvum (fi nal cell 
densities 2 and 5 x 103 cells ml-1) and observed the 
effects on another algae, cryptomonad Rhodomonas 
salina (Paper I). To examine the combined effect of 
nutrient limitation and low cell densities, we used 
P. parvum cultures grown in three different nutrient 
treatments. The experiments were carried out with 
diluted cultures which contained both P. parvum 
cells and the fi ltrate, although allelopathy usually 
is examined using cell-free fi ltrates excluding the 
bias of potential competition between the cells and 
potential phagotrophy. It was necessary to keep P. 
parvum cells in the samples to ensure continuous 
toxin production during the experiments, because 
excreted toxins are quickly eliminated in light (Reich 
& Parnas 1962, Meldahl et al. 1995). 

Since current information on P. parvum toxicity 
is based on only single measurements, our aim was 
to follow the toxicity of P. parvum as haemolytic 
activity over a long time period (Paper I). Toxicity 
as well as particulate organic nutrients (carbon, 
phosphorus and nitrogen) were measured on 14 
days during steady state culturing. Cellular organic 
nutrient contents were used to estimate nitrogen and 
phosphorus minimum demands and nutrient ratios 
in the cells. First, the intracellular nutrient contents 
were examined in relation to haemolytic activity 
and second, in relation to the allelopathic effects 
caused by P. parvum. The aim was to evaluate the 
signifi cance of nutrient limitation to the toxicity and 
thereby to the allelopathic potential of P. parvum. 

An increase in bacterial abundance and biomass 
has been observed in fi eld studies of harmful algal 
blooms (Kamiyama et al. 2000) and harmful algae 
lyse and damage co-existing algae (Smayda 1997) 
as known with Prymnesium parvum (Fistarol et 
al. 2003, Skovgaard & Hansen 2003). Thus, our 

hypothesis was that P. parvum would enhance the 
release of dissolved organic carbon (DOC) (Bratbak 
et al. 1998) and stimulate heterotrophic production in 
the microbial food web in the same manner as viruses 
(Fuhrmann 1999). Although the effects of HAB 
species on individual components of the planktonic 
food web have gained increasing attention, very few 
data are available on such functional alterations in the 
food web. To test the hypothesis on DOC release and 
stimulation of bacteria, we followed the allelopathic 
effect of toxic Prymnesium parvum on a coexisting 
phytoplankton species, and measured the subsequent 
release of DOC and increase in bacterial production 
and biomass (Paper II). 

2.3.2 Dinophysis acuminata, D. norvegica and 
D. rotundata
Dinofl agellates Dinophysis acuminata Claparède & 
Lachmann 1859, Dinophysis norvegica Claparède 
& Lachmann 1859, and Dinophysis rotundata 
Claparède & Lachmann 1859 are common members 
of the summer plankton community in the entire 
Baltic Sea except the Bothnian Bay (Hällfors 2004). 
The cell size of D. acuminata, D. norvegica and D. 
rotundata ranges 38-51 x 22-38 μm, 56-64 x 39-45 
μm and 32-48 x 30-39 μm, respectively (Tikkanen 
1986). The ecology of Dinophysis species has been 
studied by monitoring and fi eld studies (e.g. Kononen 
& Niemi 1984, Gisselson et al. 2002, Setälä et al. 
2005, Hajdu & Larsson 2006, Hällfors et al. 2006), 
but limitations in culturing methods have prevented 
experimental studies until recently (Park et al. 2006). 
Park et al. (2006) showed that D. acuminata needs 
certain species combinations (ciliate Myrionecta 
rubra and diatom Teleaulax sp.) to be able to grow. 

The occurrence of Dinophysis species seems 
to be specialized to different layers in the water 
column: D. norvegica is often found around the 
thermocline (Paper III, Kuosa 1990, Carpenter et 
al. 1995, Gisselson et al. 2002, Hällfors et al. 2006), 
whereas D. acuminata is found in the whole photic 
layer (Paper III, Hällfors et al. 2006) and even below 
the thermocline (Setälä et al. 2005). 

The Dinophysis species produce DSP toxins 
(Table 1). These toxins are okadaic acid (OA) and 
its derivatives dinophysistoxins (DTX-1, -2 and -3), 
and pectenotoxins with their derivatives (PTX-1, -2, 
-3, -4, -6 and -7) (FAO 2004). Mussels are able to 
accumulate DSP toxins in their tissues, and therefore 
mussels cultivated for human consumption on the 
western coast of Sweden and Denmark are monitored 
for these toxins (Emsholm et al. 1996, Svensson 



17Harmful algae in the planktonic food web of the Baltic Sea

2003). In the Gulf of Finland, Pimiä et al. (1997) 
have found OA in bottom-dwelling blue mussels 
(Mytilus edulis), co-occurring with D. norvegica 
and D. acuminata in the water column, and Sipiä 
et al. (2000) have detected OA in the liver tissue 
of common fl ounder (Platichtys fl esus). Although 
Dinophysis species potentially produce DSP toxins, 
there is only one report on the toxin content in 
Dinophysis norvegica cells in the Baltic Sea before 
our study (Goto et al. 2000), and globally there are no 
measurements of sedimentation of these toxins. 

2.3.3 Nodularia spumigena
The cyanobacterium Nodularia spumigena Mertens 
ex Bornet & Flahault 1886 frequently forms extensive 
blooms in the Baltic Sea (Sivonen 1990b, Kononen 
1992, Kahru et al. 1994). The fi laments may be 
hundreds of micrometers long, with cell size of 10-12 
x <3-4 μm (Tikkanen 1986). Nitrogen is the limiting 
nutrient after the spring bloom in the Baltic Sea except 
the Bothnian Sea (Tamminen & Andersen 2007 in 
press). The lack of free inorganic nitrogen favors 
nitrogen-fi xing species, for example cyanobacteria 
Nodularia spumigena and Aphanizomenon fl os-
aquae (Niemi 1979, Lehtimäki et al. 1997, Vahtera 
et al. 2007 in press), which as a result, contribute 
substantially to the nitrogen budget in the Baltic Sea 
(Larsson et al. 2001, Stal et al. 2003, Wasmund et 
al. 2005).

Traditionally, research on harmful algal species in 
the Baltic Sea has concentrated on cyanobacteria, and 
as a consequence, cyanobacterial toxins are very well 
documented (e.g. Sivonen 1990b, Kononen et al. 1993, 
Lehtimäki et al. 1997, Spoof 2004). Cyanobacterium 
Nodularia spumigena produces hepatotoxin called 
nodularin (Sivonen et al. 1989), which is also a tumor 
promoter and carcinogenic (review by Karjalainen 
2005). Nodularin is chemically closely related to 
microcystins (Sivonen & Jones 1999), which are 
produced by cyanobacteria genera Anabaena and 
Microcystis (Vaitomaa 2006). In contrast, although 
cyanobacterium Aphanizomenon fl os-aquae forms 
dense blooms, it is considered non-toxic in the Baltic 
Sea (Sivonen et al. 1989). Nodularia spumigena 
needs warm water (20-25 °C) for its optimal growth 
(Kononen 1992), and environmental factors control 
besides growth, also its toxin production: Highest 
toxin production rates have been found at +20 °C 
and under high phosphate concentrations (Lehtimäki 
et al. 1994). Thus, increased toxin production by 
Nodularia is closely related to increased biomass 
production and growth (Lehtimäki et al. 1997, 

Hobson & Fallowfi eld 2003). Nodularin remains 
intracellular under optimal growth (10-20 % 
appearing in dissolved form), but during bloom 
decay (Codd et al. 1989, Sivonen 1990a, Lehtimäki 
et al. 1997, Rapala et al. 1997) or high temperature 
and high irradiance (Hobson & Fallowfi eld 2003), 
nodularin is released into the water. 

Because nodularin is a stable molecule (Harada et 
al. 1996), it is transferred in the aquatic food web, as 
demonstrated for example with mysids (Engström-
Öst et al. 2002b), fi sh (Sipiä et al. 2001) and eiders 
(Sipiä et al. 2003). Copepods are able to graze on 
Nodularia spumigena fi laments (Sellner et al. 1994, 
Koski et al. 1999a, Kozlowsky-Suzuki et al. 2003) 
thereby obtaining nodularin (Kozlowsky-Suzuki 
et al. 2003, Karjalainen et al. 2006). Nodularin is 
transferred to copepods directly from the water in 
dissolved form as well (Karjalainen et al. 2003), and 
it is found in their faecal pellets (Lehtiniemi et al. 
2002). Although nodularin may have negative effects 
on their reproduction (Koski et al. 1999a), copepods 
are able to produce eggs during a N. spumigena 
bloom (Koski et al. 1999a, Koski et al. 2002).

The role of the microbial food web has been 
until now overlooked in studies of toxin transfer. 
No available information exists about the role of 
the microbial loop in the transfer of nodularin, 
although the microbial community associated to 
the bloom-forming fi laments is valuable for the 
copepods (Sellner 1997, Engström-Öst 2002). We 
conducted experiments where the microbial food 
web was taken as an option in the toxin transfer. 
The experiments were designed to follow the transfer 
of nodularin to the copepod Eurytemora affi nis by 
incubating the copepods in two phases of Nodularia 
spumigena blooms. The experiments were carried 
out with natural microplankton communities grown 
in laboratory mesocosms. 

