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ABSTRACT: Feeding, reproduction and accumulation of cyanobacterial toxins by the calanoid copepods
Acartia bifilosa and Eurytemora affinis were studied during a cruise in the northern Baltic Sea. The experiments were carried out using both mixtures of natural plankton communities, mixtures containing
the toxic Nodularia spumigena, and diets containing only the toxic cyanobacterium. Both copepod species had a high survival and fed actively on N. spumigena, both as a single food source and when offered
in mixtures. Feeding on N. spumigena resulted in the detection of nodularin equivalents in the animals.
However, there was a negative relationship between the gross growth efficiency and accumulated
toxins, which indicates that the food quality was not ideal, possibly related to a high metabolic cost to
cope with ingested toxins. Overall low egg production rates by both species and low egg hatching success by A. bifilosa in natural seawater suggested that the copepods were food-limited in the environment. The presence of Brachiomonas submarina offered in combination with N. spumigena enhanced
A. bifilosa egg production, but not egg hatching success. Egg hatching success was not affected by increasing concentrations of N. spumigena in the diet. Instead, lack of food seemed to be a more important
factor. Similar responses by E. affinis populations from sites with different history of toxin occurrence
suggest that tolerance to cyanobacterial toxins has evolved in the Baltic Sea. This has possibly been
guaranteed by genetic exchange between the 2 populations. These results suggest that N. spumigena
is not directly harmful to copepods if an alternative food source is available, even though reproduction
is not sustained if the species is offered as a single diet. Moreover, even if both copepods might act as a
link transporting toxins to higher trophic levels, a very small fraction of the estimated ingested toxin was
found in the animals, therefore the relative importance of this pathway seems limited.
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The occurrence of harmful algal blooms is worldwide,
and in many cases toxins are produced. It is believed that

the intensity of cyanobacterial blooms in the Baltic Sea,
mainly formed by the nitrogen-fixing Aphanizomenon
flos-aquae and Nodularia spumigena, has increased because of the eutrophication process (Finni et al. 2001).
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Most of the N. spumigena blooms and strains isolated
from the Baltic Sea produce the hepatotoxic cyclic
pentapeptide nodularin (Sivonen & Jones 1999), which
inhibits protein phosphatases (An & Carmichael 1994,
Honkanen et al. 1994, Ward et al. 1998).
Recent results suggest that cyanobacterial blooms in
the Baltic Sea might play a more important role in the
food web than previously assumed (Rolff 2000). It has
been considered that feeding and/or reproduction by
copepods feeding on toxic Nodularia spumigena are
limited (Sellner et al. 1996, Koski et al. 1999, Engström
et al. 2000). However, the depleted δ15N-isotopic signal
found in pure cyanobacteria has been shown to be
propagated to zooplankton, indicating either direct
consumption of these cyanobacterial blooms or secondary consumption of bacterio-, phyto- and zooplankton using cyanobacterial nitrogen. Therefore, the role
of cyanobacterial blooms as a food resource seems to be
underestimated (Meyer-Harms et al. 1999) and should
be re-evaluated (Rolff 2000).
Accumulation of toxins in the food web is likely to
occur if toxic phytoplankton is consumed. In fact, experimental and field studies have demonstrated that
microcystins (Watanabe et al. 1992, Kotak et al. 1996,
Thostrup & Christoffersen 1999, Ferrão-Filho et al.
2002), PSP toxins (White 1981, Turiff et al. 1995, Teegarden & Cembella 1996, Turner et al. 2000), DSP
toxins (Maneiro et al. 2000) and brevetoxins (Tester et
al. 2000) accumulate in zooplankton. It has also been
observed that phycotoxins can be transported via copepods to fish (Tester et al. 2000) and mysid shrimps (Engström-Öst et al. 2002). Nodularins and microcystins can
also accumulate in mussels (Amorim & Vasconcelos
1999, Sipiä et al. 2001a) and in fish that can later be
consumed by man (Magalhães et al. 2001, Sipiä et al.
2001b).
We conducted feeding and reproduction experiments
to investigate grazing, food selectivity and production
of Acartia bifilosa and Eurytemora affinis in a range of
conditions: from the natural community and mixtures
containing the toxic Nodularia spumigena to diets containing only the toxic cyanobacterium. These conditions were set to observe the response of the animals
exposed to increasing concentrations of N. spumigena,
simulating different cyanobacterial bloom concentrations, and to see whether food selection occurs when
other food types are also available. Further, we wanted
to reveal whether the cyanobacterial toxin nodularin
can accumulate in copepods, which could then act as a
link transferring toxins to higher trophic levels. Toxic
N. spumigena was also offered to 2 populations of E.
affinis (from the Gulf of Finland and Bothnian Bay) to
observe if these populations with a different history of
exposure to the toxic cyanobacterium have different
tolerance to nodularin.

