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ABSTRACT: We investigated the effects of cell-free filtrates of the cyanobacteria Nodularia spumi-
gena, Aphanizomenon sp. and Anabaena sp. on a brackish-water plankton community (<150 pm). In
a laboratory experiment, we monitored the concentration of chlorophyll a and cell numbers of bacte-
ria, phytoplankton and ciliates in the experimental units treated with cyanobacterial filtrates and the
control medium. Cyanobacterial filtrates altered the cell numbers of many phytoplankton groups;
they stimulated both colonial (Snowella spp.) and filamentous cyanobacteria (Pseudanabaena spp.,
Anabaena spp., Aphanizomenon sp., N. spumigena), a chlorophyte (Oocystis sp.), a dinoflagellate
(Amphidinium sp.) and nanoflagellates, but inhibited cryptophytes. The filtrates also increased the
numbers of bacteria at the beginning of the experiment, whereas they had no effect on ciliate abun-
dances. Our results suggest that cyanobacteria may enhance the effects of eutrophication by stimu-
lating various phytoplankton groups. The specific compounds causing this stimulation remain to be
studied. On the other hand, cyanobacteria also seem able to reduce the biomass of certain phyto-
plankton species, via an allelopathic mechanism.
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INTRODUCTION

Mass occurrences of phytoplankton may have vari-
ous implications for the surrounding ecosystem. In the
Baltic Sea, late-summer blooms formed by the
cyanobacteria Nodularia spumigena, Aphanizomenon
sp. and Anabaena spp. are recurrent phenomena, but
they have intensified during recent decades, most
probably due to eutrophication (Kahru et al. 1994,
Finni et al. 2001). The capacity of cyanobacteria to
affect other aquatic organisms, such as viruses, bacte-
ria, fungi, phytoplankton, zooplankton and fish, has
been demonstrated in various laboratory studies
(reviewed by Landsberg 2002). The increasing cyano-
bacterial blooms might, thus, be changing the struc-
ture of the aquatic communities in the Baltic Sea.

Allelopathy refers to inhibitory as well as stimulatory
biochemical effects of one plant or microorganism on
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another (Rice 1986). Allelopathic interactions are wide-
spread, occurring in all aquatic habitats and among all
groups of aquatic primary producers (Gross 2003). In
cyanobacteria, allelopathy seems to be especially com-
mon in freshwater species (Gross 2003), but there is
also recent evidence on allelopathic inhibition of
cryptophyte and diatom growth by brackish-water
cyanobacteria (Suikkanen et al. 2004). It has been sug-
gested that the ecological role of allelochemicals in
Baltic Sea cyanobacteria is to maintain their domi-
nance, after a critical cell concentration has been
formed due to environmental factors (Suikkanen et al.
2004).

As most studies concerning allelopathy have been
conducted in the laboratory with single, isolated spe-
cies pairs, there is a dearth of studies on the role of
allelopathy in natural plankton communities (Legrand
et al. 2003). Combining laboratory and field studies by
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employing meso- or microcosm experiments with nat-
ural phytoplankton communities may provide more
reliable data on the actual effects of potentially allelo-
pathic species on the plankton assemblages. While
there are studies on cyanobacterial effects on natural
aquatic communities, they have usually focused on the
effects of cyanobacterial toxins (Lindholm et al. 1992,
Christoffersen 1996 and references therein). In a meso-
cosm experiment, Engstrém-Ost et al. (2002) moni-
tored the effects of decaying filaments of Nodularia
spumigena on a natural plankton assemblage, and
found no direct harmful effects of the cyanobacteria on
microorganisms. However, cell-free filtrates should be
used to distinguish the possible allelopathic effects,
caused by cyanobacterial exudates and not by direct
cell contact, from those of interspecific nutrient
competition.

In this study, we tested the hypothesis that Nodularia
spumigena, Aphanizomenon sp. and Anabaena sp. are
able to produce allelochemicals that affect natural
plankton communities. To do this, we studied the
effects of cell-free filtrates of the 3 cyanobacteria on a
<150 pm plankton community. Special emphasis was
given to effects on phytoplankton, although the num-
bers of bacteria and ciliates were also monitored. The
aim was to find out how cyanobacteria affect the abun-
dance of the different parts of a microplankton com-
munity, and the species composition of phytoplankton.