3 Methods
3.1 Experiments with Prymnesium parvum 

3.1.1 Paper I
Prymnesium parvum and Rhodomonas salina cultures: 
Prymnesium parvum (strain KAC 39, Kalmar Algal 
Collection, University of Kalmar) was grown for 8 
days in modifi ed f/20-medium in nine batch cultures 
(Guillard & Ryther 1962) after which they were 
turned into semi-continuous cultures with 20 % daily 
dilution with three different nutrient treatments. In 
the +NP treatment, the N:P molar ratio of the added 
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media was 16:1; in the –N treatment 4:1; and in the 
–P treatment 80:1 (Table 4). After 7 days, stationary 
growth was reached in all cultures, and samples were 
taken daily for nutrient analyses, cell densities and 
their chemical composition (carbon, nitrogen and 
phosphorus). Cryptomonad Rhodomonas salina 
(strain TV22/4, Tvärminne Zoological Station, 
University of Helsinki) was used in the experiments 
as a non-toxic target species. It was cultured in the 
modifi ed f/20-medium as non-axenic batch.

Cell density in the cultures: Cell density in the 
Prymnesium parvum cultures was estimated from 
fresh samples using particle counter ELZONE 
(Particle Data Inc.). Daily growth rates were 
calculated using the equation μ = (ln N1 – ln (N0*0.8): 
t), where N0 and N1 represented cell densities just 
before the 20 % dilution on consecutive days, and t 
= t1-t0 (time in days)

Nutrients and cellular chemical composition: 
Dissolved inorganic nutrients (NO3-N, PO4-P) and 
particulate organic carbon, nitrogen and phosphorus 
(POC, PON, POP) were measured daily during the 

stationary growth. Inorganic nutrients were measured 
spectrophotometrically with standard procedures 
(Grasshoff et al. 1983, Koroleff 1983), POP was 
analysed according to Solorzano & Sharp (1980) 
after addition of MgSO4 and drying, and POC 
and PON were analyzed with a mass spectrometer 
(Roboprep/Tracermass, Europa Scientifi c, UK).

Haemolytic activity: The toxicity was measured 
using a haemolytic test, Dr. Catherine Legrand 
(University of Kalmar, Sweden) being responsible 
for the analyses. The haemolytic activity of cell 
methanol extract was tested on horse blood cells as 
described by Igarashi et al. (1998) and Johansson & 
Granéli (1999b).

Experimental set-up: P. parvum grown in different 
nutrient conditions (-N, -P, +NP) was mixed with R. 
salina respectively to fi nal cell densities of 2000 + 
8000 cells ml-1 and 5000 + 5000 cells ml-1. Control 
treatments were done by mixing corresponding 
growth media with the R. salina culture. Triplicate 
samples were incubated for 0, 15, 60, 120, 180, 360 
min and 23 h. 

Table 4. Prymnesium parvum. Cultures during steady state growth (days 15-26) with 20 % daily 
dilution. Inorganic nutrients (NO3-N and PO4-P) in the infl owing and outfl owing media (n = 10), 
the daily growth rate (n = 12), particulate organic C, N and P in the cultures and per cell, and the 
particulate organic C:N, C:P and N:P molar ratios (n = 11). Mean ± S. D. Levels of signifi cance: 
*** = p < 0.001; ** = p < 0.01; * = p < 0.05, and n.s. = not signifi cant; a, b, c indicate groups of treatments 
with signifi cant differences with at least p < 0.05 (redrawn from Paper I).

+NP -N -P
nutrients in the infl owing media:
                                    NO3-N (μM) 58 16 80
                                    PO4-P (μM) 3.6 4 1
                                    N:P 16.1:1 4:1 80:1
nutrients in the outfl owing media:
                                    NO3-N (μM) 1.1 ± 0.2 0.5 ± 0.1 11.6 ± 1.7
                                    PO4-P (μM) 0.6 ± 0.2 2.2 ± 0.2 0.3 ± 0.2
cell density (cells ml-1)*** 3.6 ± 0.2 x 105 a 1.5 ± 0.2 x 105 b 3.1 ± 0.1 x 105 c

daily growth rate n.s. 0.21 ± 0.07 0.18 ± 0.06 0.22 ± 0.08
POC μM *** 622.7 ± 56.9 a 261.6 ± 59.8 b 617.0 ± 79.1 a

PON μM *** 59.0 ± 4.0 a 24.1 ± 4.0 b 60.5 ± 4.8 a

POP μM *** 3.8 ± 0.4 a 2.1 ± 0.4 b 1.9 ± 0.3 c

POC (pg C cell-1) ** 20.5  ± 1.9 a 22.2 ± 3.8 a,b 24.6 ± 2.8 b

PON (pg N cell-1) *** 2.3 ± 0.1 a 2.4 ± 0.2 b 2.8 ± 0.2 c

POP (pg P cell-1) *** 0.32 ± 0.03 a 0.46 ± 0.06  b 0.19 ± 0.03 c

POC:PON n.s. 10.5 ± 0.6 10.8 ± 1.1 10.2 ± 0.9
POC:POP *** 166.4 ± 15.5 a 124.3 ± 11.7 b 339.6 ± 68.1 c

PON:POP *** 15.8 ± 1.2 a 11.6 ± 0.9 b 33.1 ± 4.4 c
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Allelopathy: The allelopathic effect of Prymnesium 
parvum was expressed as the proportion of damaged R. 
salina cells relative to the total number of cells present 
at each time. The cells were counted as damaged when 
the cell still had a visible form but had a damaged cell 
structure. The cell number of Rhodomonas salina was 
counted with a light microscope using the Utermöhl 
technique (Utermöhl 1958).

Statistical analyses: To analyse the results of the 
Prymnesium parvum cultures (POC, PON, POP, cell 
densities, growth rate, haemolytic activity), we used 
the one-way repeated measures analysis of variance, 
and to analyse the effects on Rhodomonas salina, we 
used the one-way analysis of variance and the t-test. 
If conditions for ANOVA (normality and equality of 
variances) were not met, the non-parametric Kruskall-
Wallis test was used. The Student-Newman-Keuls 
method was used for pairwise multiple comparisons 
if a signifi cant difference between the groups was 
found. 

3.1.2 Paper II
Experimental set-up: For experiments on bacterial 
responses caused by P. parvum allelopathic activity, 
nitrogen limited P. parvum cultures were used as 
described for Paper I. Two experiments were done: 
in the fi rst (Experiment A), allelopathic effects, and 
bacterial production, cell number and biomass were 
observed for 23 h (incubation times 0, 1, 2, 3, 6, 12 
and 23 h) with six treatments (three replicates for 
each time point). Because the results showed that the 
release of dissolved organic carbon was rapid (within 
minutes), and the measurements on dissolved organic 
carbon needed shorter time intervals for sampling, 
a second experiment (Experiment B) was carried 
out with incubation times of 0, 1, 3, 15 and 30 min 
with three treatments. In the second experiment, 
dissolved organic carbon was measured in addition 
to the measurements on allelopathy, bacterial 
production and abundance. In both experiments we 
used treatments with mixtures of Prymnesium + 
Rhodomonas cultures; GF/C fi ltrate of Prymnesium 
+ Rhodomonas, and as control Rhodomonas + 
growth medium (Fig. 3). In the fi rst experiment, we 
used additionally three treatments: <3 μm fi ltrate of 
Prymnesium cultures + Rhodomonas; <3 μm fi ltrate 
of Rhodomonas + Prymnesium; and as second control 
Prymnesium + growth medium (Fig. 3). Bacteria in 
the experiments were those originally associated 
with the Prymnesium parvum and Rhodomonas 
salina cultures. The treatments were planned to get 
information on allelopathic activity of the whole 

P. parvum culture and two different fi ltrates of P. 
parvum to R. salina cells. The treatment without R. 
salina cells but bacteria (<3 μm fi ltrate of the R. 
salina culture) acted as control for bacterial responses 
when allelopathy was absent. The cell-free fi ltrates 
were regularly checked for the presence of algae or 
bacteria. No algae and 1.5 % of the bacteria passed 
fi ltration through the GF/F fi lters. Correspondingly, 
87-89 % of bacteria passed fi ltration, when the < 
3μm fi ltrates were prepared from the P. parvum and 
R. salina cultures. 

Allelopathy: Allelopathic activity was measured 
as described for Paper I.

DOC measurements: Each replicate was fi ltered 
through an acid washed and precombusted GF/F 
fi lter into a precombusted glass vial with HCl, 
which lowered the pH immediately. The DOC 
concentrations were measured on the next day with 
a Shimadzu TOC-V CPH carbon nitrogen analyzer. 
For theoretical calculations of DOC release from 
Rhodomonas salina cells, we used a carbon content 
of 42 pg cell-1 (Koski et al. 1998).