MATERIALS AND METHODS
The experiments were conducted during a cruise on
board RV ‘Aranda’ (Finnish Institute of Marine Research) in August 2000 in the northern Baltic Sea. The
first experiment was performed in the Gulf of Finland (60° 15’ 01’’ N, 27° 48’ 20’’ E) and the second experiment took place in Bothnian Bay (64° 18’ 12’’ N,
22° 20’ 60’’ E). The calanoid copepods Acartia bifilosa
and Eurytemora affinis were used for the experiment
in the Gulf of Finland, whereas in Bothnian Bay only E.
affinis was abundant enough for the experiments. In
the Gulf of Finland, copepods were incubated (1) with
the <100 µm filtered natural plankton community (NC)
in a concentration of 440 µg C l–1, containing decaying
toxic Nodularia spumigena filaments, (2) with a toxic
culture of the same species (N; 1281 µg C l–1), (3) with
a mixture (ca. 1:1 as carbon) of N. spumigena and
the green flagellate Brachiomonas submarina (N+B;
1330 µg C l–1) and (4) in GF/C-filtered seawater (FW).
In Bothnian Bay, E. affinis was incubated (1) with the
NC (363 µg C l–1), (2) with a toxic culture of N. spumigena (N; 907 µg C l–1), (3) with a mixture of both N and
NC treatments (N+NC; 731 µg C l–1) and (4) in FW. The
aim with the experiment in Bothnian Bay was to
observe the survival and behaviour of copepods, which
do not experience contact with the toxic cyanobacterium. Copepod feeding, survival, reproduction and
accumulation of toxins were measured during both
experiments.
Copepods from both areas were sampled with a
200 µm net by vertical tows (from 50 m depth to the
surface) and adult females were separated and placed
in FW (Whatman GF/C) overnight. In addition, individuals (ca. 10 ind. sample–1) of both copepod species
were picked and rinsed 3 times in FW and placed in
3 replicate tin capsules for particulate organic carbon
(POC) analyses (see below). Natural seawater from
both sites was pumped from the surface through a
hose. In the Gulf of Finland, surface water temperature, chl a and salinity were 17.5°C, 7.6 µg l–1 and
4.1 PSU, respectively, and 16°C, 3.4 µg l–1 and 2.7 PSU
in Bothnian Bay (Finnish Institute of Marine Research
unpubl. data). The nodularin-producing Nodularia spumigena strain AV1 was obtained from the culture collection of the University of Helsinki, Division of Microbiology (Lehtimäki et al. 1994, 2000), and grown in a
modified Z8 medium (Hughes et al. 1958, Kotai 1972).
The culture of the green flagellate Brachiomonas submarina was obtained from the Tvärminne Zoological
Station, University of Helsinki, and grown in a modified Erd-Schreiber medium (Hällfors & Hällfors 1992).
Both cultures were monospecific, but non-axenic.
For the experiments, 20 to 25 female copepods of
both species were separately placed in triplicate 1.2 l
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glass bottles with the different food suspensions. Control bottles (without copepods) were also incubated in
triplicate for each treatment. The bottles were incubated on a plankton wheel (0.5 rpm) at ambient temperature and on a day-night cycle, for the first 24 h to
estimate feeding and then for an additional 48 h to estimate egg production. Plankton samples (20 to 100 ml)
were collected at 0 and 24 h of the feeding experiment
and preserved in acid Lugol’s solution. After the 24 h
feeding incubations, which should be time enough for
small copepods to convert ingested food to eggs
(Tester & Turner 1990, Schmidt et al. 1998), copepods
were gently collected onto a 100 µm net, and live
females were transferred into new food suspensions
for the egg production rate (EPR) measurements. After
the EPR experiments, females and eggs were gently
collected onto 100 and 20 µm nets, respectively. The
number of eggs was counted and the females were collected for toxin analysis. These females were rinsed
3 times in FW, and individuals from each treatment
were pooled together into 1 sample (ranging from 22 to
69 individuals). In addition, triplicates from each treatment of a known number of eggs (ca. 10) produced
by Acartia bifilosa were separated and placed in petri
dishes in filtered seawater to estimate egg hatching
(EH) success. The number of hatched eggs was
counted after 48 h. Survival (SUR) of animals exposed
to the different treatments was calculated as the percentage of live individuals after a certain incubation
time (24 and 72 h after the feeding and EPR experiments, respectively) from the initial (0 h) number of
females.
The concentration of phytoplankton and ciliates was
determined at the start and at the end of the feeding
experiments using an inverted microscope. Samples
containing Nodularia spumigena filaments were sonicated for 10 s (Sonicator XL2020, Misonix) to decrease
the length of the filaments and, therefore, increase
the number of counting units (ca. 100 filaments in
each sample). The number of N. spumigena cells
per filament was then directly counted. Entire samples, or in the case of very dense taxa, diagonals were
counted in sedimentation chambers of different volumes depending on the density of the filaments/cells,
and at least 30 cells were measured to estimate the
cell volume. Clearance rates (CR) and ingestion rates
(IR) were estimated according to Frost (1972). IR of
the different food types were converted to carbon
by employing the volume to carbon conversion factor
of 0.11 (Edler 1979), and the total ingestion rate
(TIR) for each treatment was calculated as the sum of
the ingestion rates of all food types in a diet. For the
treatments in which mixtures of food were offered,
clearance rates were used as a measure of food
selection.