MATERIALS AND METHODS

Sampling. A water sample was taken with a sub-
mersible pump from 6 m depth from an open sea
area in the southern Baltic Proper (56°55'80" N,
17°00' 64" E; depth 32 m) on 29 July 2002. At the sam-
pling depth, the water temperature was 14.4°C and the
salinity 6.7 psu. The sample was filtered through a
150 pm mesh nylon net to remove mesozooplankton,
and transported to the laboratory of the University of
Kalmar, Sweden.

Cyanobacterial cultures. Three cyanobacterial spe-
cies were tested for their effects on the natural plank-
ton community. The strains of Nodularia spumigena
(KAC 13) and Anabaena sp. (cf. lemmermannii; KAC
16) originated from the Kalmar Algal Collection (KAC),
University of Kalmar, Sweden, whereas Aphanizo-
menon sp. (Tr183) was obtained from Prof. K. Sivonen,
University of Helsinki, Finland. All cyanobacterial
strains were originally isolated from the Baltic Sea. The
N. spumigena strain produces a toxin, nodularin,
whereas the Anabaena and the Aphanizomenon sp.
strains have been reported as non-toxic (Lehtiméki et
al. 1997, Lyra et al. 2001). Based on a toxin analysis
performed shortly before the experiments, the N. spu-

migena culture filtrate contained 28.7 ng nodularin
equivalents (pg chl a)! (Suikkanen et al. 2004). The
strains were grown in f/10 medium (Guillard 1975) at
15°C, ~20 pE m™2 s7!, under a light:dark regime of
18:6 h, and continuously supplied with air. The culture
medium was prepared from filtered seawater (What-
man GF/C) and its salinity was adjusted to 6.8 psu. The
culture biomass was monitored by chlorophyll a mea-
surements to confirm exponential growth of the
cyanobacterial species at the beginning of the experi-
ment. Prior to the experiment, the concentrations of
major inorganic nutrients (nitrate, NO3-N; ammonium,
NH,-N; and phosphate, PO,-P) were determined in the
cyanobacterial cultures.

Experimental design. The effects of the 3 cyanobac-
terial species were tested by exposing the natural
plankton community to cell-free filtrates of the cyano-
bacterial cultures. The filtrates were obtained by gen-
tly filtering (with a pressure lower than -2 kPa) 120 ml
aliquots of the cyanobacterial cultures with ca. 250 ng
chl a 1%, through GF/C filters. Freshly prepared fil-
trates were added to triplicate 1 1 Erlenmeyer flasks
containing 280 ml of the natural community, to make a
total volume of 400 ml, which thus corresponded to ca.
75 pg chl a 1! of cyanobacteria. Triplicate controls
were prepared by adding 120 ml of {f/20 growth
medium (Guillard 1975) to the plankton community.
Nitrate and phosphate concentrations in all cyanobac-
terial filtrates were adjusted to the same level, close to
the nutrient concentrations in /20 growth medium.
Nutrient adjustments were performed to assure that
the same amounts of nitrate and phosphate were
added to both the filtrate treatments and the controls.

The experimental flasks were incubated in a culture
room at 15°C, ~20 pE m~2s7!, under a light:dark regime
of 18:6 h, the conditions resembling those during the
sampling occasion. On each day of the 4 d (96 h) exper-
iment, 120 ml of the test volume was removed and
replaced with corresponding volumes of fresh cyano-
bacterial filtrates or control solution. The effects of the
cyanobacterial filtrates on the natural plankton com-
munity were assessed by comparing the cell numbers
of bacteria, phytoplankton and ciliates, and chloro-
phyll a concentrations in the filtrate treatments and the
control. Chlorophyll a concentration, as well as the
numbers of bacteria and ciliates, were determined
daily from the removed volume, whereas phytoplank-
ton cells were counted on the first and last days of the
experiment.

Analyses. The concentrations of inorganic nutrients
in the cyanobacterial cultures were determined prior
to the experiment according to Valderrama (1995).