Bacterial production: Bacterial production was 
measured using the tritiated thymidine incorporation 
method (TTI) (Fuhrman & Azam 1982, Smith & 
Azam 1992). The incorporated thymidine was 
counted with a Wallac Winspectral 1414 Liquid 
Scintillation Counter. A conversion factor of 1.1 
x 1018 cells per moles of incorporated thymidine 
was used to calculate cell production (cells ml-1 h-1) 
(Riemann et al. 1987). The bacterial cell production 
was further calculated to turnover rates (h-1) by 
relating the bacterial cell production to bacterial 
abundance. It was thus possible to compare the 
treatments, even if the bacterial density varied due 
to different mixtures of the cultures and fi ltrates, 
and due to changes during the incubation. Total 
bacterial production as carbon (μg C ml-1) during 
the experiment was calculated by multiplying the 
cell production rate (cells ml-1 h-1) with the cellular 
carbon content and incubation time. 

Bacterial number and cell size: A subsample 
was stained with 4’6-diamidino-2-phenylindole 
(DAPI) (Porter & Feig 1980), and counted using 
an epifl uorescence microscope (Leitz Diaplan) with 
100x oil immersion objective and UV excitation 
light. Bacterial cell volumes were measured using an 
image analysis system (Leitz Aristoplan microscope 
with Photometrics AT200 Camera System, PMIS 
3.0 Image Processing Software, Labview for 
Windows 3.1.1. by National Instruments), and 
their volume was calculated using the formula 
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V = (Π/4) x width2 x (length-width/3). Cellular 
carbon content was obtained by converting the cell 
volume of to carbon with a conversion factor 0.35 pg 
C μm-3 (Bjørnsen 1986). The biomass of bacteria was 
obtained by multiplying the cellular carbon content 
with the bacterial cell density. 

Statistical analyses: Analysis of variance 
(ANOVA) and Tukey’s HSD post hoc test were 
used to compare bacterial cell numbers and DOC 
concentrations between and within the treatments. 
The non-parametric Kruskall-Wallis test was used 
for analyzing changes in bacterial biomass and 
turnover rates, when the requirements of normality 
and equality in variances were not fulfi lled. 

3.2 Dinophysis spp. occurrence and 
toxicity

3.2.1 Paper III
Dinophysis spp. occurrence: Water samples were 
taken in the Gulf of Finland open sea area, at station 
Längden (Fig. 4), on 6 occasions: on 27 July, 02 
August, 05 August, 18 August, 01 September, and 
15 September 2004. The thermocline was determined 
with a CTD (conductivity-temperature-density probe) 
cast after which samples were taken in a vertical 
series (0 m, 10 m, several around the thermocline, 
and 1-2 below the thermocline). A subsample for 
microscopical analyses was fi xed with acidic Lugol´s 
solution and examined with inverted microscope 

Figure 3. Prymnesium parvum and Rhodomonas salina. Schematic representation of treatments used in 
Paper II for Experiments A and B. In Experiment B, treatments Prym + Rho, Prym-c-b + Rho, and Rho 
control were used (double frame). Symbols: P = Prymnesium parvum cells, R = Rhodomonas salina cells, 
● = bacteria associated with the P. parvum culture, O = bacteria associated with the R. salina culture 
(redrawn from Paper II).
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using the Utermöhl method (Utermöhl 1958), and 
another subsample was analysed fl uorometrically 
(Shimadzu RFPC 5001; calibrated with pure 
Chl a; Sigma Aldrich) for Chl a after methanol 
extraction.

DSP samples: On each sampling occasion, 
a 160-L water sample was collected from one or 
two depths from the lower part of the thermocline 
using a hose and a peristaltic pump. The sample was 
fi rst fi ltered through a 150 μm mesh net in order 
to remove zooplankton and larger aggregates, after 
which it was concentrated to 1-2 -liter volume by 
inverse fi ltration through 20 μm and 25 μm mesh 
nets. From the concentrates, 2 to 3 replicate samples 
were prepared by fi ltering the concentrate on GF/A 
fi lters and frozen immediately. Each fi lter contained 
on average 3.2 x 105 (range 2.2 x 102 to 9.7 x 105) 
Dinophysis cells.

Sedimentation: To measure sedimentation, an 
automatic sediment trap (Technicap, model PPS 4/3, 
height 1.2 m, collecting area 0.05 m2) was installed 
at 40 m depth, close to the vertical water sampling 
site (59º47.383´N; 23º19.669´E; depth 50 m) (Fig. 

4). The trap collected sedimenting material from the 
beginning of August to the beginning of October. 
Each sample was a result of a 3-d period. Prior to 
the deployment of the trap, the sampling bottles 
were fi lled with formaldehyde and brine (salinity 
11) in order to prevent decomposition and diffusion 
of material from the sampling bottle, respectively, 
during the sampling period (Knap et al. 1996). In 
the laboratory, a subsample from each sampling 
bottle was fi ltered onto GF/A glass fi ber fi lter and 
stored frozen until the analysis of DSP toxins. For 
visual examination of the sedimented material by 
microscopy, another subsample was fi xed with 
formaldehyde. 

DSP toxin analyses: The research group of prof. 
Berndt Luckas (University of Jena, Germany) was 
responsible for the DSP toxin analyses. DSP toxin 
profi les were analyzed using HPLC-MS methodology 
(Goto 2001, Quilliam 2003). Material on the GF/A 
fi lters was extracted with methanol-water solution. 
The DSP toxins were detected by LC/MS mass 
spectrometer (Single Quadrupole LC/MS mass 
spectrometer API 165EX, Applied Biosystems). Due 

Figure 4. Sampling station (Längden) 
at the entrance of the Gulf of Finland, 
northern Baltic Sea (redrawn from Paper 
III).
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to low DSP toxin content in the trap samples, three 
successive samples (i.e. 9 days of sampling) were 
pooled for fi nal DSP toxin analyses.

Calculation of sedimentation: Sedimentation rates 
(ng m-2 d-1) for DTX-1 and PTX-2 were calculated 
according to the JGOFs methods, by dividing the 
measured toxin concentrations with the number of 
deployment days and the trap area (Knap et al. 1996). 
The measured DTX-1 and PTX-2 concentrations (ng 
L-1) in the suspended sample from the thermocline 
region were calculated per m-2, assuming that the 
concentration was constant throughout the water 
column above the sediment trap (0 to 40 m). This 
assumption leads to a conservative estimate of the 
proportion entering the benthos. The m-2 values on 
each sampling occasion (ng m-2) were then integrated 
over the time period between 03 August and 05 
September. Sedimentation rates (ng m-2 d-1) of the 
toxins were summed over a period that covered the 
sampling occasions (August 3 to September 19, 
altogether 6 weeks), and divided by the integrated 
toxin concentration in the water column. This 
quotient (x 100) was used as the percentage of the 
suspended PTX-2 and DTX-1 toxins (% 6 week-1) 
found in the sediment traps.

3.3 Experiments with Nodularia spumigena

3.3.1 Paper IV
Experimental set-up: Plankton fractions (´total´, 
<45 μm, <20μm, <10 μm, <3 μm and <0.2 μm) 
were prepared from natural Baltic Sea communities 
grown in mesocosms and spiked with cultured 
Nodularia spumigena (strain KAC 13, Kalmar 
University, Sweden). In experiment I, two types of 
Nodularia spumigena were present in the samples: 
long-chained fi laments, with cell size 3.5-6 x 10-13 
μm and a short morphotype, with cell size 2-4 μm x 
4-5 μm. In experiment II, only the long-chained form 
was present. In this text, we call the long-chained 
form natural Nodularia, and the small morphotype 
small Nodularia. Copepod Eurytemora affi nis was 
incubated in the different plankton size fractions for 
24 hours. The animals originated from the Gulf of 
Finland, and they had grown in cultures at Tvärminne 
Zoological Station, Finland, without ever being in 
contact with Nodularia spumigena, thus containing 
no nodularin prior to the experiments. Thirty-fi ve 
copepods were incubated in a 1.1-liter glass bottle, 
and 5 bottles with added copepods and 2 bottles 
without copepods as controls were used for each 
plankton fraction. 

Sampling and microscopy: After incubation, the 
copepods were hand-picked for nodularin analyses. 
Before and after the incubation, subsamples 
of different plankton fractions were fi xed with 
glutaraldehyde, and stained with profl avine for 
fl agellate and picocyanobacteria counts or with 
DAPI for bacterial counts. These samples were 
counted with an epifl uorescence microscope using 
blue and ultraviolet excitation wavelengths. Other 
subsamples were preserved with Lugol´s solution 
and analysed for larger phytoplankton and faecal 
pellets with inverted light microscopes. Before and 
after incubation, subsamples of all plankton fractions 
were also fi ltered to GF/F fi lters for particulate 
nodularin analyses, except the <0.2 μm fraction 
where nodularin was analysed in dissolved form. 

Nodularin analyses: The research group of prof. 
Berndt Luckas (University of Jena, Germany) was 
responsible for the nodularin analyses. Nodularin 
in the particulate and dissolved forms and in the 
copepods was analyzed with HPLC-MS with 
electrospray ionization (ESI) (Dahlmann et al. 2003). 
Water analysis for nodularin basically followed 
ISO 20179:2005 (Water quality - Determination of 
microcystins - Method using solid phase extraction 
(SPE) and high performance liquid chromatography 
(HPLC) with ultraviolet (UV) detection). Instead 
of ultraviolet detection the same LC-MS method as 
described by Dahlmann et al. (2003) was used. 