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For the broadcast-spawning Acartia bifilosa, egg
production was calculated as the number of eggs
divided by the number of live females at the end of the
incubation time. Egg cannibalism was considered not
significant in the incubations since the number of
empty eggs corresponded to the number of nauplii
(Burdloff et al. 2002), which was corrected for in the
EPR calculations. For the egg-carrying Eurytemora
affinis, EPR was estimated according to: P = Ne/(N f D),
where P is the number of eggs produced by female per
day, Ne and Nf are the number of eggs and females,
respectively, at the end of the incubation time, and D
is the development time of the eggs. D was calculated
according to Andersen & Nielsen (1997). E. affinis
nauplii were observed in all the bottles. However,
since it is likely that they were partly produced as an
effect of the previous food sources in the natural environment (cf. hatching time of ca. 2 d at 16°C; Andersen
& Nielsen 1997) they were not included in the calculations. This might have underestimated the EPR
slightly. For each treatment, gross growth efficiency
(GGE) was estimated by dividing the egg production
by the TIR. Egg production was converted to carbon
assuming an egg carbon content of 0.041 µg for A.
bifilosa and of 0.048 µg for E. affinis (Kiørboe & Sabatini 1995).
Triplicate aliquots (100 to 250 ml) of the different
food suspensions, offered to the animals, were filtered
onto pre-combusted Whatman GF/F filters for the
determination of POC. The filters were placed in
hydrogen peroxide-washed Eppendorf tubes and
dried in an oven at 60°C overnight. Dry filters were
folded in tin foils, and POC was determined using a
CHN Analyser (NA 1500 NC, FISONS Instruments).
The tin capsules containing the copepods from the
start of the experiments were dried and analysed in the
same way.
Triplicate aliquots (100 to 250 ml) of the different
food suspensions were filtered (Whatman GF/F) for the
determination of nodularin concentrations. Filters
were extracted in 70% methanol:Milli-Q water in a
sonicator bath (Bandelin, Sonorex TK 52) for 15 min
and centrifuged (5417 C, Eppendorf) at 15 338 × g for
10 min. The supernatant was filtered through a 0.2 µm
PTFE membrane and injected into the HPLC (high
performance liquid chromatography) system (Hitachi/
Merk) equipped with an L-7455 photodiode array
detector. The column was an ODS (3) Phenomenex
(4.6 i.d. × 250 mm, 5 µm particle size) and the mobile
phase consisted of acetonitrile with 0.1% v/v TFA (trifluoroacetic acid) and Milli-Q water with 0.1% v/v TFA
in a linear gradient at a flow rate of 1 ml min–1. Chromatograms were monitored at a fixed wavelength of
238 nm and UV spectra from 200 to 300 nm. We
employed a shorter version of the method described by
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Lawton et al. (1994) to analyse the samples from the
Nodularia spumigena culture, in which the linear
gradient increased from 35 to 47% acetonitrile after
12 min. For the natural community samples, the gradient started at 35% acetonitrile and increased to 65%
over 30 min. The running time was increased in order
to verify whether other compounds (i.e. microcystins)
were present in the samples.
Samples containing the females were freeze-dried
(Christ Alpha 2-4) and extracted with 100% methanol.
Sonication (Sonicator XL2020, Misonix) was carried
out on ice until the tissues were homogenised. Samples
were then centrifuged at 15 338 × g for 20 min. The
supernatant was divided into 2 equal portions and
dried with gaseous N2. These 2 portions were resuspended with 50% methanol:Milli-Q water and gradually diluted to 10% methanol:Milli-Q water. The
samples were then analysed both by a fluorimetric protein phosphatase (PP1) assay (Fontal et al. 1999) and
a direct competitive enzyme-linked immunosorbent
assay (ELISA) (EnviroGard Microcystins Plate Kit). We
used these 2 assays in order to obtain a more accurate
toxin measurement, since the results obtained from
each assay might differ when toxin variants and conjugates are present in the samples (An & Carmichael
1994, Metcalf et al. 2000).
The data were tested for normality and homogeneity
of variances, and log- or square root-transformed if
those assumptions were not met. We used a multivariate analysis of covariance (MANCOVA) to separately assess the effect of the increase in the food concentration (POC in the food suspensions as a covariate)
from the effect of the increase in the concentration of
Nodularia spumigena (N. spumigena cell numbers in
the food suspensions as a covariate) on the TIR, egg
production and GGE of both copepod species in the
Gulf of Finland (2-way MANCOVA), and of Eurytemora affinis (1-way MANCOVA) in Bothnian Bay. To
assess whether feeding and reproductive responses of
the 2 E. affinis populations differed according to their
different history of toxin exposure, a 1-way MANCOVA was used considering the biomass of N. spumigena, offered as a sole food source, as a covariate.
When significant differences were found, Tukey’s
a posteriori HSD test was used. The nonparametric
Kruskal-Wallis H-test was used if the transformed data
did not conform to the ANOVA assumptions. For a
given treatment, differences between both copepods
were tested using a t-test or Mann-Whitney U-test. We
used a 2-way ANOVA (Gulf of Finland) and the t-test
(Bothnian Bay) to assess whether CR and IR on N.
spumigena differed when offered in mixtures or as a
single diet. Whenever significant differences were
detected, the sequential Bonferroni method was used
to adjust the alpha values for multiple inferences