For chlorophyll a analysis of the cyanobacterial cul-
tures prior to the experiment, triplicate 5 ml samples
were filtered on GF/C filters and the cyanobacterial
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cells were extracted in 90% methanol (MacKinney
1941). The chlorophyll a fluorescence of the samples
was read with a TD-700 fluorometer (Turner Designs).
During the experiments, the chlorophyll a concentra-
tion in the natural community was monitored by filter-
ing 70 ml samples and extracting them in 95 % ethanol
(Jespersen & Christoffersen 1987), and measured as
described above.

Bacterial abundance was estimated using a FAC-
SCalibur™ flow cytometer (Becton Dickinson) equip-
ped with an argon laser (excitation 488 nm), according
to del Giorgio et al. (1996). Before flow cytometer
counts, bacteria samples were preserved with 37 %
formaldehyde (1 % final concentration) and aliquots of
1 ml were stained with the DNA dye, SYTO 13 (2 uM
final concentration) for 10 to 15 min at room tempera-
ture in the dark. The green fluorescence signal of
SYTO 13-stained bacterial cells was collected through
a 530/30 band pass filter (FL-1) and plotted against for-
ward light scatter (FSC, 488/10 band pass filter) in a
dual parameter dot plot with both parameters having a
logarithmic scale. Samples were run in low flow mode,
and the flow was precisely calculated using a solution
with a known amount of fluorescent beads (Tru-
Count™, Becton Dickinson). Both data acquisition and
analysis were performed using the software Cell-
Quest™ (Becton Dickinson).

Phytoplankton and ciliates were determined from
40 ml samples preserved with acid Lugol's solution
(1% final concentration) and settled for 48 h in settling
chambers (Utermohl 1958). Ciliates were divided into
size classes of <25 and >25 pm, whereas phytoplank-
ters were mostly determined to genus level with an
inverted microscope (Leica Leitz DM IL, 10x oculars,
25% and 40x objectives). At least 400 units of each
taxon were counted per cuvette, but all units per
cuvette were counted when less than 400 units of the
taxon were present in the sample.

Statistical analysis. Repeated measures ANOVA
was used to reveal the difference between chlorophyll
a concentrations, and numbers of bacteria and ciliates
in the plankton communities treated with cyanobacte-
rial filtrates and the control medium. Additionally,
1-way ANOVA was applied to find out whether there
was a difference between the cell numbers of each
phytoplankton taxon, treated with the 3 cyanobacterial
filtrates and the control, on the last day of the experi-
ment. The Tukey's HSD post hoc test was used after all
analyses to find out which treatments had an effect
that differed from the control. If the treatments differed
according to either ANOVA (p < 0.05), only the Tukey
HSD results are indicated. The data were tested for
normality and homogeneity of variances. ANOVAs
were performed using the software SPSS 10.0.7 for
Windows.

To analyse the general community changes caused
by the cyanobacterial filtrates, based on the cell num-
bers of different phytoplankton taxa and ciliates, we
used species-dependent multivariate techniques of the
PRIMER (v5) package (Clarke & Warwick 2001): hier-
archical clustering, analysis of similarity (ANOSIM),
and similarity percentages (SIMPER). For hierarchical
clustering, the distances between samples were calcu-
lated using the Bray-Curtis dissimilarity measure, and
the tree was inferred from these distances using aver-
age linkage. ANOSIM is based on a simple non-para-
metric permutation procedure applied to the (rank)
similarity matrix underlying the ordination or classifi-
cation of samples (Clarke & Warwick 2001). SIMPER
identifies the species responsible for particular aspects
of the multivariate picture, by disaggregating the
similarities obtained from the similarity matrix. The
average dissimilarity between all pairs of inter-group
samples is first computed, and then the average is
divided into separate contributions from each species
to the average dissimilarity (Clarke & Warwick 2001).