Calculations and statistical analyses: The species 
were converted to carbon using the following 
conversion factors: bacteria 0.35 pg C μm-3 (Bjørnsen 
1986), picoplankton 0.22 pg C μm-3 (Børsheim & 
Bratbak 1987), dinofl agellates pg C cell-1 = 0.760 x 
volume0.819 (Menden-Deuer & Lessard 2000); other 
algal groups 0.11 pg C μm-3 (Edler 1979), and ciliates 
0.19 pg C μm-3 (Putt & Stoecker 1989). Clearance 
and ingestion rates were calculated according to Frost 
(1972) by comparing the abundance of plankton cells 
before and after incubation with copepods to the 
average of the controls. Weight-specifi c grazing was 
calculated using the carbon content of 3.6 μg C ind-1 
for Eurytemora affi nis (Koski 1999). The Chesson 
selection index α was estimated as the ratio of the 
grazed units in the diet to the availability of certain 
food in the incubation bottles (Chesson 1983). One 
way ANOVA was used to compare copepod clearance 
rates on the plankton groups. Kruskal-Wallis one 
way analysis of variance on ranks was used if all 
the groups were not normally distributed. Student-
Newman-Keuls method was used as post-hoc test to 
reveal the groups that differed from others. Dunnett’s 
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method was used to distinguish those food groups 
which were signifi cantly preferred in the copepods’ 
diet. Linear regression was performed to examine 
which variables explained variances in copepod 
nodularin contents, and to examine the interaction 
between HNF densities and bacterial growth rates. 
The following equation was used in order to estimate, 
how much of the nodularin found in the copepods was 
obtained through the microbial food web: NODmicr 
= NODZ – NODfi l – NODdiss; and further: the 
proportion of the microbial food web = NODmicr 
/ NODZ x 100 %. In the equation: NODmicr is the 
amount of nodularin originating from the microbial 
food web; NODZ is the amount of nodularin found 
in the copepods after incubation in the different size 
fractions; NODfi l is the amount of nodularin obtained 
through direct grazing of the Nodularia fi laments 
(estimated by linear regression); NODdiss is the 
amount of nodularin found in the copepods after 
incubation in the <0.2 μm size fraction.

4 Results and discussion
4.1 Prymnesium parvum

4.1.1 Factors controlling toxicity and bloom 
formation
The toxicity of the haptophyte Prymnesium parvum 
was highest in phosphorus limited conditions (Paper 
I), which is in accordance with a previous study 
of Johansson & Granéli (1999b). Also nitrogen 
limitation caused increased toxicity, and P. parvum 
was toxic under nutrient-balanced conditions as well 
(Fig. 5 and Table 4). The toxicity of the cells varied 
during growth (Paper I). The N: P ratio in the P. 
parvum cells was 16 ± 1: 1 , 12 ± 1: 1 and 33 ± 4: 
1 in the balanced, nitrogen-limited and phosphorus-
limited cultures, respectively. Information on the 
critical nutrient ratio of P. parvum is scarce, and 
species-specifi c critical ratios can vary largely. For 
example, haptophyte Pavlova lutheri is known to 
have a critical N: P ratio as high as 40: 1 with high 
growth rates (Terry et al. 1985). 

Figure 5. Prymnesium parvum. Haemolytic activity (SnEq pg cell-1) in the -P, -N and +NP 
treatments. The arrow shows the beginning of the daily dilution with nutrient modifi ed media. 
The lines represent the mean haemolytic activity in each treatment during steady state growth 
(redrawn from Paper I).
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In addition to nutrients, pH affects the toxicity of 
algae (Shilo 1971, 1981, Schmidt & Hansen 2001, 
Hansen & Hjorth 2002). Dense blooms are likely 
to become toxic because of nutrient limitation, but 
also because of the increased pH in the water. For 
example, during fi sh kills in a brackish-water lake in 
Finland, the pH was 8.9-9.4 (Lindholm et al. 1999). 
In our cultures, however, the increase of pH was 
prevented by gentle bubbling of air in the culture 
vessels. There is no consensus on how other factors, 
such as light, temperature and salinity, control the 
toxicity of P. parvum (reviewed by Larsen & Bryant 
1998).

The fl exibility in cellular phosphorus content was 
higher than for nitrogen, and nitrogen limitation led 
to smaller standing stocks. In our phosphorus-limited 
cultures the lowest cellular phosphorus content was 
0.19 ± 0.03 pg cell-1. The cellular nitrogen content 
was reasonably constant (2.4 ± 0.2, 2.8 ± 0.2 and 
2.3 ± 0.1 pg cell-1 in the nitrogen and phosphorus-
limited and in the balanced growth conditions, 
respectively) (Table 4) (Paper I). These values were 
lower than previously reported cellular nutrient 
values (Johansson & Granéli 1999b), and because 
our results are based on a relatively long period of 
culturing, these cellular nutrient contents can be used 
as estimates of minimum nutrient demands in the 
P. parvum cells to maintain the very basic cellular 
functions. 

Fast-growing species seem to gain advantage of 
eutrophication and increased nutrient input (Reynolds 
2006). HAB species that are r strategists with high 
growth rates often cause high biomass accumulation 
and fi sh kills due to toxin excretion (Stolte & 
Garcés 2006). The haptophyte Prymnesium parvum 
belongs to this group, because it gains advantage of 
imbalanced nutrient conditions through increased 
toxin production. In the Baltic Sea, combination of 
phosphorus and nitrogen limitation controls the late 
summer phytoplankton growth (Lignell et al. 2003), 
but high N: P ratios may be found locally (Lindholm 
et al. 1999) or during exceptionally high land run-
off (Lindahl & Dahl 1990). Our results show that 
both nitrogen and phosphorus limitation increases 
the toxicity of this species (Paper I). In addition, P. 
parvum escapes grazing through production of toxins 
that kill or harm grazers such as ciliates, rotifers and 
copepods (e.g. Granéli & Johansson 2003, Barreiro 
et al. 2005, Sopanen et al. 2006). 

Toxic Prymnesium parvum blooms have been 
reported in the northern Baltic Sea (Lindholm & 
Virtanen 1992, Holmquist & Willén 1993, Lindholm 

et al. 1999), in addition to several haptophyte 
Chrysochromulina spp. blooms in the Skagerrak-
Kattegat (Edvardsen & Paasche 1998). These blooms 
have caused fi sh kills and affected the whole plankton 
community. Because this species, together with 
haptophyte Chrysochromulina species, are abundant 
in the Baltic plankton, the potential in causing similar 
blooms also in the future is obvious. It is, in fact, 
interesting that similar blooms are not reported 
annually. Estimates of factors promoting bloom 
formation include increased nutrient input, warm and 
calm weather creating a strong pycnocline, and their 
toxin production (Lindahl & Dahl 1990), but toxic 
haptophyte bloom dynamics are still insuffi ciently 
understood for predicting their occurrence.

4.1.2 Allelopathy
In both of our studies, haptophyte P. parvum had 
strong negative effects on another phytoplankton 
species, cryptomonad Rhodomonas salina, caused 
by allelopathic componds released into the water 
(Papers I and II). Exposure to P. parvum inhibited the 
growth of R. salina or destroyed the cells completely: 
P. parvum damaged R. salina cells already when it 
occurred at low cell density (2 x 103 cells ml-1). 
This could be seen as deformation of R. salina cell 
structures and damages in the cell membrane (Figs. 
6A & B). A higher P. parvum cell density (5 x 103 
cells ml-1) led to signifi cant decrease in the R. salina 
cell density, and after 23 h, only 48 ± 2 – 63 ± 7 % of 
the R. salina cells remained (Figs. 6C & D) (Paper 
I). Thus, we can conclude that P. parvum affects 
co-occuring algal species even at low cell densities 
through the compounds it releases into the water, 
and thereby removes competing species. The nutrient 
conditions are important for toxin production, as seen 
in the experiment where the P. parvum cell density of 
5 000 cells ml-1 was used: the cellular nutrient ratio 
could explain 75 % of the variation in the allelopathic 
effect (r2 = 0.751; p < 0.001). These observations 
are in accordance with Keating (1977), who points 
out that allelopathy, in addition to light, nutrients 
and predation, is one of the major factors affecting 
succession of phytoplankton species. 

With a P. parvum cell density that corresponds to 
bloom conditions (64 x 103 cells ml-1), all R. salina 
cells were completely lysed within few minutes (Figs. 
7A & B), and also the two fi ltrates prepared from the 
dense P. parvum cultures signifi cantly reduced the 
growth of R. salina (Figs. 7A & B) (Paper II). Similar 
results with P. parvum and Chrysochromulina spp. 
on several phytoplankton species have been reported 
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by Schmidt (2001), Tillmann (2003), and Fistarol 
et al. (2003). 

In addition to competitive species, the 
allelochemicals of P. parvum affect in a similar way 
also grazers, such as ciliates (Fistarol et al. 2003, 
Granéli & Johansson 2003). During a P. parvum 
bloom in Åland, all the rotifers and cladocerans were 
removed and ciliates were present only at low cell 
densities (Lindholm et al. 1999).