(Peres-Neto 1999). The alpha value was adjusted to
account for the number of tests being performed to
avoid a Type-I error, i.e. to reject the null hypothesis
when it is actually true (Peres-Neto 1999).

RESULTS
Total ingestion rate (TIR): the effect of food and
Nodularia spumigena concentration
Neither food nor Nodularia spumigena concentration had any effect on the TIR by either Eurytemora
affinis or Acartia bifilosa (2-way MANCOVA: p > 0.05)
in the Gulf of Finland. In addition, there was no difference in the ingestion rates between the copepod
species (2-way MANCOVA: p > 0.05). In Bothnian
Bay, however, E. affinis ingestion rate increased with
increasing food concentration and was significantly
higher in the treatment with only N. spumigena, followed by the treatment in which N. spumigena was
offered together with the natural community and by
the natural community alone (1-way MANCOVA
followed by Tukey’s HSD: p < 0.05). However, when
considering only the treatments containing N. spumigena, no effect of increasing concentration of the
cyanobacterium was detected for this variable (1-way
MANCOVA: p > 0.05).

Clearance (CR) and ingestion rates (IR) on the
natural and offered prey items and food selection
In the Gulf of Finland, the most abundant phytoplankton taxa in the natural community were: Aphanizomenon flos-aquae, Pyramimonas sp. and other small
flagellates, Cryptomonas sp. and Anabaena sp. Filaments of Nodularia spumigena were also abundant,
but CR and IR could not be determined for this species, since the filaments were in very low numbers
even in the control bottles after the 24 h incubation.
Ciliates (< 25 µm) seemed to be then the only food type
eaten by both Acartia bifilosa and Eurytemora affinis
in the natural community (Fig. 1a,b,d,e). E. affinis
cleared and ingested these small ciliates at a higher
rate than A. bifilosa did (CR: t = –5.59 and IR: t = –6.03;
n = 3; p < 0.01). In Bothnian Bay, Pyramimonas sp.,
Monoraphidium sp., Cryptomonas sp. and Fragilaria
sp. were the most abundant taxa. E. affinis fed on
Fragilaria sp. and ciliates (Fig. 1c,f). Larger ciliates
(> 25 µm) were cleared at a higher rate than the smaller
ciliates (< 25 µm) and Fragilaria sp. (Fig. 1c).
CR and IR by both Acartia bifilosa and Eurytemora
affinis on Nodularia spumigena did not differ, whether
it was offered as the sole food or in combination with
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Brachiomonas submarina (2-way ANOVA: p > 0.05)
(Fig. 1a,b,d,e). A. bifilosa had a higher CR on N. spumigena than on B. submarina, whereas E. affinis did
not show any selection between these 2 food items
(Fig. 1a,b). CR and IR on N. spumigena (Fig. 1c,f) by E.
affinis in Bothnian Bay were higher when this food type
was offered alone than in combination with the natural
community (CR: t = 3.56 and IR: t = 6.50; n = 3; p < 0.05).

Survival, reproduction and gross growth
efficiency (GGE)
Survival of Acartia bifilosa and Eurytemora affinis
(from both the Gulf of Finland and Bothnian Bay) was
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generally high (Table 1). Although survival of both
species tended to decrease with time in all treatments,
there was no difference among treatments (Table 1;
ANOVA; p > 0.05) and incubation time at both sites
(Table 1; Mann-Whitney U-test or t-test; p > 0.05). In
addition, survival did not differ between copepods in
any treatment for each incubation time in the Gulf of
Finland (Mann-Whitney U-test; p > 0.05).
In general, egg production in the Gulf of Finland was
highest in the treatment containing a mixture of Nodularia spumigena and Brachiomonas submarina, followed by the natural community treatment and the one
containing only the cyanobacterium, which did not differ from that in FW (Table 1). Increasing the food concentration resulted in an increase of the egg produc-

Fig. 1. Acartia bifilosa and Eurytemora affinis. Clearance rates (CR) (ml copepod–1 h–1) and ingestion rates (IR) (ng C copepod–1
h–1) by A. bifilosa and E. affinis for the different food items in the different treatments in the Gulf of Finland (a,b: CR; d,e: IR) and
by E. affinis in Bothnian Bay (c,f). Columns and bars denote mean ± SD. N = Nodularia spumigena; B = Brachimonas submarina;
C < 25 = ciliates < 25 µm; C > 25 = ciliates > 25 µm; Fr = Fragilaria sp.; N+B = N. spumigena + B. submarina, N+NC = N. spumigena + natural community, NC = natural community
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Table 1. Acartia bifilosa and Eurytemora affinis mean (SD) total ingestion rate (TIR, ng C copepod–1 h–1), survival (SUR,%) at 24
and 72 h, egg production rate (EPR, number of eggs female–1 d–1), gross growth efficiency (GGE, %) and egg hatching success
(EH, %) in the Gulf of Finland (GF) and in Bothnian Bay (BB), incubated in different treatments: N = Nodularia spumigena; N+B =
N. spumigena + Brachiomonas submarina; NC = natural community; N+NC = N. spumigena + natural community; FW = filtered
seawater, NS = not significant
GF

N

N+B

NC

FW

A. bifilosa
TIR
SUR 24 h
SUR 72 h
EPR
GGE
EH

80.16 (69.22)
86.66 (14.43)
51.66 (35.47)
1.50 (0.89)
3.20 (1.91)
20 (10)

71.64 (31.38)
92.96 (6.11)
75.74 (3.94)
5.21 (1.82)
14.55 (5.10)
16 (15)

15.60 (2.57)
94.91 (0.15)
65.96 (12.20)
1.13 (0.82)
14.56 (10.52)
26 (20)