RESULTS
Chlorophyll a and phytoplankton

The chlorophyll a content of the experimental units
remained relatively steady throughout the experiment,
irrespective of their treatment with cyanobacterial fil-
trates or the control medium (Fig. 1). Towards the end
of the experiment, the chlorophyll a concentration in
the bottles treated with Aphanizomenon sp. filtrate
and the control medium decreased slightly, compared
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Fig. 1. Chlorophyll a concentration (ng chl a 1"!) of the phyto-

plankton community, treated with cell-free filtrates of Ana-

baena sp., Aphanizomenon sp. and Nodularia spumigena, as

well as the control medium (n = 3, mean + SD). Arrows
indicate filtrate addition
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Table 1. Mean concentrations (counting units 1"!) of phytoplankton taxa in a natural Baltic Sea community in treatments with
added cyanobacterial filtrates and in controls (n = 3, mean + SD), at the beginning (0 h) and the end (96 h) of the experiment

Group Oh 96 h
Species Control Anabaena Aphanizomenon Nodularia
Cyanobacteria
Colonial cyanobacteria; total colonies It 15475 + 799 9617 + 1684 20825 + 4125 16742 + 2483 17842 £ 5119
Snowella spp. 4900 + 557 375+ 198 2667 + 257 2417 + 138 2325 £ 421
Colonial picocyanobacteria® 10575 + 1003 9242 + 1620 18158 + 3869 14325 + 2426 15517 + 5028

Filamentous cyanobacteria; total cells It
Pseudanabaena spp.
Anabaena spp.
Aphanizomenon sp.
Nodularia spumigena

Cryptophytes; total cells 1!
Dinoflagellates; total cells 1t
Dinophysis norvegica
Amphidinium sp.
Paulsenella sp.”
Other dinoflagellates®
Dinoflagellate cysts
Diatoms; total cells 1!
Chaetoceros spp.
Other diatoms
Chlorophytes; total cells 1"
Oocystis sp.
Planktonema lauterbornii

81408 + 27574
8517 + 1644
18608 + 2888
33642 + 7640
20642 + 15832
92 + 52
3325 + 265
100 + 43
1158 + 325
367 + 38
708 + 227
992 + 300
3350 + 66
2833 + 14
517 + 80
10967 + 423
7050 + 1456
3917 =+ 1176

35450 + 10881
29708 + 8520

97108 + 14416
78983 + 6360

181967 + 4585
61300 + 8339

89533 + 17949
61975 + 10291

3192 + 955 6658 + 4539 3483 + 430 18492 + 4103
2267 = 2068 11317 + 3678 117183 + 10386 7608 + 6402
283 + 128 150 = 130 0x0 1458 + 593
325 + 25 67 + 29 358 + 138 92 + 76
3375 + 327 5475 + 434 5350 + 344 4250 + 573
17 +29 8+ 14 33+14 17 + 14
2608 + 296 4308 + 435 4150 + 498 3058 £ 615
242 + 161 267 = 270 133 + 118 375+ 132
308 + 101 558 + 202 683 + 210 567 + 29
200 = 90 333 + 38 350 + 66 233 + 38
3375 + 823 2775 £ 992 1733 + 201 3525 + 1207
2425 + 999 1808 + 513 1175 + 572 2042 + 752

950 + 225 967 + 526 558 + 383 1483 + 1249
5750 + 300 8517 + 1595 7100 = 115 7842 + 637
3800 + 402 4300 = 175 3908 + 679 5575 + 809
1950 + 139 4217 = 1609 3192 + 789 2267 + 603

Nanoflagellates® (<10 pm); total cells 1!

PA parasite of Chaetoceros spp.
¢Combined dinoflagellate species with low biomass

¢Includes both auto- and heterotrophic species

834975 +£ 95731 678651 + 129201 1425449 + 47300

4Includes Aphanothece sp. and Coelosphaerium sp.-like colonial species

dCombined diatom species with low biomass (e.g. Skeletonema sp., Nitzschia sp., Synedra sp., Tabellaria sp.)

897789 + 214772 833345 + 178312

with the ones treated with Nodularia spumigena and
Anabaena sp. filtrates, but these differences were sta-
tistically non-significant (repeated measures ANOVA,
F3 3=25.61, p =0.023; Tukey HSD, p > 0.05).