Other Baltic Sea species release allelopathic 
compounds as well. Cyanobacteria Nodularia 
spumigena, Aphanizomenon fl os-aquae and 
Anabaena spp. produce metabolites that reduce 
the cell densities of diatom Thalassiosira spp. and 
cryptomonad Rhodomonas sp., whereas P. parvum is 
reported to be resistant to these chemicals (Suikkanen 
et al. 2004). The authors suggest that the resistance 
of P. parvum would be a result of co-evolution, 

since it co-occurs with these cyanobacteria during 
the summer in the Baltic Sea, in contrast to spring 
bloom diatoms. Some strains of dinofl agellates 
Alexandrium minutum and A. tamarense, which 
occur in the Danish straits at salinity of 30 psu, 
immobilize other dinofl agellates by their exudates. 
It is noteworthy that immobilization happened in 
the study with no correlation to the concentration of 
the PSP toxins (Tillmann & John 2002). In addition 
to damaging effects, allelochemicals can induce 
temporary cyst formation of dinofl agellates, as shown 
with Scrippsiella trochoidea, when it was exposed 
to fi ltrates of dinofl agellate Alexandrium tamarense 
and haptophyte Chrysochromulina polylepis. The 
reaction of S. trochoidea shows that it has receptors 
for allelochemicals, and the cyst formation could be 
a mechanism to escape the toxic conditions (Fistarol 
et al. 2004).

Figure 6. Rhodomonas salina cell density (% of the beginning) and damaged cells (% of the total cell density). 
Prymnesium parvum cell density was (A & B) 2 000 cells ml-1 and (C & D) 5000 cells ml-1. Mean ± S.D. (n = 3) in the 
-P, -N and +NP treatments (redrawn from Paper I).



Monographs of the Boreal Environment Research No. 28Uronen26 

4.1.3 Indirect effects on bacteria
In our studies with the haptophyte Prymnesium 
parvum, allelopathy led to increased concentrations 
of dissolved organic carbon (DOC) in the water 
(Paper II). In the mixture of whole cultures of P. 
parvum and R. salina, the DOC concentration 
increased from 5.05 ± 0.06 to 5.47 ± 0.12 mg C L-1 
during 30 min (ANOVA, p < 0.01). In contrast, in the 
treatment with the P. parvum fi ltrate or in the R. salina 
control, no signifi cant changes could be measured. 
Previously, e.g., Søndergaard et al. (2000) have 
reported a steep increase of DOC in 5 days during 
a freshwater diatom bloom, which was explained to 
be a result of algal lysis. In natural situations, algae 

excrete more dissolved organic matter into the water 
when they grow in suboptimal conditions and their 
production is relatively low (van Boekel et al. 1992, 
Maurin et al. 1997).

The bacterial turnover rates were high during the 
fi rst 3 h, after which they decreased. The average 
turnover rates varied between 0.02 to 1.16 h-1, which 
equals to 0.4 and 27.9 d-1. These rates are relatively 
high compared to values reported from natural sea 
areas; for example, 0.04 to 0.34 d-1 in the Baltic 
Sea (Lignell et al. 1992) and 0.03 to 0.37 d-1 in the 
East China Sea (Shiah et al. 2001). On the other 
hand, Hagström et al. (2001) have reported turnover 
rates between 0.48 and 2.4 d-1 in the Mediterranean 
Sea using nucleoid-containing bacterial cells for 
calculations. Possibly, the growth conditions in the 
laboratory cultures made it possible for bacteria to 
grow with these high rates. For example, the culture 
media were rich in inorganic phosphorus (Paper I). 
In the control treatment, P. parvum and R. salina 
cultures were mixed with their growth media, and 
bacteria may have benefi ted from this nutrient and 
volume addition. The high rates may also indicate 
imbalanced thymidine uptake with no corresponding 
cell division.

The bacterial cell number and biomass increased 
signifi cantly when the whole cultures of P. parvum 
and R. salina cells were mixed together. The cell 
number increased in 23 h by 66 ± 13 % (ANOVA, 
p < 0.001) (Fig. 8A) and the biomass by 49 ± 12 % 
(K-W, p = 0.05) (Fig. 8B). Similarly, the bacterial 
biomass increased in the treatments with P. parvum 
fi ltrate addition. In the controls, bacterial biomass did 
not change signifi cantly. Furthermore, the bacterial 
biomass was not affected in the treatment, from 
which R. salina cells were removed, but P. parvum 
cells and bacteria from both cultures were present 
(Fig. 8A & B) (Paper II). 

Fistarol et al. (2003) observed similarly an 
increase of bacterial cell density after a P. parvum 
fi ltrate was mixed to a natural plankton community. 
Because some bacteria are able to degrade toxins, 
it is important, which bacterial species are present 
when a harmful algal species releases allelopathic 
compounds. These bacteria can protect toxin-
sensitive algal species and fi nally even prevent the 
development of a harmful algal bloom (Hulot & 
Huisman 2004). Doucette et al. (1998) suggest in 
their model that the bacterial species composition 
changes during the development and the decline 
of a harmful algal bloom, so that attached bacteria 
and species that decompose complex algal organics 
would be selectively stimulated. 

Figure 7. Rhodomonas salina (A) cell density in mixtures 
with P. parvum culture (Prym + Rho), P. parvum <3 μm 
fi ltrate (Prym-c + Rho), P. parvum GF/F fi ltrate (Prym-c-b 
+ Rho) or growth medium (Rho control). (B) Proportion 
(%) of R. salina cells with damage in cell structures of the 
total cell density. P. parvum cell density 64 x 103 cells ml-
1. Mean ± S.D. (n = 3; Rho control n = 2). (redrawn from 
Paper II).
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Our results suggest that an increase in bacterial 
production and biomass might stimulate the microbial 
loop during a harmful bloom, and thereby the carbon 
fl ux would be altered from the pre-bloom conditions. 
Thus, a shift in the plankton community occurs, and 
the production of fl agellates that are main consumers 
of bacteria, would eventually also increase (Kuuppo-
Leinikki 1990, Kuuppo-Leinikki et al. 1994). 
Giannakourou et al. (2005) observed indications 
of the shift in the ciliate community when toxic P. 
parvum cultures were mixed with natural Baltic Sea 
ciliate communities. Some of the ciliate species, for 

example Mesodinium sp., were more resistant to the 
toxins of P. parvum and fi nally bacterivorous ciliate 
species were favored (Giannakourou et al. 2005). 

In addition to the direct competitive advantages of 
allelopathy, P. parvum is a mixotroph and may thus 
profi t indirectly from the release of dissolved organic 
matter. Mixotrophy, especially bacterivory, has 
been suggested to be an effi cient strategy to acquire 
nutrients and other growth factors in oligotrophic or 
nutrient-depleted conditions (Nygaard & Tobiesen 
1993, Legrand et al. 2001, Stibor & Sommer 2003). 
Thus, the ability of P. parvum to actively enhance 

Figure 8. (A) Bacterial abundance and (B) change (%) in bacterial biomass during 
12 hours. Mean ± S.D. (n = 3; Rho control n = 2) (redrawn from Paper II).
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nutrient incorporation into bacterial biomass by 
allelopathy followed by bacterivory, can be a strategy 
to further improve its competitive performance, and 
boost the development of a bloom. 

4.2 Dinophysis acuminata, D. norvegica 
and D. rotundata

4.2.1 Toxicity and occurrence in the Baltic Sea
Toxins produced by dinofl agellates are still poorly 
known in the Baltic Sea. During summer 2004, 
dinophysistoxin-1 (DTX-1) and pectenotoxin-
2 (PTX-2) were found in water samples close to 
Hanko peninsula (Längden), in the Gulf of Finland 
(Paper III). The samples contained Dinophysis 
acuminata, D. norvegica and D. rotundata, D. 
acuminata being the dominant species (Table 5). 
The cellular toxin contents in Dinophysis spp. 
ranged from 0.2 to 149 pg DTX-1 cell-1 and from 1.6 
to 19.9 pg PTX-2 cell-1 (Table 5). These DSP toxin 
concentrations are in accordance with Dinophysis 
cellular toxicity in other marine waters (Lee et al. 
1989, Suzuki et al. 1996, MacKenzie et al. 2005), 
and with measurements by Goto et al. (2000) who 
found OA and DTX-1 after hydrolysis of Baltic 
Sea Dinophysis norvegica cell extracts. Since our 
study, PTX-2 and PTX-2sa have been found in the 
Baltic proper Dinophysis spp., and OA in D. acuta 
in the Danish straits (Kozlowsky-Suzuki et al. 2006) 
(Table 3). 

During summer 2006, we took additional DSP 
samples from 51 locations along the whole southern 
coast of Finland, Gulf of Finland. PTX-2 and 
PTX-2 seco-acid, a group of PTX toxins with the 
same molecular weight than PTX-1, DTX-2, and 
yessotoxin were found (Uronen, Kuuppo, Kremp, 
Erler & Tamminen, unpublished data). In summer 

2006, we did not fi nd DTX-1 as in summer 2004, 
and okadaic acid was not found in either of the 
years. This was the fi rst time that yessotoxin, which 
is associated to Protoceratium reticulatum which 
commonly occurs in the Baltic Sea (Hällfors 2004), 
was found in the Baltic Sea (Table 3). 

