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INTRODUCTION

Extensive late-summer cyanobacterial blooms domi-
nated by the nitrogen-fixing filamentous species
Nodularia spumigena and Aphanizomenon flos-aquae
are common in the brackish Baltic Sea (Kahru et al.

1994). N. spumigena is a harmful species due to its abil-
ity to produce nodularin, a hepatotoxic cyclic pentapep-
tide (Sivonen et al. 1989). Nodularin has been identified
as an inhibitor of protein phosphatases 1 and 2A
(Yoshizawa et al. 1990) and a potent tumor promoter
(Nishiwaki-Matsushima et al. 1992). Cyanobacterial
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ABSTRACT: Nodularia spumigena Mertens ex Bornet & Flahault 1886 (Cyanophyceae) frequently
forms harmful blooms in the Baltic Sea, and the toxin nodularin has been found in calanoid copepods
during the blooms. Although nodularin has been found at higher trophic levels of the food web, no
available information exists about the role of the microbial loop in the transfer of nodularin. We fol-
lowed the transfer of nodularin to the copepod Eurytemora affinis during conditions that resembled
initial ‘pre-bloom’ (Expt 1) and late stationary (Expt 2) phases of a N. spumigena bloom. The experi-
ments were carried out using natural plankton communities spiked with cultured N. spumigena and
grown in laboratory mesocosms, and E. affinis, which were isolated from the Baltic Sea and had no
prior contact with nodularin. The plankton community was divided into 6 size fractions as follows:
<150, <45, <20, <10, <3 and <0.2 µm, in which E. affinis was incubated for 24 h. Ingestion and clear-
ance rates, food selection and faecal pellet production were based on microscopical analyses. Nodu-
larin was measured with HPLC-MS with electrospray ionization in the copepods, as well as in dis-
solved and particulate fractions before and after incubation. We found that nodularin accumulated in
copepods in all the plankton size fractions. The copepods contained nodularin concentrations of
14.3 ± 11.6 (mean ± SD) and 6.6 ± 0.7 pg ind.–1 after incubation in the <150 µm fraction in Expt 1 and
Expt 2, respectively, while the range in the smaller size fractions was from 1.3 ± 2.8 to 5.7 ± 1.3 pg
ind.–1. Nodularin was transferred to the copepods through 3 pathways: (1) by grazing on filaments of
small N. spumigena, (2) directly from the dissolved pool, and (3) through the microbial food web by
copepods grazing on ciliates, dinoflagellates and heterotrophic nanoflagellates. The relative impor-
tance of direct grazing on small N. spumigena filaments varied from moderate to insignificant. The
microbial loop was important in nodularin transfer to higher trophic levels. Our results suggest that
the importance of the microbial loop in harmful algal bloom (HAB) toxin transfer may be underesti-
mated both in marine and freshwater systems.
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toxins are usually intracellular during exponential
growth, but are released into the water when the bloom
decays (Lehtimäki et al. 1997). Nodularin is a stable
molecule; i.e. nodularin levels can stay constant for at
least 40 d in sterile seawater, but in non-sterile condi-
tions degradation is faster (Hagström 2006).

Copepods are able to graze on Nodularia spumigena
(Sellner et al. 1994, Koski et al. 1999, Kozlowsky-
Suzuki et al. 2003). As a result, nodularin is incorpo-
rated into their body tissues (Kozlowsky-Suzuki et al.
2003, Karjalainen et al. 2006) and partly transferred to
the faecal pellets (Lehtiniemi et al. 2002). From the
copepods, nodularin can be transferred through the
aquatic food web, as demonstrated in mysids
(Engström-Öst et al. 2002b) and fish (Sipiä et al. 2007).

Although copepods can acquire nodularin by direct
grazing on Nodularia spumigena filaments, other path-
ways are also possible. Karjalainen et al. (2003) sug-
gested that copepods may obtain dissolved nodularin
directly from the water or via ciliates, which in turn are
able to take up dissolved nodularin. However, the role
of the microbial loop (bacteria, heterotrophic nano-
flagellates) in the nodularin transfer is still unclear. The
microbial loop is generally an important link in the
transfer of dissolved organic matter from bacteria via
bacterivore flagellates and ciliates to crustacean zoo-
plankton (Azam et al. 1983, Kuuppo-Leinikki et al.
1994). During the Baltic cyanobacterial bloom, bacter-
ial production increases significantly (Kuosa & Kivi
1989) and the bacteria are actively grazed by hetero-
trophic flagellates and small ciliates (Kuuppo-Leinikki
1990, Sellner 1997). Ciliates, in turn, are further con-
trolled by copepods. Thus, a bloom of filamentous
cyanobacteria forms a rich planktonic community of al-
ternative food for grazers (Engström-Öst et al. 2002a),
and within that community nodularin can serve as a
source of dissolved organic carbon for bacteria.

Our experiments were designed to follow the trans-
fer of nodularin to the copepod Eurytemora affinis dur-
ing stationary and decaying phases of a cyanobacterial
bloom. E. affinis is an important grazer of the summer
plankton community in the Gulf of Finland, Baltic Sea,
and is, to some extent, able to graze on filamentous
cyanobacteria. We tested 3 potential pathways of
nodularin transfer to the copepods: (1) directly by graz-
ing on Nodularia spumigena filaments; (2) directly
from the dissolved pool; and (3) through grazing on the
components of the microbial food web.

MATERIALS AND METHODS

Mesocosm set-up. A natural late-summer plankton
community sample was collected from the surface
layer on 29 July 2002, approximately 1 km off the

northeastern shore of the large island of Öland in the
Baltic Sea. The seawater was immediately filtered
through a 150 µm nylon net to eliminate most of the
metazoan grazers. During the same day, the seawater
was transferred into 300 l cylinders (indoor meso-
cosms) at the laboratory of the University of Kalmar.
The mesocosms were kept at in situ temperature
(18°C) and under controlled light (150 µmol photons
m–2 s–1 at 16:8 h light:dark) conditions during the
experiments. Nutrients were added daily to the meso-
cosms (0.8 to 1.6 µM NO3 and 0.1 µM PO4 in N/P-bal-
anced treatments; 0.8 µM NO3 and 0.1 µM PO4 in N-
deficient treatments). Iron, other metals and vitamins
were added daily corresponding to f/20 (1/20 of
f medium) (Guillard & Ryther 1962). All treatments
were done in triplicate. The experiment was run for
12 d and the mesocosms were manually stirred daily.
Since microscopic observations revealed that Nodu-
laria spumigena was undetectable in the natural sea-
water, the mesocosms were inoculated with cultured
N. spumigena (KAC 13, Kalmar Algal Collection, Uni-
versity of Kalmar) at 5 µg chlorophyll a (chl a) l–1 final
concentration. Blooms of cyanobacteria developed in
all mesocosms after 5 d of nutrient additions (4
August). The first grazing experiment (Expt 1) starting
on 4 August was done with water collected from N/P-
balanced mesocosms and represented initial or ‘pre-
bloom’ conditions with low chl a (1.3 µg l–1). In the
second experiment (Expt 2) starting on 7 August, the
experimental water was taken from a N-deficient
mesocosm and represented stationary conditions with
high chl a (9.4 µg l–1) and decaying filaments of N.
spumigena. However, because of the internal nutri-
ents, our experimental design may not adequately
mimic a system in stationary phase, but rather under
unbalanced nutrient input.

