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SUMMARY

1. This study compares the effects of four toxic strains of Microcystis aeruginosa on
tropical and temperate Cladocera. Survival was tested in acute toxicity experiments
using Microcystis alone or in mixtures with the edible green algae Ankistrodesmus
falcatus. The effect of chronic exposure on population growth was estimated in life-
table experiments by varying the proportion of Microcystis and the green alga. Nutri-
tional deficiency was assessed using a non-toxic cyanobacterium in a zooplankton
growth experiment. Feeding inhibition was tested using a 14C-labelled green alga as a
tracer in mixtures with toxic Microcystis.
2. Toxicity varied consistently between Microcystis strains, while sensitivity varied con-
sistently between cladoceran species. However, no relationship was found between
sensitivity and geographical origin or cladoceran body size. Two small-bodied clado-
cerans from the same tropical lake, Ceriodaphnia cornuta and Moinodaphnia macleayi,
were the least sensitive and most sensitive species, respectively.
3. Surprisingly, two small tropical cladocerans survived longer without food than did
three large Daphnia species and a third small tropical species.
4. Each of the three tropical Microcystis strains strongly reduced the population growth
rate (little ‘r’) and reproductive output of each cladoceran, this reduction being pro-
portional to the percentage of toxic cells in the diet.
5. As the sole food source, the non-toxic cyanobacterium, Synechococcus elongatus, sup-
ported poor growth in M. macleayi. The nutritional deficiency was overcome when
Synechococcus was mixed with either Ankistrodesmus or an emulsion rich in omega-3
fatty acids.
6. Microcystis inhibited the feeding rate of two cladocerans, even when it comprised
only 5% of a mixture with the green algae A. falcatus.
7. Differences in sensitivity to the toxic cyanobacterium appear to be associated with
differences in life history between the cladoceran species rather than differences be-
tween tropical and temperate taxa. Slow-growing species that are resistant to starva-
tion appear less sensitive to toxic Microcystis than fast-growing species, which also
tend to die more quickly in the absence of food.
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Introduction

Many cyanobacteria are toxic to zooplankton, causing
increased mortality and reduced reproductive output
(Porter & Orcutt, 1980; Hietala, Reinikainen & Walls,
1995). A given species of cyanobacteria may, how-
ever, include both toxic and non-toxic strains. For
example, within the genus Microcystis, some strains
cause high mortality rates and allow little or no
reproduction (Nizan, Dimentman & Shilo, 1987;
Smith & Gilbert, 1995), while other strains support
high survival and fair to good rates of growth and
reproduction (DeBernardi & Giussani, 1990). More-
over, resistance to cyanobacterial toxins can vary
markedly among zooplankton species (Lampert,
1982; Fulton & Pearl, 1987; DeMott, Zhang &
Carmichael, 1991; Gilbert, 1994; Smith & Gilbert,
1995).

Although several hypotheses have been proposed
to explain cyanobacterial blooms in eutrophic lakes
(Sterner, 1989; Vincent, 1989; Shapiro, 1990), the ap-
pearance of toxicity in such blooms is not yet under-
stood (Carmichael, 1992). One hypothesis involves
differential grazing on toxic and non-toxic cells by
zooplankton (Lampert, 1981a). In this case, toxic
strains would be favoured by the inhibition effect on
the filtering rate of zooplankton and would have a
selective advantage over non-toxic ones (Lampert,
1982). However, most cladocerans are relatively non-
selective filter feeders (DeMott, 1990) and thus, in
contrast to copepods, are not able to discriminate
between toxic and non-toxic cells (DeMott & Moxter,
1991). Therefore, in lakes dominated by cladocerans,
grazing would not favour toxic strains, because toxic
and non-toxic clones would experience an equal
benefit from the reduction in grazing and more read-
ily grazed competitors would benefit even more.