–
84.09 (5.56)
59.11 (15.31)
0.59 (0.17)
–
0

E. affinis
TIR
SUR 24 h
SUR 72 h
EPR
GGE

114.02 (48.20)
82.27 (11.75)
72.05 (7.08)
0.52 (0.47)
0.92 (0.84)

152.42 (45.45)
95.15 (4.76)
82.83 (7.01)
2.41 (0.55)
3.16 (0.72)

25.87 (1.43)
100
93.93 (6.94)
0.99 (0.64)
7.71 (4.98)

–
83.33 (20.81)
68.00 (20.29)
0.48 (0.41)
–

N

N+NC

NC

FW

220.86 (68.26)c
84.67 (5.76)
82.92 (8.52)
1.99 (2.42)
1.81 (2.19)

47.50 (12.26)
91.26 (2.86)
91.26 (2.86)
2.58 (0.84)
10.86 (3.54)

14.34 (1.71)
93.59 (5.62)
90.38 (8.43)
0.61 (0.30)
8.62 (4.28)

–
90.22 (8.03)
77.20 (17.51)
1.32 (0.66)
–

BB
E. affinis
TIR
SUR 24 h
SUR 72 h
EPR
GGE
a

ANOVA

3.40 NSa
1.99 NSa

5.21 NSa
5.85 NSa

ANOVA

1.24 NSb
1.15 NSb

Kruskal Wallis ANOVA, b 1-way ANOVA, cn = 2

tion by Acartia bifilosa only in the treatment containing a mixture of N. spumigena and B. submarina
(2-way MANCOVA followed by Tukey’s HSD: p <
0.05). However, increasing the biomass of N. spumigena resulted in a significant decrease in the egg production by A. bifilosa (2-way MANCOVA followed by
Tukey’s HSD: p < 0.05). Eggs produced by A. bifilosa
hatched in all treatments, except for the individuals
kept in FW (Table 1). Egg hatching success was very
low and did not differ significantly among treatments
(Table 1); no difference was observed with an increase
in the total food concentration (1-way MANCOVA: p >
0.05) or the N. spumigena biomass (1-way MANCOVA:
p > 0.05). In Bothnian Bay, E. affinis egg production did
not differ among treatments (Table 1). Neither an increase in food concentration nor the N. spumigena biomass affected the egg production in the experiments
performed at this site (1-way MANCOVA: p > 0.05).
In the Gulf of Finland, the GGE of Eurytemora affinis
was higher in the natural community than in the Nodularia spumigena treatment (Table 1; 2-way MANCOVA followed by Tukey’s HSD: p < 0.05), while it did
not differ for Acartia bifilosa (2-way MANCOVA: p >
0.05). However, the GGE of A. bifilosa was higher
while feeding on N. spumigena and Brachiomonas
submarina than when feeding only on the cyanobac-

terium (2-way MANCOVA followed by Tukey’s HSD:
p < 0.05). Regarding total food concentration, there
was no difference between the GGE values for the 2
copepod species (2-way MANCOVA: p > 0.05). However, A. bifilosa had higher GGE than E. affinis when
the biomass of N. spumigena decreased (2-way MANCOVA followed by Tukey’s HSD: p < 0.05). In Bothnian
Bay, GGE was similar in the treatment with N. spumigena and the natural community and in the natural
community alone, which was significantly higher than
in the N. spumigena treatment (Table 1; 1-way
MANCOVA followed by Tukey’s HSD: p < 0.05) However, when the biomass of N. spumigena was used as a
covariate, the values did not differ between these
treatments, and this pattern could not be confirmed
(1-way MANCOVA: p > 0.05).

Comparison of the Eurytemora affinis populations
from the Gulf of Finland and Bothnian Bay
There was no difference on the feeding (TIR) (1-way
MANCOVA: p > 0.05) and reproductive responses (EPR
and GGE) (1-way MANCOVA: p > 0.05) between the
2 Eurytemora affinis populations after exposure to the
toxic cyanobacterium.
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Table 2. Nodularin concentrations (ng ml–1) in the food suspensions for the different treatments (analysed by HPLC, mean [SD])
and nodularin equivalents (ng copepod–1) in Acartia bifilosa and Eurytemora affinis in the Gulf of Finland (GF) and in Bothnian
Bay (BB) analysed by the protein phosphatase (PP1) assay and the ELISA. Other abbreviations as in Table 1
GF
Food suspension
A. bifilosa
E. affinis
BB
Food suspension
E. affinis