The phytoplankton community was originally com-
posed of various species of cyanobacteria, crypto-
phytes, dinoflagellates, diatoms, chlorophytes and
nanoflagellates (Table 1). Although the cell numbers of
many groups tended to decrease throughout the ex-
periment in all treatments, including the control, all
major groups present at the beginning were also
present after the experiment in all treatments. Only
Nodularia spumigena was eliminated in the Aphani-
zomenon sp. treatment. The effects of cyanobacterial
filtrate additions on the different phytoplankton taxa,
compared with the control, are listed in Table 2. In
several cases, treatment with cyanobacterial filtrates
stimulated other cyanobacteria in the community: the
numbers of Snowella spp. and Pseudanabaena spp.
were significantly higher in all cyanobacterial treat-
ments than in the control (Tukey HSD, p < 0.01); the
addition of N. spumigena filtrate significantly in-

creased the numbers of both N. spumigena and Ana-
baena spp. (Tukey HSD, p < 0.01); and Aphanizo-
menon sp. filtrate caused an over 50-fold increase in
the cell numbers of Aphanizomenon sp. in the commu-
nity, compared with the control (Tukey HSD, p = 0.000;
Table 1). The only group that was negatively affected
by the cyanobacterial filtrates was cryptophytes.
Cryptophytes were inhibited by Anabaena sp. and N.
spumigena (Tukey HSD, p < 0.04). The heterotrophic
dinoflagellate Amphidinium sp. was stimulated by An-
abaena sp. and Aphanizomenon sp. (Tukey HSD, p <
0.02), but no other dinoflagellates, nor diatoms, were
significantly affected. The growth of the chlorophyte
Oocystis sp. was enhanced by N. spumigena (Tukey
HSD, p = 0.022), and Anabaena sp. had a stimulatory
effect on nanoflagellates (Tukey HSD, p = 0.002). Con-
sidering the effects of cyanobacterial filtrates within
each major phytoplankton group, they were consis-
tent, i.e. the effects on the species within each group
only varied from stimulation or inhibition to null effect,
and thus there was no group which would have been
both positively and negatively affected (Table 2).
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The hierarchical cluster analysis (Fig. 2) revealed
that the different treatments were able to generate
plankton communities different from both the original
community (0 h) and from each other; in the 96 h clus-
ter, the cyanobacterial filtrate treatments formed a
cluster separated from the control, suggesting that the
filtrate treatments caused a different community
development than without the influence of filtrates.
Between the filtrate treatments, the effect of Aphani-
zomenon sp. differed from the effects of Anabaena sp.
and Nodularia spumigena, which were clustered
together. The difference between all treatments was
significant (ANOSIM R = 0.957, p = 0.001), and a pair-
wise comparison showed that all treatments were very
separated (R = 1, with a significance level of 10%,
which is the highest possible significance for this num-
ber of treatments and replicates), except for N. spumi-
gena and Anabaena sp. treatments that were less sep-
arated (R = 0.74, p<0.1). By SIMPER, this difference
was found to be mostly due to the general effect of
cyanobacterial filtrates on all taxa, and not to a strong
effect on any single taxon, since 14 to 15 taxa were
needed to explain 90 % of the dissimilarities found. The
species contributing most to the dissimilarities be-
tween the treatments were: (1) between N. spumigena
and Anabaena sp., flagellates (13.2%) and N. spumi-
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Fig. 2. Hierarchical cluster analysis of the plankton communi-

ties at 0 and 96 h. O: original community at 0 h; C: control at

96 h; Ap: Aphanizomenon sp. filtrate treatment at 96 h; An:

Anabaena sp. filtrate treatment at 96 h; N: Nodularia
spumigena filtrate treatment at 96 h

gena (10.6 %); (2) between N. spumigena and Aphani-
zomenon sp., Aphanizomenon sp. (23.5%) and N. spu-
migena (14.7%); and (3) between Anabaena sp. and
Aphanizomenon sp., Aphanizomenon sp. (22.6 %) and
flagellates (10.6 %).