A related hypothesis considers the evolutionary
role of cyanobacterial toxins. Even though the effects
of these toxins have been extensively investigated in
vertebrates, especially in mammals, it is unlikely that
they have evolved as a defence against warm-
blooded animals (Lampert, 1981a). These toxins are
more likely to have evolved as a defence against
grazing by zooplankton, similar to the development
of toxins by terrestrial plants against insect predation
(Kirk & Gilbert, 1992). In fact, strong evidence from
laboratory studies suggests that cyanobacteria toxins
act as a defence against zooplankton predation by

inhibiting filtering rate (Lampert, 1981b, 1982; Nizan
et al., 1986; Fulton & Pearl, 1987; DeMott & Moxter,
1991; DeMott et al., 1991; Haney, Sasner & Ikawa,
1995). The mechanism of feeding inhibition may oc-
cur after ingestion, resulting from the digestion of
cyanobacterial cells and the delivery of toxic com-
pounds, or as a result of chemical deterrence, causing
behavioural avoidance of toxic cells before ingestion.
Nevertheless, some evidence suggests that the com-
pounds that cause acute toxic effects after the inges-
tion of toxic cells are different from the compounds
that cause chemical deterrence of feeding rates (Jung-
mann, Henning & Jüttner, 1991).

Microcystins are the main cyanobacterial toxins as-
sociated with the toxicity to vertebrates and inverte-
brates (Carmichael, 1992). However, Jungmann &
Benndorf (1994) proposed a controversial hypothesis
that toxins other than microcystins are responsible for
the toxicity of Microcystis to zooplankton. Also, Jung-
mann (1995) isolated and purified a new, but uniden-
tified, compound from a strain of Microcystis
aeruginosa Kützing (PCC7806) that proved to be more
toxic to Daphnia than microcystins. However, his tests
involved dissolved toxins rather than ingested toxins,
which may influence the toxin absorption process. In
addition, DeMott & Dhawale (1995) showed that mi-
crocystin-LR can inhibit the activity of protein phos-
phatase 1 and 2A from crude extracts of three
zooplankton species. These results corroborate previ-
ous data obtained with the same zooplankton species,
in which pure microcystin-LR and a strain of Micro-
cystis (PCC7820) showed acute toxic effects to these
species (DeMott et al., 1991).

The nutritional value of non-toxic cyanobacteria to
zooplankton has also been a matter of controversy.
While many studies have shown that non-toxic
cyanobacteria are a poor quality food for zooplankton
(Porter & Orcutt, 1980; Infante & Abella, 1985; Haz-
anato & Yasuno, 1987; Matveev & Balseiro, 1990;
Lundstedt & Brett, 1991; Smith & Gilbert, 1995), other
studies have shown that some species of zooplankton
exhibit good survival and growth when fed
cyanobacteria (Burns & Xu, 1990; Gliwicz, 1990; Ful-
ton & Jones, 1991). As DeBernardi & Giussani (1990)
pointed out, the inadequacy of non-toxic cyanobacte-
ria as food can be attributed to colony or filament
size, which causes mechanical interference with feed-
ing apparatus. Also, the low assimilation of
cyanobacteria could be due to poor digestibility be-
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cause, as in some gelatinous green alga (Porter, 1975),
they are covered by a mucilaginous sheath that make
digestion difficult (Lampert, 1987).

Nutritional deficiency in certain polyunsaturated
fatty acids that are essential for zooplankton growth
is another factor that may reduce the food quality of
cyanobacteria for zooplankton (Ahlgren et al., 1990;
Müller-Navarra, 1995). In support of the fatty acid
hypothesis, DeMott & Müller-Navarra (1997) found
that the growth rates of three Daphnia species were
markedly reduced when they were fed a non-toxic
cyanobacterium, Synechococcus elongatus Nägeli, as a
sole food source. Growth increased, however, when a
green alga or an emulsion rich in omega-3 fatty acids
was mixed with the cyanobacterium. This suggests
that Synechococcus lack lipids that are important for
Daphnia.