N

N+B

NC

FW

2.39 (0.46)
PP1/ELISA
0.013/0.011
0.024/0.011

0.83 (0.13)
PP1/ELISA
0.010/0.006
0.014/0.006

ND
PP1/ELISA
ND/ND
0.008/0.001

–
PP1/ELISA
ND/ND
0.007/0.003

N

N+NC

NC

FW

1.92 (0.15)
PP1/ELISA
0.034/0.006

0.25
PP1/ELISA
0.007/0.003

ND
PP1/ELISA
0.001/ND

–
PP1/ELISA
0.001/ND

Toxin accumulation

DISCUSSION

Nodularin was found in all the treatments containing
cultured Nodularia spumigena but was not detected in
the natural community (Table 2). However, phytoplankton toxin measurements from samples collected
in the Gulf of Finland during the same time as the present study ranged from 0.2 to 9.0 µg nodularin g–1 DW
(Finnish Institute of Marine Research unpubl. data).
Moreover, nodularin equivalents were detected in
Eurytemora affinis (Fig. 2a,b, Table 2) from the Gulf of
Finland by both PP1 and ELISA.
Nodularin equivalents measured by the PP1 assay
were up to 5 times higher than those detected by the
ELISA. Eurytemora affinis had a higher toxin content
than Acartia bifilosa when analysed by the PP1 assay,
but the concentrations were similar when the ELISA
was used. The highest toxin concentrations in the
copepods were found (both PP1 assay and ELISA)
when the copepods were incubated with only the toxic
Nodularia spumigena, followed by the animals grazing
on both N. spumigena and Brachiomonas submarina
(Gulf of Finland) and those offered the toxic N. spumigena and the natural community in combination
(Bothnian Bay).
There was a linear positive relationship between the
nodularin equivalents detected by the PP1 assay in the
copepods and their IR of Nodularia spumigena cells
(data from all treatments; Fig. 3). There was also a
linear negative relationship between the GGE and the
nodularin equivalents detected by the PP1 assay in
the copepods (data from all treatments; Fig. 4).
Nodularin equivalents were also detected by the PP1
and the ELISA in Eurytemora affinis that had been
incubated with both the natural community and the
FW from the Gulf of Finland (Table 2). However, in
Bothnian Bay, nodularin equivalents in the copepods
from those treatments were only detected by the PP1
assay.

Feeding and reproduction
The TIR of both Acartia bifilosa and Eurytemora affinis tended to increase with increasing food concentration, which could indicate food limitation in the environment. In the natural community, both A. bifilosa
and E. affinis had comparable CR and IR on ciliates, as
recently reported (Koski et al. 2002). Moreover, both
copepod species fed selectively on ciliates even when
phytoplankton was available, in accordance with the

Fig. 2. Acartia bifilosa and Eurytemora affinis. Nodularin
equivalents (ng copepod–1) detected by the protein phosphatase (PP1) assay and the ELISA in E. affinis (PP1 E, ELISA
E) and A. bifilosa (PP1 A, ELISA A) in the Gulf of Finland (a)
and in E. affinis (PP1, ELISA) in Bothnian Bay (b). Abbreviations as in Fig. 1. FW = filtered seawater
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In grazing experiments performed during different phases of a cyanobacteria
bloom after the addition of a high biomass of cultured toxic Nodularia spumigena to a natural community, Koski et al.
(2002) found very high IR for both Acartia
bifilosa (23 µg C ind.–1 d–1) and Eurytemora affinis (10 µg C ind.–1 d–1) on
cyanobacteria. These authors suggested
that the high ingestion of cyanobacteria
was due to compensatory feeding, i.e. the
copepods increased their feeding rates in
order to compensate for the low food
quality of the cyanobacteria. Non-satiated feeding by A. clausi on the PSPproducing dinoflagellates Alexandrium
lusitanicum (Dutz 1998) and A. minutum
(Frangópulos et al. 2000) has also been
Fig. 3. Relationship between ingestion rates (IR, Nodularia spumigena cells
suggested as a means to compensate for
copepod–1 h–1) and nodularin equivalents in copepods (measurements done by
an enhanced energy expenditure of
the protein phosphatase assay [PP1]) feeding on the different treatments. PP1 =
copepods to cope with ingested toxins.
0.00257 + 2 10– 6 × cells; R2 = 0.93; n = 6; p = 0.0014
In our study, the high IR on Nodularia
spumigena was only reflected in very
low GGE values; i.e. high IR of the toxic
cyanobacterium only allowed a minimum output in
results obtained by Stoecker & Egloff (1987) and Koski
reproduction. Zooplankton growth and/or reproducet al. (2002). Ciliates may often be an important part of
the diet of copepods in nature, not only quantitatively
tion have been observed to decrease or even be inhibited on diets containing only cyanobacteria when combut also qualitatively, since they may contain appreciapared to ‘higher quality’ diets (Lampert 1987, Schmidt
ble amounts of polyunsaturated fatty acids (PUFAs)
(Stoecker & McDowell Capuzzo 1990).
& Jónasdóttir 1997, DeMott 1998, 1999, Koski et al.
Both Acartia bifilosa and Eurytemora affinis fed
1999). This can be related to the lack of essential comactively on the toxic Nodularia spumigena even when
ponents such as the highly unsaturated fatty acid
(20:5ω3) in cyanobacteria (Müller-Navarra et al. 2000)
other food items were present. Although previous
studies have demonstrated that A.
bifilosa (Sellner et al. 1996, Engström
et al. 2000) and E. affinis (Sellner et
al. 1996) graze poorly on the toxic
cyanobacterium, a recent study supports the results presented here (Koski
et al. 2002). It has been suggested that
observed high feeding by Acartia spp.
and Temora longicornis on cyanobacteria can be caused by a high cyanobacteria biomass and/or that the bloom is
in a later phase (Meyer-Harms et al.
1999). However, this was not found by
Koski et al. (2002) since a higher feeding rate on cyanobacteria by calanoid
copepods was observed especially
when the bloom was actively growing,
and not in a later phase. Nevertheless,
it seems that the feeding activity by
calanoid copepods increases at a high
Fig. 4. Relationship between the nodularin equivalents in copepods (measurecyanobacteria biomass (Meyer-Harms
ments done by the protein phosphatase assay [PP1]) and the gross growth efficiency, GGE = 11.93 – 364.5 × PP1; R2 = 0.56; F1, 7 = 9.02; n = 9; p = 0.019
et al. 1999, Koski et al. 2002).
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and/or the need to cope with toxins (Dutz 1998). We
have observed a decrease in the GGE values with an
increase of the toxin concentration in the copepods,
suggesting that the copepods allocate more energy to
detoxification than to reproduction when they ingest
more toxins, as suggested by Dutz (1998).
The number of eggs produced by Eurytemora affinis
in the presence of Nodularia spumigena alone was low
and not different from that produced in FW, while
the addition of Brachiomonas submarina tended to
increase egg production. Similar responses have previously been reported (Sellner et al. 1996, Koski et al.
1999). Acartia bifilosa egg production was in the same
range or lower than previously reported for this species
(Sellner et al. 1996, Koski & Kuosa 1999, Koski et al.
2002) and was highest in the N. spumigena with B.
submarina treatment.
The addition of Brachiomonas submarina also
increased the GGE of Acartia bifilosa significantly,
emphasising the adequate nutritious status of this
green flagellate (Sellner et al. 1996, Koski et al. 1999).
Green algae have, in general, small amounts of
PUFAs (Ahlgren et al. 1992, Brown et al. 1997), which
are important for zooplankton reproduction (MüllerNavarra et al. 2000). However, egg production by A.
bifilosa feeding on B. submarina (Sellner et al. 1996) is
higher than reported elsewhere (Schmidt et al. 1998,
Yoon et al. 1998, Castro-Longoria & Williams 1999,
Koski & Kuosa 1999). Addition of B. submarina to
<100 µm FW increased the C (carbon) and N (nitrogen)
contents of Eurytemora affinis eggs even when no
increase was detected in the females (Koski 1999). Furthermore, we have observed that the pellet production
rate by E. affinis feeding on B. submarina, which corresponded to rates of other copepods feeding on good
food, was significantly higher than on natural community or N. spumigena diets (Lehtiniemi et al. 2002).
The egg hatching success of Acartia bifilosa was low
and variable in all treatments. This could have been related to the low EPR (Tang & Dam 2001), which in turn
could have been associated with nutritional limitation
(Jónasdóttir & Kiørboe 1996). In our study, the increase in
food quantity only led to an increase in the egg production of A. bifilosa when Brachiomonas submarina was
present. However, this positive effect on egg production
was not reflected by any increase in hatching success.
Food sources that are apparently adequate for egg production may not necessarily be sufficient for both egg
viability and hatching, indicating that these variables
can be decoupled (Turner et al. 2001). Eurytemora affinis
egg hatching success from the Baltic Sea has been reported to range from 0 to 87% and shown to be inhibited
by toxic Nodularia spumigena, suggesting the presence
of inhibitory compounds (Koski et al. 1999). However, no
inhibition of the egg hatching success of A. bifilosa was
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observed in the present study, since hatching did not decrease with increasing biomass of the toxic N. spumigena after 72 h exposure. Despite the low number of
eggs used in the hatching experiment and the low viability of eggs in the natural community treatment, the
lack of food seemed to be a more important factor in
decreasing egg hatching success than an inhibition by
N. spumigena, since no eggs hatched when the females
were kept in filtered seawater for 72 h, while eggs
hatched in all the other treatments.