Cultivation and handling of Eurytemora affinis.
Adult E. affinis females were allowed to feed on size-
fractionated microbial communities taken from the
mesocosms, after which nodularin concentrations were
measured and grazing and food preferences com-
pared. To avoid background levels of nodularin, we
used ‘clean’ E. affinis copepods from the northern
Baltic Sea, which had been cultured in batches for 3
generations. Batch cultures were initiated from newly
hatched nauplii. The copepods were grown with a
mixed diet of Rhodomonas salina and Brachiomonas
sp. (>400 µg C l–1) at Tvärminne Zoological Station,
Finland, and they had never been in contact with
Nodularia spumigena. The culture conditions (temper-
ature = 18°C; salinity = 6 PSU) were similar to experi-
mental conditions. For the experiments, adult females
were picked and transferred into nodularin-free GF/F
filtered seawater for 6 to 10 h to allow their guts to
clear previously ingested food.
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Nodularin transfer experiments. For the nodularin
transfer experiments, the water containing the <150 µm
plankton community was taken from mesocosms. In
Expt 1, the <150 µm plankton community taken from N/P-
balanced mesocosms was further divided into <45 (45 to
20) µm, <20 (20 to 10) µm, <10 (10 to 3) µm, <3 (3 to 0.2)
µm and <0.2 µm size fractions before the addition of cope-
pods. The <150 µm fraction was regarded as the ‘total’
community. The <45 µm fraction was prepared by inverse
filtration, which is a method assumed to minimize cell
breakage and, thus, also minimize leakage of dissolved
matter. The <20 and <10 µm size fractions were further
prepared from the <45 µm fraction by inverse filtration
through a 20 or 10 µm mesh net, respectively. The 2 small-
est size fractions (<3 µm and <0.2 µm) were prepared by
filtering the <10 µm water through either a 3 µm polycar-
bonate filter (Poretics) or a 0.2 µm size Sartorius cartridge
using as gentle a vacuum pressure as possible (≤0.1 bar).
In Expt 2, the water for the experiment was taken from N-
deficient mesocosms. Preparation of the plankton size
fractions for Expt 2 was done in the same way except that
the <20 µm size fraction was not prepared.

The experiments were carried out in 1.1 l acid-
washed glass bottles, using 5 replicates and 2 controls
for each plankton size fraction. Each experimental bot-
tle received 35 Eurytemora affinis females (ca. 1:1 ratio
of ovigerous and non-ovigerous females), while the
controls were left without copepods. The bottles were
placed in a plankton wheel rotating at a speed of
0.5 rpm in dim light at 18°C. After 24 h incubation, the
copepods from each experimental bottle were col-
lected onto a 200 µm sieve and their survival was
checked by viewing under a microscope. For nodularin
analysis the copepods were flushed individually 4
times with GF/F filtered seawater and placed into
microfuge tubes. In Expt 2, samples were prepared in
the same way except that Milli-Q water was used
instead of filtered seawater to avoid salt crystals in the
samples. The copepods were dried with a Speed Vac
freeze-dryer. The copepods from Expt 1 were carefully
separated from the salt crystals under a stereo micro-
scope after the freeze-drying. All the freeze-dried ani-
mals were stored at –18°C until nodularin analyses
(maximum storage = 21 d).

Plankton sampling, identification and quantifica-
tion. To identify and enumerate the plankton species,
one initial sample from each size fraction was taken. Af-
ter the 24 h incubation period, subsamples were taken
from all replicate and control bottles in each plankton
size fractions. For pico- and nanoplankton counts, a
20 ml sample was fixed with unbuffered <0.2 µm-
filtered glutaraldehyde (final conc. 1%), stained with
proflavine (flagellates and picocyanobacteria) or DAPI
(heterotrophic bacteria), filtered onto 0.2 µm polycar-
bonate filters (Poretics) and frozen (Porter & Feig 1980,

Kuuppo-Leinikki & Kuosa 1989, Turley 1993). For
microplankton and cyanobacterial counts, a 50 ml
sample was fixed with acid Lugol’s solution.

Pico- and nanoplankton in the plankton fractions
were counted with an epifluorescence microscope
(Olympus DP50 or Leitz Diaplan) using 500× and 1250×
magnifications. The proflavine and DAPI stained sam-
ples were counted under blue and ultraviolet excita-
tion wavelengths, respectively. At least 50 microscopi-
cal fields were counted from each filter. Larger
phytoplankton, filamentous cyanobacteria and ciliates
were identified and counted from the Lugol preserved
samples (3 replicates and both controls) with an
inverted microscope (Zeiss) with 205× and 806× mag-
nifications following the method of Utermöhl (1958).
Both phytoplankton and protists were grouped in the
subsequent grazing and preference analyses (see text
in Table 2 legend).

Heterotrophic nanoflagellates (HNF) were classified
into 3 size categories, based on their cell length, by
means of an ocular micrometer. In each size category,
the biovolume was estimated using the formula of an
ellipsoid with a flattened round bottom. Phototrophic
nanoflagellates (PNF) were distinguished by their cell
shape and red chlorophyll or orange phycoerythrin
(cryptomonads) fluorescence, and their biovolumes
were calculated from cell dimensions with species-
specific formulas (Edler 1979). The picoplankton cell
numbers were converted to carbon using average vol-
umes and carbon conversion factors, respectively, as
follows: bacteria = 0.033 µm cell–1 and 0.35 pg C µm–3

(Bjørnsen 1986), picocyanobacteria = 0.51 µm cell–1

and 0.22 pg C µm–3 (Børsheim & Bratbak 1987). For
other biomasses the following carbon conversion fac-
tors were used: dinoflagellates, pg C cell–1 = 0.760 ×
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).