In summer 2004, D. acuminata occurred regularly 
above the thermocline, in contrast to D. norvegica, 
which was found regularly at the thermocline region 
(Fig. 9) (Paper III). The cell density of D. acuminata 
was as high as 7 200 cells L-1, and that of D. norvegica 
ranged 40-200 cells L-1 (Fig. 9). D. rotundata was 
relatively evenly distributed throughout the water 
column, with cell densities between 20 and 920 
cells L-1 (Fig. 9). The occurrence of Dinophysis 
spp. is determined partly by salinity (Godhe et al. 
2002), but mainly by the stability of the thermocline 
(Delmas et al. 1992). However, in the Baltic Sea, 
the factors linked to Dinophysis spp. occurrence are 
still largely unknown. Kononen and Niemi (1984) 
analyzed monitoring data from years 1968-1981, 
and they conclude that clear connections between 
environmental changes and the abundance of D. 
acuminata or D. norvegica could not be found. In 
addition, it seems that the abundances of these two 
species were unrelated. Consequences of climate 
change could lead to increased stratifi cation of the 
water column if the sea water temperature rises, which 
could favor these species (Dale et al. 2006). Because 
dinofl agellates are a heterogeneous group, with species 
ranging from obligate autotrophs to mixotrophs (Li et 
al. 1996), the variety of factors governing their growth 
and toxicity is also wide. For example Alexandrium 
minutum, which currently occurs in the Kattegat and 
Belt Sea area has a salinity range from 37.5 down to 
7.5 psu. Its toxicity is enhanced by low temperatures, 
high salinities and low phosphorus concentrations 
(Hwang & Lu 2000). In contrast, although indications 
on increased toxicity under nutrient limited growth 
are reported for Dinophysis species (Johansson et al. 
1996), their obligatory need for mixotrophic feeding 
(Park et al. 2006) blurs the role of inorganic nutrients 
in toxin production. 

Field studies and regular monitoring show that 
dinofl agellate Dinophysis species are an important 
part of the plankton community, and they contribute to 
the total phytoplankton biomass by 20-95 % (Finnish 
Environment Institute database, unpubl. data). 
Valuable information about long-time trends exists 
in these national databases, which have been used 
relatively little for examination of the importance of 
these species in the Baltic Sea. However, the data also 
contains shortages regarding sampling methods, as 

Table 5. Sampling date (in year 2004), depth from where 
the sample for the DSP toxins was taken, percentage of D. 
acuminata, D. norvegica, and D. rotundata in the sample, 
and DTX-1 and PTX-2 concentrations calculated per cell (all 
Dinophysis species included) (modifi ed from Paper III).
Date Sampling 

depth (m)
% D. acuminata/
D. norvegica/
D. rotundata

DTX-1 
(pg cell-1)

PTX-2 
(pg cell-1)

27 Jul 23 59/39/2 0 6.7
02 Aug 25 59/38/3 0 1.7
05 Aug 34 76/0/24 0 1.6

25 72/0/28
18 Aug 27 97/0/3 0.2 19.9
01 Sep 23 74/0/26 125 19.9
15 Sep 22 97/0/3 149 19.2
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the routine samples are taken from the photic layer 
(for example 2 x Secchi-depth in Finland), regardless 
of the location of the thermocline. Our results (Fig. 
9) (Paper III), and results by Hällfors et al. (2006) 
show, however, that especially D. norvegica is found 
close to the thermocline whereas D. acuminata and 
D. rotundata are found in the whole mixed layer. 
Therefore a majority of the Dinophysis cells may 
escape sampling done for monitoring purposes. 

It is likely that other dinofl agellates are also toxic 
in the Baltic Sea. Very recent preliminary results show 
that Alexandrium ostenfeldii, which has formed dense 
blooms in the Åland area, produces saxitoxins (Anke 
Kremp, pers. comm.). Thus, invading alien species 
may be potentially toxic like Prorocentrum minimum 
and Alexandrium spp., but established dinofl agellates 
still need examination in their toxicity, too.

4.2.2 Transfer of DSP toxins
To study the downward fl ux of DSP toxins, we used 
an automatic sedimentation trap which collected 
sedimenting material for two months close to the 
Hanko peninsula, Gulf of Finland (Paper III). The 
same toxins (DTX-1 and PTX-2) as in the suspended 
matter in the water column were found in the 
sedimenting matter, and the calculated sedimentation 
rates were 79-190 and 0.6-15.4 ng m-2 d-1 for DTX-1 
and PTX-2, respectively (Table 6). When the toxins 
in the sedimenting matter were compared to those 
in the suspended matter, the amount of toxins were 
found to be relatively low, and we estimate that 1 % 
of DTX-1 and 0.01 % of PTX-2 of the suspended 
toxins actually entered the benthos. 

The low sedimentation rates imply that DSP 
toxins were either decomposed, transformed to other 
derivatives, or moved along the pelagic food web to 
higher trophic levels. However, it is noteworthy that 

okadaic acid has previously been found in fl ounder 
(Sipiä et al. 2000) and blue mussel tissues (Pimiä 
et al. 1997). Copepod fecal pellets are suspected to 
be potential vectors for the transfer of DSP toxins 
to the benthos (Maneiro et al. 2002, Wexels Riser 
et al. 2003). Although only a fraction of produced 
copepod fecal pellets sediment out of the surface 
layer (Viitasalo et al. 1999), enough sedimentation 
occurs for toxin accumulation in benthic animals. 

Although copepods act as a link in the 
dinofl agellate toxin transfer in the oceans (Maneiro 
et al. 2000), their role in the Baltic Sea is currently 
under consideration. Recent studies show that 
Baltic copepods are able to graze on dinofl agellate 
Dinophysis species (Kozlowsky-Suzuki et al. 2006, 
Setälä et al. submitted manuscript). However, in a 
fi eld study conducted in the Danish straits, only one 
zooplankton sample contained very low amounts 
of OA (Kozlowsky-Suzuki et al. 2006), and Setälä 
et al. (submitted manuscript) report that in grazing 
experiments with copepods Eurytemora affi nis and 
Acartia bifi losa, PTX-2 could be measured in the 
copepods only in few cases. In addition, they found 
PTX-2 in zooplankton only at two locations (Längden 
and LL3, Gulf of Finland) when zooplankton samples 
for DSP measurements were taken from 13 stations in 
different parts of the northern Baltic Sea. However, 
PTX-2 seco-acid was found in the zooplankton net 
samples at 9 of the 13 locations. 

Our observations from summer 2006 support these 
results. We took 36 times zooplankton samples (>100 
μm fraction) along the southern coast of Finland in 
the Gulf of Finland, and only two of these samples 
contained PTX-2. Based on these preliminary 
results, we suggest that the link to higher trophic 
levels through zooplankton seems unimportant in 
the Baltic Sea (Uronen, Kuuppo, Kremp, Erler & 
Tamminen, unpublished data). Grazing experiments 
in the oceans show that zooplankton ingest toxic 
Alexandrium species (e.g. Frangópulos et al. 2000, 
da Costa & Fernández 2002), but potentially toxic 
Alexandrium species are only recently introduced to 
the Baltic Sea, and knowledge on their effects in the 
local plankton system is entirely lacking.

Table 6. Calculated sedimentation rates for DTX-1 and PTX-2 
in sedimenting organic matter in year 2004 (modifi ed from 
Paper III).

Period DTX-1 
(ng m-2 d-1)

PTX-2 
(ng m-2 d-1)

05-14 Aug 0 0
14-23 Aug 184 15.4
23-31 Aug 190 2.7
01-10 Sep 79 0.6
10-19 Sep 79 1.2
19-28 Sep 114 2.0
29 Sep-07 Oct 129 1.6
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Figure 9. Distribution of Dinophysis acuminata, Dinophysis norvegica, and Dinophysis rotundata, in relation 
to temperature and Chl a. Note different scales in the top x-axis (redrawn from Paper III).

4.3 Nodularia spumigena

4.3.1 Transfer of nodularin 
The biomass of Nodularia spumigena was at the 
beginning of the fi rst experiment 58 μg C l-1, which 
is slightly higher than average Nodularia bloom 
biomass (8-31 μg C l-1) in the Gulf of Finland, 
Baltic Sea, whereas at the beginning of the second 
experiment, the biomass was 215 μg C l-1, which is 
in the range of maximum values (77-320 μg C l-1) 
in the same area (Kanoshina et al. 2003). The initial 
nodularin concentrations (387 and 199 ng l-1) were in 

the range of natural concentrations in the Baltic Sea 
(80-18 700 ng l-1) (Kononen et al. 1993). 

Copepods in the Baltic Sea obtain nodularin 
mainly through grazing on toxic fi laments (e.g. 
Engström-Öst et al. 2002b, Kozlowsky-Suzuki et 
al. 2003, Karjalainen et al. 2006), but also directly 
from the water (Karjalainen et al. 2003). We wanted 
to examine the transfer of nodularin in more detail, 
and especially we focused on the importance of the 
microbial food web in the toxin transfer (Paper IV). 
The results revealed that nodularin was transferred to 
the copepod Eurytemora affi nis through all plankton 
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size fractions in our two experiments. The copepods 
contained nodularin 14.7 ± 11.9 and 6.6 ± 0.8 pg ind-1 
after incubation in the whole plankton community 
(Table 7). Lower concentrations (1.3 ± 2.8 and 5.6 
± 1.3 pg ind-1) were found in the copepods after 
incubation in the pre-screened <45, <20, <10 <3 
and <0.2 μm fractions (Table 7). This indicated that 
copepods which were incubated in the presence of 
dissolved nodularin incorporated nodularin as well. 
In both of our experiments, large fi laments of natural 
Nodularia were avoided, and the ingestion rates were 
negative, but in the fi rst experiment, small Nodularia 
fi laments were grazed in the proportion they were 
available without signifi cant preference or avoidance. 
Grazing on the small fi laments correlated with the 
amount of nodularin found in the animals. Ingestion 
of these small Nodularia fi laments accounted for 39 
% of nodularin found in the animals (r2 = 0.39, p 
< 0.05). However, the correlation was not strong 
enough to exclude other pathways to the animals. 