Most research on interactions between toxic
cyanobacteria and zooplankton has focused on tem-
perate taxa and no previous studies have directly
compared tropical and temperate zooplankton. Be-
cause cyanobacteria are favoured by high tempera-
ture, tropical waters often experience frequent and
long-lasting blooms of cyanobacteria. Thus, one can
hypothesize that tropical zooplankton experience
higher selection pressure for resistance to cyanobacte-
rial toxins than temperate zooplankton. The major
goal of this study is to test the hypothesis that tropi-
cal cladocerans are more resistant to toxic and non-
toxic cyanobacteria than temperate cladocerans. To
make a rigorous and general test, we used several
experimental designs and four strains of toxic Micro-
cystis, three isolated from tropical lakes. In order to
examine further the applicability of research on tem-
perate cladocerans to tropical species, we also studied

feeding inhibition by toxic cyanobacteria and nutri-
tional deficiencies in a non-toxic cyanobacterium.

Methods

Cultures of green algae, cyanobacteria and
zooplankton

Two green algae, four toxic Microcystis strains and a
non-toxic cyanobacteria, S. elongatus, were obtained
from several sources (Table 1). To avoid detrimental
effects other than toxicity (e.g. colony size), only sin-
gle-celled strains of Microcystis were used. Green al-
gae were cultured in MBL medium (Stemberger,
1981), while cyanobacteria were cultured in ASM-1
medium (Gorham et al., 1964), both in batch cultures
and in the same temperature and light conditions as
zooplankton. Daily, an appropriate volume of green
algae culture was harvested, centrifuged and resus-
pended in zooplankton medium to feed the animals.
For the experiments, cyanobacteria cultures were
kept in exponential growth phase by harvesting
about half of the culture volume every other day and
replacing this volume with fresh ASM-1 medium.
Calibration curves (absorbance versus particulate or-
ganic carbon) were used to estimate the carbon con-
centration of the algal suspensions.

Zooplankton species were collected from different
lakes in tropical and temperate regions (Table 2).
Zooplankton stock cultures were kept in 1 L glass jars
with an artificial medium (modified from Tollrian,
1993) in a temperature-controlled chamber at 20�
1 °C and 16 : 8 h light : dark cycle. These cultures were
fed from stock cultures of the green algae Ankistrodes-
mus falcatus (Braun) and Chlamydomonas reinhardtii
Dangeard at a total concentration of 1.0 mg C L−1.

Table 1 Green algae and cyanobacteria sizes and their sources

Mean size (�m)StrainSpecies Source

3×50 A.J. Tessier, Michigan State UniversityNPIN-1Ankistrodesmus falcatus
UTEX90Chlamydomonas reinhardtii University of Texas Culture Collection5.8*

Microcystis aeruginosa NPLJ-2 5.0 Jacarepaguá Lagoon, RJ, Brazil
Microcystis aeruginosa NPLJ-3 5.0 Jacarepaguá Lagoon, RJ, Brazil
Microcystis aeruginosa 5.0NPLJ-6 Jacarepaguá Lagoon, RJ, Brazil

PCC7820Microcystis aeruginosa 4.4† Paris Culture Collection
Synechococcus elongatus UTEX 563 1.5 University of Texas Culture Collection

* DeMott (1988).
† Smith & Gilbert (1995).
RJ, Rio de Janeiro.
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Table 2 Zooplankton species, size ranges of adults and trophic status of their sources

Species Size range (�m) Source Trophic status

0.4–0.6Ceriodaphnia cornuta Cabiúnas Lagoon, RJ, Brazil Oligotrophic
Carolina Biological Supply —1.5–3.5Daphnia pulex

1.5–3.5Daphnia pulicaria Crooked Lake, IN, U.S.A. Mesotrophic
Daphnia similis 2.0–5.0 Cenpes-Petrobrás, RJ, Brazil —

Jacarepaguá Lagoon, RJ, Brazil Hypereutrophic0.5–1.2Moina micrura
Cabiúnas Lagoon, RJ, BrazilMoinodaphnia macleayi Oligotrophic0.5–0.9

RJ, Rio de Janeiro.

This concentration is far above the incipient limiting
level for daphnids (Lampert, 1977) and is sufficient
for rapid growth and good reproduction. New
zooplankton cultures were established once a week,
when about 20–25 juveniles of each species were
transferred to new medium.