Bacterial abundance

Table 2. Statistically significant (p < 0.05) effects of cyanobacterial
filtrates on phytoplankton taxa, compared with the control, as

determined by 1-way ANOVA. +: stimulatory; —: inhibitory; 0: non-

significant effect

The bacterial numbers increased steadily from
ca. 1.1 x 10°to 1.6 x 106 m1"!, when the commu-

nity was treated with the control medium
(Fig. 3). In the treatments with cyanobacterial
filtrates, however, bacterial abundance first

Group Effect of cyanobacterial filtrates
Species Anabaena Aphanizomenon Nodularia
Cyanobacteria
Colonial
Snowella spp. + + +
Other picocyanobacteria 0 0 0
Filamentous
Pseudanabaena spp. + + +
Anabaena spp. 0 0 +
Aphanizomenon sp. 0 + 0
Nodularia spumigena 0 0 +
Cryptophytes - 0 -
Dinoflagellates
Dinophysis norvegica 0 0 0
Amphidinium sp. + + 0
Paulsenella sp. 0 0 0
Other dinoflagellates 0 0 0
Dinoflagellate cysts 0 0 0
Diatoms
Chaetoceros spp. 0 0 0
Other diatoms 0 0 0
Chlorophytes
Oocystis sp. 0 0 +
Planktonema lauterbornii 0 0 0
Nanoflagellates (<10 pm) + 0 0

increased ca. 3-fold compared to the control, and
then decreased gradually, reaching the control
level on the last day of the experiment. In the
community treated with Nodularia spumigena
filtrate, numbers of bacteria were even lower
than in the control on the last day (Fig. 3). The
overall effects of all cyanobacterial filtrates on
the development of the bacterial abundance thus
significantly differed from the control (Tukey
HSD, p <0.001).

Ciliate abundance

The development of ciliate numbers followed a
similar pattern, whether treated with the
cyanobacterial filtrates or the control medium
(Fig. 4), the only exception being the short-time
stimulation of small (<25 pm) ciliates by
Anabaena sp. filtrate at the beginning of the
experiment (Fig. 4A). Otherwise, the numbers of
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Fig. 3. Cell numbers of bacteria (x10° ml™!) in the communi-
ties treated with cell-free filtrates of Anabaena sp., Aphani-
zomenon sp. and Nodularia spumigena, as well as the control
medium (n = 3, mean + SD). Arrows indicate filtrate addition
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Fig. 4. Abundance of ciliates (ind. I"!) of (A) <25 um and

(B) >25 pm in the communities treated with cell-free filtrates

of Anabaena sp., Aphanizomenon sp. and Nodularia spumi-

gena, as well as the control medium (n = 3, mean + SD).
Arrows indicate filtrate addition

small ciliates remained approximately the same
throughout the experiment, although in the end, they
were slightly stimulated by the filtrate of Aphani-
zomenon sp. (Fig. 4A; Tukey HSD, p = 0.025). The
abundance of large ciliates, on the other hand,
decreased steadily throughout the experiment in all
treatments, including the control (Fig. 4B).

DISCUSSION

Our results indicate that cyanobacteria may both
stimulate and inhibit natural plankton assemblages,
depending on the species present. We used filtrates of
cyanobacterial cultures with a biomass representing a
thick surface scum of cyanobacteria (cf. Potter et al.
1983). Such events occur in the Baltic Sea during calm
and warm late summer conditions (Kononen et al.
1996), and thus plankton communities are occasionally
exposed to the exudates of corresponding cyano-
bacterial densities.