Feeding parameters. Clearance and ingestion rates
were calculated according to Frost (1972) by compar-
ing the disappearance of the food cells from the exper-
imental bottles containing copepods with that in the
control bottles without copepods. Weight-specific
ingestion was calculated using the carbon content of
3.6 µg C ind.–1 (range = 1.8 to 3.6 µg C ind.–1) for Eury-
temora affinis, which had earlier been measured in the
area during July (Koski 1999). We have not corrected
our feeding rates to take into account possible trophic
cascade effects. Microzooplankton, including ciliates
and nauplii, are able to graze flagellates in the control
treatments without copepods. This background graz-
ing may decrease the growth rates of flagellates and in
this way influence the observed clearance and inges-
tion rates on these groups. Thus, these values must be
seen as relative indicators of grazing. The Chesson
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selection index α was used to evaluate the food selec-
tion and estimated as the ratio of the grazed units in
the diet to the availability of particular food in the incu-
bation bottles (Chesson 1983). Ten plankton groups
(see text in Table 2 legend) were used in the analyses,
while bacteria and picocyanobacteria were excluded.
The index α varies between 0 and 1. A particular food
type is neither selected nor avoided (i.e. food type is
grazed proportionally to its availability) if α = m–1 (m =
number of food types available). When α > m–1 the food
type is selected, and when α < m–1 the selection is neg-
ative.

A 100 ml subsample of each replicate was preserved
with acid Lugol’s solution (2% final concentration) to
be used to count faecal pellets. The samples were set-
tled for 24 h according to Utermöhl (1958) and the pel-
lets were counted at 100× magnification using an
inverted microscope. The volume of faecal pellets was
estimated by measuring the length and width of all
pellets found. Their carbon content was calculated
using the conversion factor of 0.057 × 10–9 mg C µm–3

(González et al. 1994).
Nodularin analyses. For particulate nodularin analy-

ses, 500 ml aliquots from the <150, <45, <20, <10, and
<3 µm size fractions were taken both before and at the
end of the experiments. The samples were filtered onto
glass fibre filters (GF/F, Whatman) and stored frozen
until nodularin analysis (–18°C, maximum storage =
21 d). Dissolved nodularin was measured from the <0.2
and <3 µm size fractions in Expt 1 and from the <0.2,
<3 and <150 µm size fractions in Expt 2. For the analy-
sis, a 500 ml water sample was taken and stored at 6°C.
The initial concentrations of dissolved nodularin were
measured directly from the mesocosms. Plastic labora-
tory materials were avoided whenever possible to min-
imize the risk of nodularin loss through hydrophobic
behaviour (Hyenstrand et al. 2001).

The dissolved nodularin, as well as nodularin in par-
ticulate form and in the copepods was analyzed with
HPLC-MS with electrospray ionization (LC-ESI-MS)
according to Dahlmann et al. (2003). Before LC-ESI-
MS measurements, particulate material filtered on
glass fibre filters or dehydrogenated copepod biomass
were extracted using 1:1 methanol:water (v/v) solution
supported by ultrasound. Depending on the amount of
sample material, between 0.5 and 3 ml of the
methanol:water mixture was applied. After centrifuga-
tion (10 min at 22 000 × g) the supernatant was filtered
(nylon filter, 0.2 µm mesh size). The extracts were
directly injected for LC-ESI-MS analysis. Samples for
dissolved nodularin analysis were prepared according
to ISO 20179:2005 (Water quality–Determination of
microcystins–Method using solid phase extraction
[SPE] and HPLC with UV detection). In this protocol,
the water samples (dissolved nodularin) were enriched

on a C18 cartridge (500 mg, Bakerbond). The eluate
was then evaporated under nitrogen and injected for
LC-ESI-MS analysis after reconstitution.

The samples were analyzed by LC-ESI-MS (Perkin
Elmer series 200 autosampler and pump coupled to an
Applied Biosystems API 165 mass spectrometer). The
chromatographic separation was carried out on a
reversed phase Aqua column (5mm C18, 250 ×
4.60 mm inside diameter, Phenomenex) by application
of acetonitrile and 0.01 M trifluoroacetic acid (TFA)
with 0.1% heptafluorobutyric acid (HFBA) as eluents
in gradient mode (Table 1). The mass spectrometer
was operated in selective ion monitoring mode using
positive ionization of nodularin, detected as [M+H]+
ion at m/z 828.5. Nodularin standard was run both for
identification purposes and for quantification, which
was performed using peak areas.

Statistical analyses. To identify which groups were
grazed by the copepods, the calculated clearance rates
were analysed statistically using 1-way ANOVA or the
Kruskal-Wallis 1-way ANOVA if the data did not fulfill
the criteria of parametric testing. The Student-
Newman-Keuls (SNK) method was used as a post hoc
test. After calculating the Chesson selection index α,
we used Dunnett’s method to distinguish those food
groups that were significantly preferred in the cope-
pods’ diet. Linear regression was performed to exam-
ine which variables explained variances in nodularin
content of the copepods.

RESULTS

Initial conditions

Biomass and community structure in different size
fractions

The pre-filtration produced relatively different
planktonic communities in the size fractions in terms of
both total biomass and species composition (Table 2).
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Time Eluent A: Eluent B:
(min) acetonitrile aqueous 0.01 M TFA

(%) containing 0.1% HFBA
(%)

0 5 95
0–12 40 60
12–17 70 30
17–27 70 30
27–28 5 95
28–36 5 95

Table 1. Gradient for liquid chromatography elution. TFA: 
trifluoroacetic acid; HFBA: heptafluorobutyric acid
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The initial total biomass was 489 and 680 µg C l–1 in the
<150 µm size fraction (the community from the meso-
cosm) in Expt 1 and Expt 2, respectively (Table 2), of
which the biomass of Nodularia spumigena was 6%
(27 µg C l–1) and 16% (109 µg C l–1), respectively. Due
to the addition of cultured N. spumigena in Expt 1, 2
types of filaments were present in the samples: long-
chained filaments, with cell size 3.5 to 6 µm × 10 to
13 µm, and a short morphotype, with cell size 2 to 4 µm
× 4 to 5 µm. In this paper, we refer to the long-chained
form as ‘natural’ N. spumigena, and the small morpho-
type as ‘small’ N. spumigena.

In the <150 µm size fraction, ciliates and dinoflagel-
lates were important groups and their proportion of the
total initial biomass was 13 and 30% in Expt 1, and 8
and 24% in Expt 2 (Table 2), respectively. The initial
biomass of PNF was low (13 µg C l–1) in Expt 1 com-

pared with Expt 2 where their biomass was ca. 4-fold
higher. The initial biomass of HNF was low (from 3 to
6 µg C l–1) in both experiments. The contribution of
bacteria to the total biomass was moderate (from 100 to
111 µg C l–1) in both experiments (Table 2).