Tolerance to cyanobacterial toxins
Both Eurytemora affinis populations (from the Gulf
of Finland and Bothnian Bay) fed actively and not differently on Nodularia spumigena. Furthermore, no difference was detected between these populations for
their reproductive responses after feeding on the toxic
cyanobacterium. Even though toxic N. spumigena
blooms have never been recorded in Bothnian Bay
(G. Hällfors pers. comm.), there was no significant
effect of the toxic N. spumigena on the survival, feeding and reproduction by E. affinis from this site.
Adaptation and resistance to toxins seem to be dependent on the history of toxin exposure (Kurmayer &
Jüttner 1999, Bricelj et al. 2000, Nandini 2000, Colin &
Dam 2002). Colin & Dam (2002) suggested that differential resistance to toxic Alexandrium spp. by populations of Acartia hudsonica has occurred due to latitudinal distribution of the toxic algae and copepods. They
observed some degree of tolerance to Alexandrium
spp. by an A. hudsonica population in a region where
blooms have occurred in the past (much less frequent
and less toxic than in northern regions) and suggested
that genetic exchange might have contributed for this
tolerance due to the proximity of those populations.
Even if blooms of toxic Nodularia spumigena do not
occur in Bothnian Bay (G. Hällfors pers. comm.), the
proximity of Bothnian Bay to the Bothnian Sea, where
toxic blooms occur frequently (Kononen et al. 1993),
might contribute to the genetic exchange between the
2 copepod populations. A genetic exchange between
the copepod populations would guarantee some tolerance to cyanobacterial toxins also in the Bothnian Bay
population. As suggested by Reinikainen et al. (2002),
resistance to nodularin has probably evolved in the
Baltic Sea, where cyanobacterial blooms have been reported to occur for at least 7000 yr (Bianchi et al. 2000).