The copepod clearance rates were the highest for 
dinofl agellates and large and small ciliates. In the fi rst 
experiment, dinofl agellates and small ciliates were the 
most important carbon sources in the total plankton 
community, and they covered 64 % and 27 % of the 
ingested carbon, respectively. Although large ciliates 
were preferred food, they were not an important 
carbon source due to their relatively low cell density. 
Also in the second experiment, dinofl agellates were 
the most important carbon source (66 % of ingested 
carbon) in the total plankton community, and large 
and small ciliates corresponded to 13 and 10 % of 
ingested carbon, respectively. Our results support 
previous studies that although E. affi nis prefers 
ciliates as food, it is able to feed on nanoplankton 
as well (Stoecker & McDowell Capuzzo 1990 and 
references therein, Merrell & Stoecker 1998).

The removal of ciliates led to cascading effects in 
the microbial food web during the two experiments, 
and the linear negative relationship between 
heterotrophic nanofl agellate abundance and bacteria 
was strong (r2 = 0.81; p < 0.001 and r2 = 0.83, p 
< 0.001, in the two experiments respectively). In 
the fi rst experiment, the ingestion of dinofl agellates 
by copepods correlated with the nodularin transfer 
(r2 = 0.47, p = 0.01). Recent studies reveal that 
dinofl agellates are more often mixotrophs than 
known before with the ability to utilise organic matter 
for their growth (review by Hansen 1998). Thereby 
they act as a trophic link and modify the nutritional 
value of the food for the copepods (Ptacnik et al. 
2004). Thus, nodularin transfer via dinofl agellates 
cannot be excluded from our results, but instead, it 
raises questions for future studies.

The copepods obtained roughly 2-3 times more 
nodularin in the <45, <20 and <10 μm fractions than 
in the <0.2 μm fraction (Table 7). This indicates 
that nodularin was mainly transferred from other 
organisms to the animals. The results from the 
second experiment were especially interesting in 
this comparison, because these small fractions did 
not contain any Nodularia fi laments, whereas in 
the fi rst experiment, a part of the nodularin was 
obtained via grazing directly on the fi laments of 
small Nodularia. The animals obtained as much 
nodularin from particulate form as from the dissolved 
form in the <20 and <10 μm fractions in the fi rst 
experiment, and in the <45 and <10 μm fractions in 
the second experiment, and the level of nodularin 
in the animals was similar in both experiments. 
Although the results show that feeding on organisms 
of the microbial food web was an important source of 

Table 7. Nodularin (pg ind-1) in the copepod Eurytemora 
affi nis after incubation. Mean ± S.D. (n = 5 replicates with 35 
copepods in each)  (redrawn from Paper IV).

EXP 1 EXP 2
total 14.7 ± 11.9 6.6 ± 0.8
<45 μm 5.6 ± 1.3 3.5 ± 3.3
<20 μm 3.8 ± 2.6 –
<10 μm 4.3 ± 2.6 4.2 ± 4.7
<3 μm 1.3 ± 2.8 3.7 ± 4.1
<0.2 μm 1.7 ± 3.8 1.6 ± 3.5

In a previous study, Karjalainen et al. (2003) 
incubated Eurytemora with labelled dissolved 
nodularin at an initial concentration signifi cantly 
higher than in our experiments, but nodularin found 
in the animals was similar to our results. Thus, 
the possibility that copepods obtain nodularin 
directly from the water has to be taken in account, 
when considering the possible routes in nodularin 
accumulation. However, nodularin is a hydrophobic 
compound which is known to easily attach on 
surfaces (Hyenstrand et al. 2001). Therefore it is 
possible that some of the toxin may be adsorbed on 
the copepod’s surface instead of being incorporated 
in the tissues. If so, the toxin does not interfere with 
the metabolism of the animals and degradation of the 
toxin will not take place in the animal. The copepods 
would still act as vectors to higher trophic levels also 
with adsorbed nodularin.
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nodularin for the copepods, the results do not show if 
the obtained nodularin originated from the surfaces 
of the particles (Hyenstrand et al. 2001), thereby 
refl ecting overall grazing on any particles. However, 
although nodularin might have been adsorbed on 
the surfaces of for example bacteria, grazing on 
bacteria by heterotrophic nanofl agellates (as seen in 
the experiments), would have resulted in nodularin 
transfer in the tissues of the organisms on the higher 
trophic levels in the microbial food web.

Comparison of the different size-fractions suggests 
that nodularin incorporated in the copepods in the 
dissolved fraction corresponded to 16 ± 7 % and 24 
± 3 % of nodularin found in the ‘total’ in the two 
experiments, respectively. In the <10, <20 and <45 
μm fractions, this proportion was between 28 ± 15 
% and 39 ± 13 %. Grazing on Nodularia spumigena 
fi laments during the fi rst experiment accounted for 
39 % of nodularin transfer (according to linear 
regression), but in contrast, during the second 
experiment, we could not verify any importance of 
this route. Combining these results gives us a rough 
estimate of 22-45 % obtained from the microbial 
food web during the fi rst experiment, and 71-76 % 
during the second experiment. These results suggest 
an important role of the microbial food web in the 
toxin transfer. To our knowledge, no previous studies 
on this topic exist. 

As a conclusion, nodularin was transferred to 
the copepod Eurytemora affi nis through all three 
potential pathways: (1) grazing on fi laments of 
small Nodularia, (2) directly from the dissolved pool, 
and (3) through the microbial food web by copepod 
grazing on ciliates, dinofl agellates and heterotrophic 
nanofl agellates. The estimated proportion of toxin 
transfer through the microbial food web was 22-45 % 
and 71-76 % in our two experiments. This highlights 
the potential role of the microbial food web in the 
transfer of HAB toxins in aquatic ecosystems.

4.4 Summary and concluding remarks

Our studies were connected to the toxicity of 
potentially toxic algal species (Papers I and 
III), to factors determining toxicity (Paper I), to 
consequences of toxicity (Papers I and II) and to 
the transfer of toxins in the aquatic food web (Papers 
III and IV) (Fig. 2). 

In Paper I, we measured the toxicity of the 
haptophyte Prymnesium parvum. The stoichiometric 
fl exibility for cellular phosphorus quota was higher 
than for nitrogen, and nitrogen limitation led to 

decreased biomass. The haemolytic activity of P. 
parvum was highest under phosphorus-limited 
conditions, but the cells were toxic also under 
nitrogen limitation and under nutrient-balanced 
growth conditions. The cellular nutrient ratios 
refl ected the toxicity to a large extent. 

In Papers I and II, we studied the consequences 
of allelopathic effects of P. parvum. Negative 
effects on another algae Rhodomonas salina, like 
damage in cell structures, could be observed already 
at low P. parvum cell densities (2 000 cells ml-1). 
Reduced growth and immediate lysis of R. salina 
were observed at higher P. parvum cell densities (64 
000 cells ml-1). Release of dissolved organic carbon 
from the R. salina cells was observed within 30 
minutes, leading to an increase in bacterial number 
and biomass within 23 h. 

In Paper III we observed the dinofl agellates 
Dinophysis acuminata, D. norvegica and D. 
rotundata. In our monitoring study in the Gulf of 
Finland, D. norvegica was found mainly around the 
thermocline, whereas D. acuminata was found in 
the whole mixed layer. Our measurements on DSP 
toxins revealed that the cellular toxin contents in 
Dinophysis spp. ranged from 0.2 to 149 pg DTX-1 
cell-1 and from 1.6 to 19.9 pg PTX-2 cell-1. These 
were the fi rst reports on DSP toxins in Dinophysis 
cells in the Gulf of Finland and on PTX-2 in the 
Baltic Sea. We found that toxins in the sediment trap 
corresponded to 1 % of DTX-1 and 0.01 % PTX-2 of 
the DSP pool in the suspended matter. This indicated 
that the majority of the DSP toxins did not enter the 
benthic community. 

In Paper IV, we estimated the transfer of nodularin 
to the copepod Eurytemora affi nis. We found that 
nodularin was transferred to the copepods through 
three pathways: by grazing on fi laments of small 
Nodularia, directly from the dissolved pool, and 
through the microbial food web by copepods 
grazing on ciliates, dinofl agellates and heterotrophic 
nanofl agellates. The estimated proportion of the 
microbial food web was 22-45 % and 71-76 % in 
our two experiments, respectively. 