Acute toxicity experiments

A series of acute toxicity experiments were carried
out with the tropical and temperate cladocerans in
order to compare their survival during exposure to
toxic strains of Microcystis. The basic design for these
experiments consisted of exposing 10 neonates (�
24 h old) of each cladoceran species in a glass tube
with 30 mL of artificial medium and a toxic strain
Microcystis at concentrations ranging from 0.1 to
1.0 mg C L−1. Survival was checked every day for
5 days. There were four replicate tubes per treatment.
In some experiments, the animals were fed Microcys-
tis alone and controls consisted of starved animals. In
another series of survival experiments, animals were
fed mixtures of Microcystis and Ankistrodesmus at a
total concentration of 1.0 mg C L−1. Here, controls
consisted of animals fed with 1.0 mg C L−1 of the
green algae. Mixed diets were used to eliminate pos-
sible effects of starvation and nutritional deficiency
when cyanobacteria were added alone. Use of several
experimental designs also increased the generality of
our results. Median lethal time (LT50) for each strain,
in each concentration, was estimated in hours by
PROBIT regression analysis (SPSS Statistical Package,
SSPS Inc., Chicago, IL, U.S.A.). We used LT50 instead
of median lethal concentration (LC50) because there
were heterogeneous responses among the Cladocera
to the Microcystis strains (i.e. cohorts of animals de-
creased to 50% on different days and we had no way
to choose a specific day for calculating LC50). Also,

responses to toxic strains were compared to controls
with starved or fed animals, for which the LC50 can-
not be calculated. Differences between treatments
were tested statistically by analysis of variance
(ANOVA) using the LT50 data to test for the effects of
cladoceran species, Microcystis strain and toxic cells
concentration.

Chronic toxicity experiments (life-table experiments)

Two life-table experiments were carried out in order
to assess the effects of chronic exposure to toxic
strains of cyanobacteria on the intrinsic rate of popu-
lation growth, r. These experiments started with co-
horts of neonates (�24 h old) which were fed toxic
Microcystis mixed with different proportions of the
green algae Ankistrodesmus, for a total concentration
of 1.0 mg C L−1. Initially, 10–20 animals from each
species were placed individually in glass tubes with
30 mL of artificial medium and the various algal
suspensions. After 3 days, only Daphnia were trans-
ferred to 100 mL flasks with the respective algal sus-
pensions to avoid food depletion due to their large
size and higher filtering rates. Every day, the animals
were transferred to new algal suspensions and
checked for survival, the appearance of eggs and the
number of newborns per female. These data were
used to calculate the intrinsic rate of natural increase
(r). The experiments were run for 14–16 days, de-
pending on the survival of the cohorts in the Micro-
cystis treatments. Calculations showed that
reproduction beyond this time had a negligible effect
on r. The mean intrinsic rate of natural increase and
its confidence interval were estimated using a com-
puter bootstrap technique (Taberner et al., 1993), with
500 replicates per run and a bias adjusted correction
for small cohorts (Meyer et al., 1986). Statistical differ-
ences between Microcystis treatments and controls
were tested by t-tests.
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Growth with a non-toxic nutritionally deficient
cyanobacterium

An experiment was designed to test the effects of a
non-toxic but nutritionally deficient cyanobacterium
(S. elongatus) on the growth (i.e. increase in mass) of
a tropical cladoceran. The experiment started with a
cohort of Moinodaphnia macleayi (King) �24 h old.
About 100 individuals were placed in 500 mL bottles
in each treatment. There were four treatments with
three replicate bottles per treatment: Ankistrodesmus
alone (control; 0%); a 1:1 mixture of Synechococcus and
Ankistrodesmus (50%); Synechococcus supplemented
with a fish oil emulsion (+FO); and Synechococcus
alone (100%). The total concentration of algae in each
treatment was 1.0 mg C L−1. Initially and after 2, 4
and 6 days, 10 animals from each bottle were trans-
ferred to a single small, pre-weighed aluminium con-
tainer, dried at 60 °C overnight, and weighed on a
Sartorius (Goettingen, Germany) electronic microbal-
ance to the nearest microgram. Instantaneous net
growth rates were calculated using the following
equation:

g= [ln(Mt)− ln(Mo)]/t,

where Mo and Mt are the mean individual mass
initially and after t days. At the end of the experi-
ment, the number of eggs carried by each animal was
also counted and significant differences between
treatments were tested by ANOVA.