In Expt 1, small Nodularia spumigena could be fil-
tered into <45, <20 and <10 µm fractions (Table 2), but
in Expt 2 only few small pieces of natural N. spumi-
gena filaments in the <45 µm fraction were found. For
other plankton groups, the result of fractionation was
similar in both experiments. The <45, <20 and <10 µm
fractions contained the smallest dinoflagellates, a few
large ciliates, small ciliates, small diatoms as well as
the HNF and PNF. The <3 µm fraction was dominated
by bacteria, which contributed to 65 and 77% of the
total biomass in Expt 1 and Expt 2, respectively. The
contribution of HNF and PNF to the <3 µm fraction bio-
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Biomass (µg C l–1) and proportion (%, in parentheses) of different species or taxonomic groups
<150 µm <45 µm <20 µm <10 µm <3 µm <0.2 µm

Expt 1
Nodularia spumigena 27 (6) 13 (3) 20 (5) 5 (2)
Other cyanobacteria 8 (2) 6 (2) 3 (1) 3 (1)
Diatoms 9 (2) 6 (2) 3 (1) 4.5 (2)
Dinoflagellates 145 (30) 47 (12) 57 (14) 40 (12)
Small ciliates 60 (12) 78 (20) 76 (19) 53(16)
Large ciliates 7 (1) 11 (3) 6 (1) 1 (0.3)
Other heterotrophs 3 (1) 7 (2) 5 (1) 2 (1)
Other autotrophs 7 (1) 5 (1) 4 (1) 4 (1)
HNF 3 (1) 2 (1) 2 (0.5) 3 (1) 2 (1)
PNF 13 (3) 17 (4) 17 (4) 17 (5) 8 (4)
PICO 106(22) 103 (26) 114 (28) 94 (28) 56 (29) 0.1 (0.3)
Bacteria 101 (21) 98 (25) 98 (24) 106 (32) 124 (65) 32 (99.7)

Total 489 394 405 331 190 32.1

Expt 2
Nodularia spumigena 109 (16) 2 (0.4)
Other cyanobacteria 12 (2) 13 (2) 7 (2)
Diatoms 21 (3) 12 (2) 4 (1)
Dinoflagellates 166 (24) 194 (35) 108 (24)
Small ciliates 34 (5) 20 (4) 21 (5)
Large ciliates 21 (3) 14 (3) 5 (1)
Other heterotrophs 27 (4) 16 (3) 16 (4)
Other autotrophs 6 (1) 4 (1) 4 (1)
HNF 6 (1) 9 (2) 4 (1) 2 (1)
PNF 57 (8) 46 (8) 42 (9) 27 (18)
PICO 110 (16) 104 (19) 102 (23) 5 (3) 0.04 (0.3)
Bacteria 111 (16) 115 (21) 130 (29) 114 (77) 15 (99.7)

Total 680 549 443 148 15.04

Table 2. Initial biomass (µgC l–1) and proportion of total (%) of different species or taxonomic groups in plankton size fractions.
The phytoplankton community was grouped as follows: Nodularia spumigena (in Expt 1: N. spumigena small and natural, in
Expt 2: natural N. spumigena); other cyanobacteria (Snowella spp., Pseudanabaena spp., Anabaena spp., Aphanizomenon flos-
aquae); diatoms (Bacillariales spp., Chaetoceros spp., Cylindrotheca sp., Nitzschia spp., Skeletonema costatum); Dinoflagellates
(Amphidinium sp., Gymnodinium spp., Dinophyceae spp.); small ciliates (<23 µm, Myrionecta rubra, Mesodinium spp.,
Lohmaniella oviformis, Ascenasia sp., Urotricha sp.); large ciliates (>23 µm, Euplotes sp., Cothurnia maritima, Helicostomella sp.,
Strombidium spp., Strobilidium spp.); other heterotrophs (unidentified heterotrophs); other autotrophs (Oocystis spp., Eutrep-
tiella sp. Planktonema lauterbornii, Cryptomonas spp. >10 µm); HNF heterotrophic nanoflagellates; PNF phototrophic nano-
flagellates (Pyramimonas sp., Cryptomonas sp. <10 µm, Chrysochromulina spp., Chaetoceros throndsenii, pikoeukaryotes); PICO

(picocyanobacteria); bacteria
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mass in both experiments was low (1 to 18%). In the
<0.2 µm fraction, the total initial biomass was low in
both experiments and was composed of bacteria.

Initial nodularin concentrations in different size
fractions

The initial concentrations of particulate nodularin in
the <150 µm fraction were 387 and 199 ng l–1 in Expt 1
and Expt 2, respectively (Fig. 1). Nodularia spumigena
cells in Expt 1 contained roughly 2.2-fold more nodu-
larin (0.0037 ng cell–1) compared with those in Expt 2
(0.0017 ng cell–1). In Expt 1, 34% (<45 µm) to 87%
(<10 µm) of particulate nodularin disappeared due to
the fractionation, and in Expt 2 the loss was even
higher, being >98.5% in <45 and <10 µm fractions
(Fig. 1, black bars). In both of the experiments, the
smallest size fractions (<3 and <0.2 µm) did not contain
any nodularin in particulate form. However, the initial

concentration of dissolved nodularin, measured from
mesocosms, was 111 and 42 ng l–1, which corre-
sponded to 22 and 17% of the total nodularin in the
<150 µm fraction in Expt 1 and Expt 2, respectively
(Table 3).

Nodularin dynamics

How much nodularin was channelled to the
copepods?

Nodularin was found in the copepods incubated in all
the plankton fractions in both of the experiments.
Nodularin had no direct negative effects on the cope-
pods, and their survival rates remained above 98%
during the experiments. At the end of the experiments,
the nodularin content of the copepods varied between
1.3 and 14.3 pg ind.–1 in Expt 1, and between 1.6 and
6.6 pg ind.–1 in Expt 2 (Table 4), corresponding to 0.08
to 6.5% of the initial particulate nodularin concentra-
tion in the different fractions (Table 4). From the initial
dissolved nodularin pool, 0.04 to 0.3% was channelled
to the copepods, as estimated by the copepods incu-
bated in the <0.2 µm and <3 µm size fractions (Table 4).

Nodularin in the biomass (particulate form)

In both experiments, particulate nodularin concen-
trations decreased during the 24 h incubation (see
Fig. 1A,B) in all size fractions, and it was not found in
the <3 µm fractions at the end of the experiments.

The relative change in the concentration of particu-
late nodularin in the <150 µm fraction was equal in the
replicates of both experiments with copepods and the
controls (Fig. 2A,B). In the other size fractions, the par-
ticulate nodularin decreased significantly more in the
replicates with copepods compared with the controls
(t-test, p < 0.001 for <20 and <45 fractions) (Fig. 2A).
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Fig. 1. Particulate nodularin concentration (ng l–1) in different
size fractions at the beginning of the experiments (initial), in
control treatments and in replicates with copepods after 24 h
incubation period (average ± SD) in (A) Expt 1 and (B) Expt 2.