Toxin accumulation
Both Acartia bifilosa and Eurytemora affinis accumulated cyanobacterial toxins. Values found in E. affi-
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nis were in the same range as previously observed for
this species (Engström-Öst et al. 2002, Lehtiniemi et al.
2002).
Both Acartia bifilosa and Eurytemora affinis contained the highest toxin concentrations when they
were incubated with only the toxic Nodularia spumigena, followed by the animals fed the food mixtures
containing N. spumigena, which reflects the ingestion
of the toxic food. Such a relationship was significant
when measured by the PP1 assay (Fig. 3). Nodularin
equivalents measured by the PP1 assay were higher in
E. affinis than in A. bifilosa within the same treatment,
whereas they were found in similar ranges when
analysed by the ELISA. Even though there was no significant difference between the IR, E. affinis ingested
on average 1.42 and 1.51 times more N. spumigena
cells than A. bifilosa did in the N and N+B treatments,
respectively. Accordingly, toxin equivalents for both
treatments measured by the PP1 assay were 1.73 and
1.38 times higher in E. affinis.
Although Nodularia spumigena filaments were present in the Gulf of Finland, and toxin measurements
ranged from 0.2 to 9.0 µg nodularin g–1 DW in this area
(Finnish Institute of Marine Research unpubl. data),
copepod clearance and ingestion rates could not be
estimated for N. spumigena in the natural community.
Therefore, we cannot infer the relevance of the consumption of N. spumigena in the natural community.
However, we suggest that the toxin equivalents
detected in Eurytemora affinis incubated with the natural community indicate that even when other food
types are available, cyanobacteria are consumed
(Meyer-Harms et al. 1999).
Nodularin equivalents were detected in the individuals kept in FW from the Gulf of Finland by both the
PP1 and the ELISA assays. This could indicate that
Eurytemora affinis is capable of degrading/detoxifying
toxins, but with some delay after ingestion. This process could vary depending on the conditions (e.g. starvation or transfer to a non-toxic food source) to which
the animals are subjected after exposure to a toxic diet
(Svensson 2000).
The PP1 assay gave values up to 5 times higher than
those detected by the ELISA, which has also been
observed before (Engström-Öst et al. 2002, Lehtiniemi
et al. 2002). Protein phosphatases can be inhibited by a
series of different compounds (An & Carmichael 1994,
Honkanen et al. 1994), while in general, the antibodies
in the ELISA tend to recognise and cross-react only
with microcystins, nodularins and closely related molecules. However, cross-reaction with the ELISA antibodies with less toxic (measured by a protein phosphatase assay) microcystin-LR conjugates, with similar
affinities to that of microcystin-LR, has been demonstrated (Metcalf et al. 2000). On the other hand, micro-

cystin and nodularin variants, which inhibited protein
phosphatase and showed toxicity in mouse bioassay,
did not cross-react with ELISA antibodies (An &
Carmichael 1994). According to these authors, a combination of both assays will prove useful in detecting
microcystins and nodularins in the environment.
Therefore, whenever possible, both methods should
be used.

Balance between the estimated ingested and
egested toxins for Eurytemora affinis:
where did the toxin end up?
Without considering any possible losses of nodularin,
the amount of nodularin equivalents measured in 1
individual copepod should be the balance between the
amount ingested and the amount egested with faecal
pellets over a certain time.
Assuming that 1 Eurytemora affinis adult female
ingests ca. 216 000 Nodularia spumigena cells (average 24 h ingestion rate for E. affinis in the Gulf of Finland) with a toxin content of 0.13 pg cell–1 (measured
by HPLC), the amount of toxin ingested in our study
during 24 h should equal 28 ng copepod–1.
In another study performed during the same cruise,
the content of nodularin equivalents in the pellets produced by Eurytemora affinis, feeding on the same
Nodularia spumigena strain as in the present experiment, was quantified (Lehtiniemi et al. 2002). During
this study, E. affinis females produced 10.38 ± 5.90
pellets during 24 h (in a food suspension containing
876 µg C l–1 of N. spumigena). This number of pellets
contains, at the most, 0.0067 ng of nodularin equivalents (measured by the ELISA and by a PP1 assay). In
the present study, the N. spumigena treatment contained 1281 µg C l–1, which can be considered similar
to the conditions mentioned above, since in both cases
the food concentrations were very high and above saturated ingestion (Kiørboe et al. 1985). Therefore, we
can assume that the toxin egested in the faecal pellets
by a female during 24 h in our study should be in the
same range (0.0067 ng of nodularin equivalents). Thus,
the amount of toxin equivalents found in 1 copepod
after 24 h (0.02 ng) is less than 0.1% of the ingested
toxin minus the egested: (0.02[28 – 0.0067]) × 100.
Low retention of ingested toxins in tissues of zooplankton feeding on PSP-producing algae, ranging from
< 5% (Teegarden & Cembella 2000) to 10–36% (White
1981), have also been observed.
‘Sloppy feeding’ by zooplankton (Roy et al. 1989), biodegradation of toxins (Jones et al. 1994, Matthiensen et
al. 2000), toxin detoxification/metabolisation (Pflugmacher et al. 1998) and low toxin recovery (Sipiä et al.
2001b) can be suggested to explain the lack of corre-
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spondence between the estimated amount of ingested
toxin to that actually found in Eurytemora affinis.

pean coastal waters: role of eutrophication’ contract: EVK3CT99-00015), the Academy of Finland and the Maj and Tor
Nessling Foundation.

CONCLUSIONS
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