Feeding experiment

Filtering rates were measured in order to evaluate the
inhibitory effects of a toxic cyanobacterium on the
feeding rates of two zooplankton species, Daphnia
pulex De Geer and Moina micrura Kurz. In this exper-
iment, we used 14C (NaH14CO3) as a radiotracer to
label the nutritious alga (A. falcatus), which was
mixed with toxic Microcystis for a total concentration
of 1.0 mg C L−1. The details of the algae labelling and
radiotracer technique are described in DeMott (1988).
Before the start of the experiment, two groups of
animals from the same cohort were separated and
acclimatized for 1 or 20 h, respectively, in 500 mL
bottles with unlabelled food suspensions. Five ani-
mals from each species were then placed in a 100-mL
beaker and allowed to feed for about 7 min on the
same mixture with radioactive Ankistrodesmus. There

were three replicate beakers for each treatment and
acclimation time. The animals were then anaes-
thetized in carbonated water, measured under a dis-
secting microscope and individually transferred to
scintillation vials containing 0.5 mL of a tissue solubi-
lizer (TS-2, Research International Corp., Mount
Prospect, IL, U.S.A.). After 6 h, 10 mL of a scintilla-
tion cocktail (Ecolume, Research Products Int.) was
added to each vial. Specific activities of algal suspen-
sions were determined by filtering a 3.0-mL sample at
the beginning of the experiment. Radioactivity was
determined with a liquid scintillation spectrophoto-
meter (Tracor Analytic, Delta 300, Model 6891) with
internal standards for determining 14C efficiencies.
Feeding inhibition was tested by one-way ANOVA
on log-transformed filtering rates.

Toxin extraction and quantification

The toxin microcystin in the three tropical Microcystis
strains was extracted and quantified using a method
modified from Krishnamurthy, Carmichael & Sarver
(1986). Freeze-dried cells from each strain were
extracted three times with a mixture of
buthanol : methanol : water (5 : 20 : 75), followed by
centrifugation (4000 g, 10 min), evaporation of the su-
pernatant to one-third of the original volume and
passing this sample into a C18 cartridge. The sample
in the cartridge was then eluted with 20 mL of 100%
methanol and dried with hot air in an evaporator
chamber. The sample was then resuspended in
1.0 mL of deionized water and kept in a freezer until
the analysis. Analysis and quantification of the toxin
was carried out using high performance liquid chro-
matography (HPLC) in a Shimadzu chromatographic
apparatus with a diode array UV/Vis. SPDA-M10A.
The analysis was carried out in isocratic conditions in
a reverse phase column Supercosil LC18 (5 mm, 10×
250 mm), using acetonitrile and ammonium acetate
(20 mM, 28:72 v:v) as the mobile phase and ab-
sorbance at 238 nm. The spectrum of each chro-
matogram peak was analysed between 200 and
300 nm using a diode photodetector and was com-
pared with a standard profile of microcystin-LR to
confirm the presence of toxin in the sample. The toxin
content was determined by comparing the area of the
sample peaks with that of the microcystin-LR
standard.
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Table 3 Microcystin contents in the Microcystis strains used
in this study

Strain Microcystin content (�g mg−1)

4.08–4.90 (n=2)NPLJ-2
3.64 (n=1)NPLJ-3
3.40 (n=1)NPLJ-6

PCC7820 2.81–3.43*

* Arment & Carmichael (1996).

cystin (Table 3). The three strains from Jacarepaguá
Lagoon (Rio de Janeiro, Brazil) had a similar content
of microcystins per dry weight, although strain NPLJ-
2 showed a slightly higher concentration. According
to Arment & Carmichael (1996), the microcystin-LR
content of the Microcystis strain PCC7820 varied from
2.81 to 3.43 �g mg−1 dry weight for exponentially
and stationary growing cells, respectively. Micro-
cystin-LR was the dominant form of microcycstin in
this strain. Microcystis strains from Jacarepaguá La-
goon had total microcystin contents that were about
in the same range as the microcystin-LR content of
the PCC7820 strain (Table 3). Our analysis of the
Brazilian strains did not, however, identify different
chemical forms of microcystins.