Note different scales on y-axes

Initial With copepods Control

Expt 1 111
<0.2 µm fraction 60.1 ± 15.5 32.3 ± 6.6
<3 µm fraction 9.0 ± 1.1 nd

Expt 2 41.8
<0.2 µm fraction 55.5 ± 3.5 53.5 ± 2.9
<3 µm fraction 1.3 ± 0.2 2.6 ± 0.7
<150 µm fraction 9.0 ± 0.7 9.4 ± 0.3

Table 3. Dissolved nodularin concentrations (ng l–1) in Expt 1
and Expt 2. Initial: dissolved nodularin concentrations mea-
sured from mesocosms; With copepods: dissolved nodularin
concentrations in replicates with Eurytemora affinis after
24 h; Control: dissolved nodularin concentrations in controls
without copepods after 24 h. Data are mean ± SD. nd: no data
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The concentration of nodularin that disappeared was
compared with that measured from the copepods to
roughly estimate what percentage of nodularin poten-
tially was channelled to the organisms. Of the nodu-
larin that disappeared in Expt 1, up to 0.5% (mean ±
SD = 0.3 ± 0.2%) was found in the copepods. In Expt 2,
the particulate nodularin concentrations were low after
the incubation; therefore, the amounts found in the
copepods corresponded to up to 57% (18.5 ± 21.7%) of
the nodularin that disappeared.

Nodularin in the dissolved form

The smallest size fractions (<3 µm and <0.2 µm) con-
tained nodularin only in the dissolved form (Table 3).
After the 24 h incubation, dissolved nodularin concen-
trations in the <0.2 µm fraction decreased 25% more in
the controls compared with the replicates in Expt 1
(Table 3, Fig. 2A), whereas in Expt 2, the dissolved
nodularin concentrations increased in both treatments
(Table 3, Fig. 2B). The dissolved nodularin concentra-
tions in the <3 and <150 µm fractions were 5.5- to 42-
fold lower compared with that in the <0.2 µm fraction
(Table 3). In these fractions, more than 80% of the dis-
solved nodularin disappeared during the 24 h incuba-
tion (Fig. 2B).

Feeding and egestion

Expt 1

Potential routes of the nodularin to copepods were
estimated by calculating the ingestion and food selec-
tion of the copepods in different size fractions during
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Particulate nodularin Dissolved nodularin
<150 µm <45 µm <20 µm <10 µm <3 µm <0.2 µm

Expt 1
pg ind.–1 14.3 ± 11.6a 5.7 ± 1.3 3.8 ± 2.6 4.3 ± 2.6 1.3 ± 2.8 1.7 ± 3.8
% ind.–1 0.004 ± 0.003 0.002 ± 0.0005 0.004 ± 0.003 0.009 ± 0.005 0.001 ± 0.003 0.002 ± 0.003
% copepod biomass–1 0.1 ± 0.1 0.08 ± 0.02 0.2 ± 0.1 0.3 ± 0.2 0.04 ± 0.09 0.05 ± 0.1

Expt 2
pg ind.–1 6.6 ± 0.7 3.5 ± 3.3 4.2 ± 4.7 3.7 ± 4.1 1.6 ± 3.5
% ind.–1 0.003 ± 0.0004 0.1 ± 0.1 0.2 ± 0.2 0.009 ± 0.01 0.004 ± 0.008
% copepod biomass–1 0.1 ± 0.01 4.1 ± 3.4 6.5 ± 7.3 0.3 ± 0.3 0.1 ± 0.3

aThe nodularin content in the copepods was high in 1 experimental bottle, which led to the large SD

Table 4. Particulate and dissolved nodularin from different size fractions channelled to the copepod Eurytemora affinis during
24 h incubations. pg ind.–1: nodularin content in the copepods after 24 h incubation in different size fractions; % ind.–1: the share
of the initial nodularin channelled to 1 individual; % copepod biomass–1: the share of the initial nodularin channelled to copepods’

total biomass (n = 5 replicate bottles with 35 copepods in each, mean ± SD)
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the experiments. Copepods obtained part of the nodu-
larin by grazing directly on small filaments of cultured
Nodularia spumigena in the <150, <45, <20 and
<10 µm fractions. The clearance rate ranged from 0.6 ±
0.1 to 1.0 ± 0.3 ml h–1 and weight-specific ingestion
ranged from 0.018 ± 0.004 to 0.048 ± 0.008 µg C (µg
C)–1 d–1 (Figs. 3A–E & 4A). The small N. spumigena fil-
aments were grazed in the same proportion in which
they were available without significant preference or
avoidance (Dunnett’s test, p > 0.05). The ingestion of
small N. spumigena accounted for 39% of nodularin
found in the copepods (r2 = 0.39, p < 0.05). The cope-
pods avoided large filaments of natural N. spumigena
and the clearance and ingestion rates were negative in
both experiments (Fig. 3).

Ciliates and dinoflagellates seemed to be important
food sources for the copepods. In the <150 µm fraction,
the clearance rates of Eurytemora affinis on dinoflagel-

lates, small ciliates (<23 µm) and large ciliates
(>23 µm) were the highest (Kruskal-Wallis ANOVA,
H9 = 26.7, p < 0.05) (Fig. 3A). Also in the <45 and
<20 µm fractions, large and small ciliates were grazed
at higher clearance rates than in other fractions
(<45 µm: ANOVA, F8,26 = 70.5, p < 0.001; <20 µm: F9,29

= 9.3, p < 0.001) (Fig. 3B,C). In the <10 µm fraction, all
of the few large ciliates were completely grazed during
the 24 h incubation and we were not able to estimate
the clearance rates. However, in this fraction, the
clearance rate of dinoflagellates and small ciliates was
significantly higher compared with other organisms
(ANOVA, F8,30 = 11.8, p <0.001) (Fig. 3D). For example,
HNF and PNF as food sources for copepods were
insignificant with clearance rates ranging from 0.07 ±
0.3 to 0.3 ± 0.2 ml h–1 in the <20, <10 and <3 µm frac-
tions (Fig. 3C–E). The grazing rates on flagellates in
both experiments should be considered as the mini-
mum estimates as we did not correct our data to take
into account the trophic cascade effects.

As indicated by the clearance rates, the copepods
selected dinoflagellates, small ciliates, large ciliates
and the ‘other heterotrophs’ (Oocystis spp., Eutrep-
tiella sp., Planktonema lauterbornii, Cryptomonas
spp.) in the <150, <45, <20 and <10 µm fractions (Dun-
nett’s test, p < 0.05 compared with α, for all food groups
in all fractions). Grazing on dinoflagellates explained
47% of the variance in the copepod nodularin content
(r2 = 0.47, p = 0.01).

In the <150 µm fraction, the total weight-specific
ingestion was 1.6 µg C (µg C)–1 d–1 (Fig. 4A), with
dinoflagellates and small ciliates being the most
important carbon sources, covering 64 and 27% of the
ingested carbon, respectively (Fig. 4A). Although the
large ciliates were selected, they were not an impor-
tant carbon source due to their relatively low cell den-
sity. In the <45 and <20 µm fractions, the total inges-
tion was 0.98 and 0.94 µg C (µg C)–1 d–1, respectively,
and in the <10 µm fraction was ca. 30% less (0.63 µg C
[µg C]–1 d–1). In these fractions, the copepod diet was
dominated by small ciliates that formed up to 57% of
ingested carbon. Dinoflagellates were the second most
important carbon source covering up to 33% of total
ingestion (Fig. 4A). In the <3 µm fraction, the weight-
specific ingestion was only 0.003 µg C (µg C)–1 d–1.