Two potential risks can be pointed out in regard to 
the harmful algal species in the Baltic Sea. First, since 
the Baltic Sea is severely eutrophicated (Larsson 
et al. 1985), the high nutrient levels offer the fast-
growing haptophytes the potential of causing toxic 
blooms (Reynolds 2006). For example haptophytes 
Prymnesium parvum and Chrysochromulina spp. are 
well-known for their negative effects on the whole 
plankton community and on fi sh (e.g. Nielsen et al. 
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1990, Edvardsen & Paasche 1998, Fistarol et al. 
2003). 

Second, the Baltic Sea faces pressure by invading 
alien species. Oil transport and maritime activities 
have been increasing during the current years 
remarkably, and species causing harmful effects 
in other marine waters are potentially entering the 
Baltic ecosystem. Highest risks include dinofl agellate 
Alexandrium species which produce toxins causing 
paralytic shellfi sh poisoning, for example saxitoxins. 
Recent fi ndings of saxitoxin producing Alexandrium 
ostenfeldii in the Finnish Archipelago indicate that 
this scenario is already taking place (A. Kremp, 
pers. comm.). Although species from other parts of 
the world have to be taken seriously, also species 
already occupying the Danish straits might expand 
their occurrence. For example Alexandrium minutum 
has a wide salinity tolerance, which would allow it 
to occur in the Baltic proper as well (Hwang & Lu 
2000). 

The factors behind toxin production and 
occurrence of Dinophysis species are complicated, 
including inorganic nutrient ratios in the water 
(Johansson et al. 1996), and the stability of the 
thermocline (Delmas et al. 1992). In addition, these 
species need certain co-occurring species in order 
to get specifi c organic matter by mixotrophy (Park 
et al. 2006). This connects the Dinophysis species 
tightly to the plankton food web interactions, and 
increases the challenges in evaluating the factors that 
control their growth. 

Because mussel industry is practiced only in 
the Danish straits (Svensson 2003), the risks of 
dinofl agellate toxins on human health or economics 
are limited in the rest of the Baltic Sea. However, 
although transfer of DSP toxins to shellfi sh has 
been studied around the world, surprisingly little 
is known about the transfer to fi sh (FAO 2004). 
Results from the Gulf of Finland indicate transfer of 
dinofl agellate toxins to fl ounders (Sipiä et al. 2000), 
which should be examined further in detail. Since the 
Dinophysis species belong naturally to the plankton 
community in the Baltic Sea, there is no reason to 
aim at reducing their occurrence, but there is a need 
of understanding the factors controlling their toxicity 
and succession.

The haptophyte P. parvum affects the functioning 
of the microbial community remarkably. As seen 
in our studies, the lysis of non-toxic species and 
the following release of dissolved organic matter 
stimulate bacterial growth (Paper II). Although P. 
parvum is known to affect the planktonic community 

in a severe negative way, a part of the bacterial 
community benefi ts from the extra release in organic 
substrates. Thus, some of bacterial species which 
grow together with P. parvum are not killed by 
the otherwise toxic compounds, and they are able 
to utilize the remains of the destroyed plankton 
species. 

On the other hand, our study with Nodularia 
spumigena show the potential of the microbial food 
web as a link in toxin transfer (Paper IV). Nodularin 
produced by the cyanobacterium Nodularia 
spumigena may enter the food web from the dissolved 
form and be transferred to higher trophic levels such 
as copepods (Karjalainen 2005). This is especially 
important during late phases of the cyanobacterial 
bloom when the release of the toxins is highest 
(Sivonen & Jones 1999). Ciliates and heterotrophic 
nanofl agellates are important food sources for 
copepods (e.g. Stoecker & McDowell Capuzzo 
1990, Paper IV), and the microbial community is 
active in and around cyanobacterial fi laments during 
the decay of the bloom (Engström-Öst et al. 2002a). 
Because nodularin is chemically closely related to 
microcystins, which are produced by for example 
freshwater Microcystis and Anabaena species 
(e.g. Vaitomaa 2006), our results can be applied as 
hypotheses in studies on the role of these toxins in 
lakes and low-salinity areas as well. 

This study shows that the planktonic community 
of the Baltic Sea contains a variety of potential 
harmful algal species, and their growth and toxicity 
are controlled by interactions within the pelagial 
food web. Harmful algal species affect negatively 
co-occurring species by excretion and release of toxic 
and allelopathic compounds, and the microbial food 
web is restructured when most species are destroyed 
but some endure the toxic conditions. Toxin transfer 
occurs as well through the microbial food web as 
through sedimenting to the benthic community. 
Thus, harmful algal species have effects on the whole 
planktonic food web in the Baltic Sea.

Yhteenveto
Tutkimus käsittelee Itämeressä esiintyviä haitallisia 
planktonleviä: Prymnesium parvum -tarttumalevää, 
Dinophysis acuminata-, D. norvegica- ja D. rotun-
data -panssarisiimaleviä, sekä Nodularia spumigena 
-syanobakteeria. Hypoteesit liittyvät lajien myrkyl-
lisyyteen, myrkyllisyyteen vaikuttaviin tekijöihin, 
myrkyllisyyden seurauksiin, ja levämyrkkyjen siir-
tymiseen ravintoverkossa.
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Nopeasti kasvavat tarttumalevät voivat hyötyä 
Itämeren rehevöitymisestä ja muodostaa myrkylli-
siä leväkukintoja. Tutkimuksissamme Prymnesium 
parvum -tarttumalevä oli myrkyllisin silloin, kun fos-
forin puute rajoitti sen kasvua. Myrkyllisyys mitattiin 
hemolyyttisenä aktiivisuutena. Merkittävää on, että 
laji oli kokeissamme myrkyllinen myös typpirajoit-
teisissa olosuhteissa ja olosuhteissa, joissa ravinteita 
oli sopivassa suhteessa kasvua varten. Solunsisäiset 
ravinnepitoisuudet olivat tiukasti sidoksissa solujen 
myrkyllisyyteen. Fosforipitoisuus vaihteli soluissa 
huomattavasti enemmän kuin typpipitoisuus, ja typen 
puute johti biomassan vähenemiseen. Näin ollen vaa-
timukset solujen sisäisestä ravinnesuhteesta olivat 
joustavampia fosforin osalta. Havaitsimme, että P. 
parvumin veteen erittämät allelopaattiset yhdisteet 
vahingoittivat toista, myrkytöntä levälajia (Rhodo-
monas salina) jo alhaisissa solutiheyksissä. Korke-
ammissa solutiheyksissä, jotka vastasivat luonnossa 
havaittuja kukintoja, R. salina -solut hajosivat välit-
tömästi joutuessaan kosketuksiin P. parvumin kanssa. 
Tämän seurauksena liuenneen orgaanisen hiilen pi-
toisuus kasvoi vedessä 30 minuutissa, ja bakteerien 
lukumäärä ja biomassa kasvoivat 23 tunnin sisällä. 
Muiden levälajien tuhoaminen allelokemikaaleilla 
vähentää kilpailua ja voi näin edistää haitallisen lajin 
kasvua. Haitallinen leväkukinta hyödyttää epäsuo-
rasti osaa bakteereista. Tällöin ravintoverkon hiilen 
virtaus muuttuu ja mikrobisilmukan merkitys voi-
mistuu.

Panssarisiimalevien myrkkyjä ei ole aiemmin 
mitattu Suomenlahden levistä, ja PTX-2 -myrkkyä 
löydettiin nyt ensimmäisen kerran Itämeren panssa-
risiimalevistä. Löysimme Suomenlahden Dinophy-
sis-panssarisiimalevistä DTX-1 -myrkkyä (0.2-149 
pg solu-1) ja PTX-2 -myrkkyä (1.6-19.9 pg solu-1). 
Seuratessamme näiden panssarisiimalevien esiin-
tymistä huomasimme, että D. norvegica esiintyi 
yleensä lähellä lämpötilan harppauskerrosta (max. 
200 solua L-1), kun taas D. acuminata esiintyi koko 
sekoittuvassa vesipatsaassa (max. 7280 solua L-1). 
Pohjan lähelle asennettuun sedimentaationoutimeen 
laskeutui noin 1 % ja 0.01 % vesipatsaan DTX-1- ja 
PTX-2 -myrkyistä. Tämä viitaa siihen, että suurin 
osa näistä myrkyistä ei tavoita pohjaeläimistöä, vaan 
joko hajoaa ennen vajoamistaan tai siirtyy ravinto-
verkossa eteenpäin.

Syanobakteeri Nodularia spumigenan tuottama 
nodulariini-myrkky siirtyi Eurytemora affi nis –han-
kajalkaiseen kolmea reittiä pitkin: Hankajalkaiset 
söivät pieniä Nodularia-rihmoja, hankajalkaisiin 
siirtyi veteen liuennutta nodulariinia, ja mikrobisil-
mukka toimi linkkinä niin, että nodulariinia siirtyi 

hankajalkaisiin, kun ne söivät ripsieläimiä, panssari-
siimaleviä ja heterotrofi sia siimaeliöitä. Mikrobisil-
mukan kautta hankajalkaisiin siirtyneen nodulariinin 
osuus oli toisessa kokeessamme 22-45 % ja toisessa 
71-76 %. Mikrobisilmukan rooli myrkkyjen siirty-
misessä planktisessa ravintoverkossa voi siten olla 
merkittävä.
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