The tested cyanobacterial filtrates tended to stimu-
late rather than inhibit many parts of the natural
plankton community. Allelopathy includes stimulatory
as well as inhibitory biochemical effects, but few
scientists involved in allelopathic research have actu-
ally reported examples of stimulatory effects (Keating
1977, Rice 1986, Mohamed 2002). In the present
study, cyanobacterial exudates had the most pro-
nounced stimulatory effects on the growth of other
cyanobacteria. This suggests that the cyanobacteria
released some autostimulatory (Monahan & Trainor
1970) or quorum-sensing compounds (Swift et al.
1994), which accelerated the growth of the same and
related species. Alternatively, compounds present in
the cyanobacterial filtrates may have been useful to
the other cyanobacteria because they may share the
same primary metabolism. Cyanobacterial filtrates
also promoted the growth of 1 dinoflagellate, an
unknown number of nanoflagellates and a chloro-
phyte, possibly due to some stimulatory allelochemi-
cals. In laboratory experiments with monocultures,
cyanobacteria have mostly been found to inhibit
chlorophytes and other cyanobacteria (Pushparaj et
al. 1999, Gross 2003), but in natural communities,
many co-existing species may have developed resis-
tance to the inhibitory metabolites of cyanobacteria,
and may even benefit from these or other compounds.
In experiments involving species isolated from the
same environment, Keating (1987) also found positive
effects of cyanobacteria on other cyanobacteria,
chlorophytes and motile species. The paucity of
reports on positive allelopathy may, therefore, simply
reflect the shortage of allelopathic experiments per-
formed with natural communities.
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The inhibition of cryptophytes by Baltic Sea cyano-
bacteria corresponds well with our previous laboratory
tests (Suikkanen et al. 2004), where we demonstrated a
strong inhibition of monocultures of the cryptophyte
Rhodomonas sp. by all the 3 cyanobacterial strains
used in the present study. Not many studies have com-
pared the allelopathic effects of the same species in
vitro and in situ, but in the available reports, they have
usually supported each other (Keating 1977, 1978, Fis-
tarol et al. 2004). The sensitivity of cryptophytes to
allelochemicals from cyanobacteria, dinoflagellates
and haptophytes has also been reported by other
authors (Infante & Abella 1985, Rengefors & Legrand
2001, Granéli & Johansson 2003b), but the reason why
cyanobacteria only inhibited cryptophytes in the com-
munity remains unclear. One explanation for this
might be the weaker adaptation of cryptophytes to
cyanobacterial exudates compared with other phyto-
plankton groups, as cryptophytes were the least abun-
dant group in the late-summer plankton community
used in the present experiment. On the other hand, in
monoculture experiments (Suikkanen et al. 2004), the
diatom Thalassiosira weissflogii was also inhibited by
cyanobacterial filtrates to some extent, although in the
present study, no effects on diatoms were observed.
Natural community diatoms are probably more resis-
tant to cyanobacterial exudates, because of their pre-
exposure to cyanobacteria in nature, compared with
the diatoms grown in monocultures without any prior
contact with cyanobacteria.

In the control, the abundances of many phytoplank-
ton groups either decreased or remained at the same
level throughout the experiment, which was probably
due to the substantial daily dilution of the cultures.
However, the growth was often positive in the commu-
nities treated with cyanobacterial filtrates, but these
differences were not reflected in the chlorophyll a con-
tents of the experimental units. There were no observ-
able effects on chlorophyll a, despite the stimulation of
the cell numbers of most phytoplankton groups in the
units treated with cyanobacterial filtrates, compared
with the control. This uncoupling might be due to the
fact that the phytoplankton taxa that, by cell numbers,
were stimulated by the filtrates were either heterotro-
phic (part of the flagellates) or small-celled (cyanobac-
teria, Oocystis sp., the autotrophic flagellates), and
thus only represented a fraction of the total chlorophyll
a concentration, or biomass, in the community. This is
a pattern usually observed in disturbed communities,
where small, opportunistic species dominate in num-
bers but not in biomass; contrary to undisturbed com-
munities, dominated by large species with rather few
individuals also dominating in biomass (Clarke & War-
wick 2001). The signs of disturbance may be due to the
change in the community caused by the cyanobacterial

filtrates. These results demonstrate that strong allelo-
pathic effects are not necessary to cause observable
changes in plankton communities. Apparently, the
similarity of the effects of Nodularia spumigena and
Anabaena sp. filtrates was because these 2 species had
a generally stronger effect on the community than
Aphanizomenon sp. filtrate.