Expt 2

As in Expt 1, ciliates turned out to be an important
food source for copepods in this experiment. Clearance
rate on large ciliates was highest in the <150, <45 and
<10 µm fractions (<150 µm: Kruskal-Wallis ANOVA,
H9 = 22.1, p < 0.05; <45 µm: not significant; <10 µm:
ANOVA, F9,28 = 7.3, p < 0.001) (Fig. 3F–H). Eurytemora
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affinis was selecting for large ciliates in the <150 and
<45 µm fractions (Dunnett’s test, p < 0.05 compared
with α). The clearance rates on HNF and PNF were low
or negative in all size fractions (Fig. 3 F–I).

Total weight-specific ingestion in this experiment
was half of that in Expt 1. The copepods ingested 0.79,
0.64 and 0.51 µg C (µg C)–1 d–1 in the <150, <45 and
<10 µm fractions, respectively (Fig. 4B). Although not
actually preferred as food, dinoflagellates were the
most important carbon source in these fractions due to
their high biomass, contributing 65 to 69% to the total
carbon uptake of the copepods. Large and small cili-
ates together corresponded to ca. 23% of total inges-
tion in these fractions (Fig. 4B). In the <3 µm fraction,
the ingestion rates were negative for both PNF and
HNF.

Egestion

The weight-specific faecal pellet production by
Eurytemora affinis reflected ingestion in both experi-
ments, being ca. 15 ± 2% of the total ingestion, (Fig. 4,
open bars). However, in the <3 µm size fractions, the
pellet production was ca. 20 to 100% higher than the
actual ingestion rate indicated. In the <0.2 µm frac-
tions, the weight-specific pellet production was low,
ranging between 0.009 and 0.006 µg C (µg C)–1 d–1 in
Expt 1 and Expt 2.

Microbial food web responses

Grazing on bacteria by HNF and small bacterivore
ciliates was evident in the <10, <3 and <0.2 µm size
fractions. The differences in bacterial growth rates in
the <0.2 µm (no grazers) and <3 µm (small HNF) size
fractions (0.5 and 0.3 d–1 in Expt 1, 0.5 and 0.2 d–1 in
Expt 2; Fig. 5) indicated the effect of HNF grazing on
bacteria in the <3 µm fraction. In the <10 µm fraction,
the bacterial growth rates were even lower (0.15 d–1

in Expt 1, –0.13 d–1 in Expt 2) due to additional graz-
ing by small bacterivore ciliates in both experiments
(Fig. 5). The biomass of HNF increased in both exper-
iments without significant differences between repli-
cates with copepods and controls (Fig. 6), indicating
that the top-down regulation by copepods through
heavy grazing on ciliates (Fig. 7) was reflected only
weakly on HNF. While the small size fractions show
clearly the bacterial–HNF relationships in the food
web, the increased number of functional groups and
trophic levels in the larger size fractions increases the
complexity of the food web, making the results less
obvious.
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Role of the microbial food web in nodularin transfer

To estimate the relative importance of the microbial
food web in nodularin transfer, we compared the aver-
age amount of nodularin in copepods from the dis-
solved size fraction (<0.2 µm) with those from the other
size fractions. Nodularin found in the copepods from
the <0.2 µm fraction corresponded to 16 ± 7% and 24 ±
3% of nodularin found in the copepods from the
<150 µm fraction in Expt 1 and Expt 2, respectively. In
the <10, <20 and <45 µm fractions, this proportion was
between 28 ± 15% and 39 ± 13% for Expt 1 and Expt 2,
respectively. In Expt 1, grazing on Nodularia spumi-
gena filaments accounted for 39% of variation in nodu-
larin content (estimated from the linear regression
between N. spumigena grazing and nodularin content
of the copepods), but in contrast we could not verify
any importance of this route in Expt 2. Combining
these results gives us a rough estimate of 22 to 45%
(100% – the share of direct grazing – the share of the
<0.2 µm fraction) obtained from the microbial food
web during Expt 1, and 71 to 76% (100% – the share of
the <0.2 µm fraction) during Expt 2.

DISCUSSION

Initial conditions

Our plankton communities were grown in meso-
cosms which were initiated with natural water sam-
ples, and thus they represented a natural variety of
plankton organisms present in the Baltic Sea. The bio-
mass of Nodularia spumigena at the beginning of
Expt 1 (27 µg C l–1, 0.25 mg wet wt l–1) was in the range
of average N. spumigena bloom biomasses (0.08 to
0.28 mg wet wt l–1) in the Gulf of Finland, Baltic Sea
(Kanoshina et al. 2003). The biomass during Expt 2
(109 µg C l–1, 0.99 mg wet wt l–1) fits within the range
of maximum values (0.23 to 2.91 mg wet wt l–1)
recorded in the same area (Kanoshina et al. 2003). The
initial nodularin concentrations (387 and 199 ng l–1)
were within the range of natural concentrations found
in the Baltic Sea (80 to 18 700 ng l–1) (Kononen et al.
1993).

Nodularin in the copepods

At the end of both experiments, nodularin was
found in the copepods in all plankton size fractions. In
the <150 µm fraction, which corresponds to the total
community, copepods contained nodularin concentra-
tions of 14.3 ± 11.6 and 6.6 ± 0.7 pg ind.–1 in Expt 1
and Expt 2, respectively. Nodularin content of the

copepods reflected the initial particulate nodularin
concentrations, which were ca. 2.2-fold higher in Expt
1 compared with Expt 2. Because the copepods were
grown in the laboratory with no previous contact to
nodularin, we can be sure that all the measured nodu-
larin was taken up during the experiments. Koz-
lowsky-Suzuki et al. (2003) found 1 to 8 pg nodularin
ind.–1 (using protein phosphatase 1 [PP1] inhibition
assay and ELISA) in field-collected copepods that
were incubated in the presence of a natural plankton
community or in filtered seawater. In contrast, field-
collected copepods that were incubated with toxic
Nodularia spumigena contained nodularin concentra-
tions up to 34 pg ind.–1 (Kozlowsky-Suzuki et al.
2003). Lehtiniemi et al. (2002) found nodularin con-
centrations of 3.2 pg ind.–1 (using ELISA) or 9.5 pg
ind.–1 (using PP1 inhibition assay) in field-collected
Eurytemora affinis. These comparisons of nodularin
content of the Baltic Sea copepods may not be accu-
rate, since previously published zooplankton toxin
measurements in the Baltic Sea have been done with
different methods: a PP1 inhibition assay or ELISA
(e.g. Lehtiniemi et al. 2002, Kozlowsky-Suzuki et al.
2003). Results of these analyses may be affected by
closely related compounds, colour or turbidity (Sipiä
et al. 2001). We used the HPLC-MS method, which is
selective and sensitive to nodularin (Dahlmann et al.
2001). However, despite different methods used, those
results are in the same range as our findings.

In the present study, nodularin that was found in the
copepods after the experiments corresponded to a
small proportion of initial particulate and dissolved
nodularin in the mesocosms. This finding is in accor-
dance with Kozlowsky-Suzuki et al. (2003), who
reported that an estimated 0.1% of ingested nodularin
was found in copepod tissues. To estimate the relative
importance of copepods as a vector in nodularin trans-
fer to higher trophic levels, we made a rough calcula-
tion of the maximum potential of nodularin transfer
through copepods to the pelagic mysid Mysis mixta.
During August these mysids feed mainly on copepods
(40 µg C h–1, ca. 17 copepods h–1) (Viherluoto &
Viitasalo 2001). The copepods in our <150 µm size-
fraction contained 14.3 and 6.6 pg nodularin ind.–1 in
Expt 1 and Expt 2, respectively. By combining these
results and the ingestion rates of M. mixta, we esti-
mated that mysids may gain nodularin at 2.8 to 5.9 ng
ind.–1 d–1. In reality, however, there are loss factors and
our estimates were ca. 7- to 15-fold higher than those
reported by Karjalainen et al. (2005) for Neomysis inte-
ger. These studies suggest that despite the fact that the
proportion of nodularin found in the copepods appears
low, the potential for acting as a link to planktivorous
organisms like mysids and fish is considerable (Kar-
jalainen et al. 2003, 2005, present study).
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The copepods obtained different amounts of nodu-
larin when incubated in different plankton size frac-
tions (Table 4). A large difference was found be-
tween the <150 and <45 µm fractions; copepods
acquired 2.6-fold and 1.2-fold more nodularin in the
<150 µm fraction than in the <45 µm fraction in
Expt 1 and Expt 2, respectively. The other large dif-
ferences were seen between the <10 and <3 µm
fractions in Expt 1 (3.8-fold more nodularin in the
<10 µm fraction), and between the <3 and <0.2 µm
fractions in Expt 2 (2.3-fold more nodularin in <3 µm
fraction). To analyse the pathway of nodularin to the
copepods, we examined (1) grazing on Nodularia
spumigena filaments, (2) nodularin obtained directly
from the water in dissolved form, and (3) nodularin
obtained by grazing on other planktonic organisms
that obtained nodularin directly from the water or
through grazing.

Potential nodularin sources

Nodularia spumigena filaments

Although the copepod Eurytemora affinis is a sus-
pension feeder, which creates a feeding current to
catch its prey, it is able to reject unpleasant food parti-
cles and thereby to a large extent chooses its food.
Results from our grazing experiments show that E. affi-
nis avoided grazing on large natural filaments of N.
spumigena. On the other hand, E. affinis gained nodu-
larin through direct grazing on small N. spumigena in
Expt 1, which led to the large difference in nodularin
content in the copepods between <150 and <45 µm
size fractions. Nodularin transfer due to direct grazing
on N. spumigena filaments is probably smaller under
natural bloom conditions than our experiments sug-
gest, because copepods clearly preferred cultured
small filaments over natural N. spumigena. Earlier
studies have shown that E. affinis is able to feed on
toxic N. spumigena, but grazing on it has negative
effects on egg production and hatching rates, probably
due to the low nutritional quality (Koski et al. 1999,
Kozlowsky-Suzuki et al. 2003). Intense blooms also
decrease the filtration rates of E. affinis (Sellner et al.
1994). However, a diverse diet sustains better condi-
tion of zooplankton and diminishes the negative
effects, and if other food is available, toxic algae are
ingested in relatively smaller proportions than when
provided solely (Reinikainen et al. 1994). Grazing on
the small N. spumigena filaments correlated with the
amount of nodularin found in the copepods in Expt 1.
However, the correlation was not strong enough (r2 =
0.39, p < 0.05) to exclude other pathways to the
animals.

Dissolved nodularin

Because particulate nodularin was not found in the
<3 or <0.2 µm fractions, it may have been present in
dissolved form or partly bound to the bacterial bio-
mass in low concentrations, below the detection limit
of the nodularin analysis. The initial concentrations of
dissolved nodularin were 111 and 42 ng l–1 in the
<3 and <0.2 µm fractions, respectively. The copepods
in the <0.2 µm fraction contained nodularin levels of
12 and 24% (1.7 ± 3.8 and 1.6 ± 3.5 pg ind.–1) in rela-
tion to <150 µm fraction after the incubation in Expt 1
and Expt 2, respectively. In a previous study, Kar-
jalainen et al. (2003) incubated Eurytemora affinis in
labelled dissolved nodularin with a 45- to 120-fold
higher initial concentration (5 µg l–1) than that in our
study, after which those copepods contained nodu-
larin at 1.8 ± 0.5 pg ind.–1. The initial dissolved nodu-
larin concentration was significantly higher than in
our experiments, but nodularin concentration found
in the copepods was similar to our results. The possi-
bility that copepods obtain nodularin directly from
the water has to be taken into account when dis-
cussing the possible routes in nodularin accumula-
tion. Nodularin is a hydrophobic compound that is
known to easily attach to surfaces (Hyenstrand et al.
2001). Therefore, it is possible that some of the toxin
may be adsorbed onto the surfaces of the copepods
instead of being incorporated in the tissues. If so, the
toxin would not interfere with the metabolism of the
copepods and degradation of the toxin would not
occur in its tissues. Copepods with adsorbed nodu-
larin would however act as a vector to higher trophic
levels, just like those with nodularin incorporated in
the tissues.

The microbial food web

The copepods obtained roughly 2 to 3 times as
much nodularin in the <45, <20 and <10 µm fractions
compared with the <0.2 µm fraction (Table 4). This
indicates that nodularin was transferred from other
planktonic organisms to the copepods. The results
from Expt 2 are especially interesting in this compari-
son because these fractions did not contain any Nodu-
laria spumigena filaments, whereas in Expt 1 part of
the nodularin was clearly obtained via grazing
directly on the filaments of small N. spumigena (as
explained above). The experiments differed especially
with respect to the <3 µm fraction; in Expt 1, the
copepods obtained nodularin in this fraction as much
as from the <0.2 µm fraction, whereas in Expt 2, they
obtained as much nodularin from the <3 µm fraction
as from the <10 µm fraction.
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The production of faecal pellets indicated that the
copepods were feeding actively in all other plankton
size fractions except the <0.2 µm fraction, which con-
tained only a few bacteria. The pellet production in the
<3 µm fractions was at the same level as in the <10 µm
fractions in both experiments although the calculated
ingestion rates were low in Expt 1 and negative in
Expt 2, indicating that nanoflagellates were not the
vector of nodularin to copepods. On the other hand, it
is possible that the high growth capacity of nanoflagel-
lates masked the low grazing by copepods on these
organisms. Also, Uitto (1996) concluded that mesozoo-
plankton could not control nanoprotozoan biomass
because they are able to remove only 2 to 6% of the
biomass of nanoprotozoans per day.