The initial increase in bacterial numbers may have
been due to some dissolved organic compounds pre-
sent in the cyanobacterial filtrates, as bacteria are able
to utilise compounds excreted by phytoplankton (Cole
1982). However, after the initial increase, bacterial
numbers decreased, although fresh cyanobacterial fil-
trates were added each day. This may indicate that
bacteria were inhibited by some exudates of cyanobac-
teria, as antibiotic effects have been observed in all the
tested cyanobacterial genera (Jstensvik et al. 1998,
Pushparaj et al. 1999, Mundt et al. 2001). Alternatively,
other organisms in the community (e.qg. Snowella spp.
that were stimulated by all filtrates) could have either
outcompeted the bacteria, or eliminated them by their
own allelopathic mechanisms. The bacteria may also
have been grazed by the heterotrophic nano- and
dinoflagellates, which therefore increased in numbers
in the communities treated with the cyanobacterial fil-
trates. However, the flagellates only increased in com-
munities treated with Anabaena sp. and Aphani-
zomenon sp. filtrates, whereas the bacteria were
reduced in all filtrate treatments, and especially in the
Nodularia spumigena treatment. The ultimate reason
for the bacterial decline could also be a combination of
the mechanisms mentioned above. Grazing by ciliates
is unlikely the cause of the bacterial reduction, as cili-
ate abundances either remained more or less constant,
or decreased throughout the experiment, with no clear
differences between the filtrate treatments and the
control.

The tested cyanobacteria did not seem to produce
any substances toxic to ciliates. In other natural com-
munity experiments, ciliates have been inhibited by
e.g. the haptophytes Chrysochromulina polylepis and
Prymnesium parvum, and the dinoflagellate Alexan-
drium tamarense (Nielsen et al. 1990, Fistarol et al.
2003, 2004, Granéli & Johansson 2003a). Direct nega-
tive effects of cyanobacteria on ciliates have, however,
not been demonstrated (Engstrém-Ost et al. 2002). The
most common ciliates in the Baltic Sea are probably
unable to feed on filamentous cyanobacteria due to
their large size (Kivi & Setdld 1995), and thus cyano-
bacteria may not need a chemical defence against
ciliate grazers.

Although the filtration was done gently, in order to
prevent breaking the majority of the cyanobacterial
cells, the culture filtrates probably contained dis-
solved organic compounds (other than allelochemi-
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cals), which were not present in the control medium.
As the aim of the present study was to investigate the
overall community changes possibly caused by
cyanobacterial blooms in natural microplankton com-
munities, we do not know what specific organic com-
pounds were responsible for the observed effects. In
other studies using the same cyanobacterial strains
(Suikkanen et al. 2004, and S. Suikkanen unpubl.
data), the compound responsible for the allelopathic
effects in Nodularia spumigena was unlikely to be
nodularin. It is possible that the dissolved organic car-
bon and/or other compounds stimulated organisms
capable of heterotrophic or mixotrophic nutrition, as
the cultures were grown at a limiting irradiance.
Although such abilities have been detected in most
groups present in the community (Granéli et al. 1999),
only some of them were significantly stimulated by
the filtrate additions. In addition, part of the effects
found may only be indirectly due to compounds
excreted by the cyanobacteria; e.g. bacteria, while
degrading dissolved organic matter originating from
the filtrates, may have released compounds stimulat-
ing phytoplankton growth, compared with the control
with less bacteria.

Cyanobacterial blooms have actually been observed
to support active microbial food webs by attracting a
wide range of heterotrophic organisms (Hoppe 1981,
Engstrém-()st et al. 2002, Koski et al. 2002), which has
been attributed to the leakage of dissolved organic
compounds from cyanobacterial cells to the surround-
ing heterotrophic bacterial communities and their
grazers. Although the effects of mesozooplankton
grazers were eliminated in the present study, the
complex interactions between the various micro-
plankton organisms in the community make it difficult
to draw definite conclusions about the direct and indi-
rect causes of the observed effects. It is, however, pos-
sible that allelopathic effects, mediated via the excre-
tion of cyanobacterial secondary metabolites, are
involved in the observed stimulation of various phyto-
plankton species. Cyanobacteria may not cause as
dramatic growth inhibition of Baltic Sea microplank-
ton as, for example, the haptophyte Prymnesium
parvum (Fistarol et al. 2003), but they seem able to
reduce the growth of some taxa while increasing
others, and thus cause significant changes in the
plankton communities. These results agree with our
previous suggestion that the ecological role of allelo-
chemicals in Baltic Sea cyanobacteria is to maintain
their dominance (Suikkanen et al. 2004). Yet, rather
than inhibiting the competitors of cyanobacteria,
these compounds seem to act via the stimulation of
the same and other species of cyanobacteria in the
community, which may further enhance the effects of
eutrophication in the Baltic Sea.
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