Eurytemora affinis had clear preferences for its prey.
It grazed efficiently on ciliates and dinoflagellates, and
the ingested carbon originated mainly from these
organisms in both experiments. Similarly, Merrell &
Stoecker (1998) reported that E. affinis obtained 25 to
60% of its daily carbon by feeding on ciliates, and it
grazed on the dinoflagellate Prorocentrum minimum
with the same clearance rates as that for E. affinis graz-
ing on dinoflagellates in our experiments. In the Baltic
Sea, natural ciliate cell densities range from less than
100 cells l–1 to over 40 × 103 cells l–1 (e.g. Setälä & Kivi
2003). Thus, in the mesocosms, the initial densities of
small ciliates (173 and 153 × 103 cells l–1) were rela-
tively high, whereas large ciliates (4 and 17 × 103 cells
l–1) were present in the range they are found in natural
settings. Due to the presence of ciliates, the diet of the
copepods was of good quality.

In Expt 2 dinoflagellates were an important carbon
source in all the fractions, while in Expt 1 ciliates were
more important in the <45, <20 and <10 µm fractions.
Additionally, a large difference in the nodularin con-
tent of the copepods was observed between the <3 and
<10 µm fractions in Expt 1. These results are impor-
tant, knowing that ciliates may graze on lower trophic
levels, but also because these organisms, in turn, are
able to take up nodularin straight from the dissolved
form (Karjalainen et al. 2003).

Ciliates are known to be important grazers of
nanoplankton populations in the sea (e.g. Verity 1986,
Kuuppo-Leinikki et al. 1994) and some ciliates have
shown high selectivity in choosing their food items
(Stoecker et al. 1981). In our study, the relief from cili-
ate grazing pressure did not reflect clearly in the
growth rates of nanoplanktonic communities in our
size fractions. In our experiments, the majority of the
ciliates were small (10 to 20 µm), and the community
was composed of choreotrichs (e.g. Strobilidium sp.)
and haptorids (e.g. Mesodinium pulex, Ascenasia sp.,
Myrionecta rubra), which are able to ingest bacteria
(Kisand & Zingel 2000, Myung et al. 2006). The lack of

a visible effect in the flagellate communities may be
due to scarcity of those ciliate grazers which prefer
food in the size range of ca. 2 to 10 µm (Kivi & Setälä
1995). Furthermore, the previously mentioned trophic
cascade effects due to the presence of several func-
tional groups may have complicated the results in our
larger size fractions. Heterotrophic nanoflagellates
consume bacteria and are important in controlling
their abundance and community structure (Kuuppo-
Leinikki 1990). In accordance with this fact, the growth
rates of bacteria were strongly influenced by the pres-
ence of HNF in our experiments.

Grazing on dinoflagellates correlated significantly
with the concentrations of nodularin found in the cope-
pods in Expt 1 (r2 = 0.47, p = 0.01). Recent studies
reveal that increasingly more dinoflagellate species
are mixotrophic and have the ability to utilise organic
matter for their growth (reviewed by Hansen 1998).
Thus, nodularin transfer via dinoflagellate mixotrophy
cannot be excluded in our results, but instead raises
questions for future studies.

The compartments of the microbial loop were in
tight interaction, and we could follow the top-down
control of the lower trophic levels during our experi-
ments. In the size fractions smaller than the <150 µm
fraction, the presence of copepods affected the
amount of nodularin found in the particulate form.
However, at the end of the experiments, the cope-
pods contained less nodularin than what had been
lost. Bacteria may be partly responsible for that dif-
ference, because they degrade nodularin in both par-
ticulate and dissolved forms (Hagström 2006). In
addition, part of the ingested nodularin was probably
effectively metabolized by the copepods (Karjalainen
et al. 2006). Copepods originating from areas with
Nodularia spumigena blooms might have the ability
to combat the negative effects of the toxin (Koz-
lowsky-Suzuki et al. 2003) and might have effective
mechanisms to remove these compounds from their
tissues (Sipiä et al. 2002).

We were not able to study the explicit mechanism by
which the nodularin actually was transferred between
different compartments in the food web. Nodularin
attaches easily on all kinds of surfaces (Hyenstrand et
al. 2001). The lower dissolved nodularin concentra-
tions in our <3 and <150 µm fractions compared with
the <0.2 µm fraction support that idea. Hence, dinofla-
gellates as well as other planktonic organisms in our
study may carry nodularin on their cell surfaces lead-
ing to a significant correlation, for example, between
dinoflagellate grazing and nodularin content in cope-
pods.

In our experiments, nodularin was transferred to the
copepods through all 3 potential pathways: (1) graz-
ing on filaments of small Nodularia spumigena, (2)
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directly from the dissolved pool, and (3) through the
microbial food web by copepod grazing on ciliates,
dinoflagellates and HNF. The estimated proportion of
toxin transfer through the microbial food web was 22
to 45% and 71 to 76% in Expts 1 and 2, respectively.
This highlights the possible role of the microbial food
web in the transfer of HAB toxins in aquatic ecosys-
tems.

HABs and the microbial food web

Harmful algae have strong effects in the ecosystem.
Cyanobacterial blooms are often associated with rela-
tive changes in grazer community. These changes may
be due to predation by zooplanktivores (reviewed by
Turner & Granéli 2006), interference with feeding
because of the bad manageability of filaments or
colonies, chemical factors (e.g. toxicity, low nutritional
value) or high abundances (i. e. blooms) that limit the
ability of grazers to feed on other coexisting algae. The
bacterial communities are also affected by the
cyanobacterial blooms (Doucette et al. 1998). These
alterations can change the carbon flow in the food web
and restructure the plankton community. However,
although direct effects of toxins have been studied and
toxins are known to be transferred at all levels of the
aquatic food web (Turner & Granéli 2006), relatively
little is known about the importance of the microbial
food web in toxin transfer in general and in nodularin
transfer in particular. Although the chemical structure
varies among toxins, and this leads to high differences
in toxicity (Sivonen & Jones 1999), toxin groups such as
nodularins and microcystins have similar ways to affect
aquatic and terrestrial organisms — for example, by
entering the hepatocytes  in the liver. As a result of
their stable molecular composition, these toxins are
transferred further into the food web. These similari-
ties suggest common mechanisms of toxin transfer that
involve the microbial loop as well. Thus, the impor-
tance of trophic cascades in the transfer of cyanobacte-
rial toxins should also be studied in freshwater envi-
ronments.
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