Results

Acute experiments

The Microcystis strains isolated from Brazilian waters
contained high concentrations of the toxin micro-

Fig. 1 Acute toxicity experiment with five cladoceran species (rows) and three Microcystis strains (columns). Animals were
exposed only to single diets of Microcystis in three different concentrations. Controls consisted of starved animals. There were
ten animals per tube and four replicate tubes per treatment.
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In the first acute experiment, all cladocerans were
exposed to Microcystis alone in different concentra-
tions and the controls consisted of starved animals
(Fig. 1). Most cladocerans experienced more rapid
mortality when exposed to Microcystis than in the
starved controls. Except for Daphnia pulicaria (Forbes)
in the NPLJ-2 and NPLJ-3 treatments and Daphnia
similis Claus and Ceriodaphnia cornuta Sars in the
NPLJ-3 treatment, cladocerans showed a significantly
lower survival in the treatments with each Microcystis
strain than in the controls without food (ANOVA,
P�0.05).

ANOVA revealed significant differences in survival
between cladoceran species (F=72.6; P�0.0001).
Comparison of average LT50 values by the Tukey test
(�=0.05) showed a rank in the cladoceran species in
their sensitivity to Microcystis, with Moinodaphnia be-
ing the most sensitive (LT50=24 h) and Ceriodaphnia
being the least sensitive (LT50=107 h). Among Daph-
nia species, D. pulex was the most sensitive (LT50=
36 h), D. pulicaria was intermediate (LT50=59 h) and
D. similis was the least sensitive species (LT50=63 h).

The cladoceran species also showed marked differ-
ences in survival under starvation. The three temper-
ate Daphnia species showed similar average LT50 for
starved animals in the control group (D. pulicaria :
76 h; D. pulex : 87 h; D. similis : 86 h). Surprisingly, the
small-bodied tropical cladocerans survived longer
under starvation than the large-bodied Daphnia (LT50

for Ceriodaphnia : 207 h; for Moinodaphnia : 151 h).
There were significant differences in cladoceran

survival between Microcystis strains (F=79.6; P�
0.0001) and also an interaction between cladoceran
species and Microcystis strains (F=19.3; P�0.0001).
Comparisons of average LT50 values for these strains
by the Tukey test (�=0.05) showed that strain
PCC7820 was the most toxic (LT50=36 h), NPLJ-2
was intermediate (LT50=56 h) and NPLJ-3 was the
least toxic strain (LT50=66 h). In some Microcystis
treatments, survival was not significantly different
from the controls with starved animals. Thus, these
trials alone do not provide convincing evidence of
toxicity. For example, NPLJ-2 and NPLJ-3 treatments
exhibited LT50 values for D. pulicaria that were not
statistically different from the controls (P�0.05). The
same occurred for D. similis and Ceriodaphnia in the
NPLJ-3 treatment. For D. pulex and Moinodaphnia,
however, each strain of Microcystis significantly re-
duced survival relative to the starvation controls (P�

0.05). The tropical Moinodaphnia seemed to be the
most adversely affected species, showing high sensi-
tivity to all strains of Microcystis. For this species,
mortality was pronounced during the first 2 days of
the experiment. Moreover, in the PCC7820 treatment,
most individuals of Moinodaphnia died during the
first day of the experiment. This result further em-
phasizes the high toxicity of the PCC7820 strain,
which was also observed in other studies (see ‘Dis-
cussion’ section).

The concentration of toxic Microcystis had little or
no effect on cladocerans survival in the acute experi-
ments with the toxic cyanobacterium alone (F=1.4;
P=0.2407). Moreover, there was no significant inter-
action between concentration and cladoceran species
(F=1.3; P=0.2886) or Microcystis strains (F=0.9;
P=0.4838). A strong effect of Microcystis concentra-
tion was observed only for Moinodaphnia in the NPLJ-
2 and NPLJ-3 treatments (P�0.0001) and for
Ceriodaphnia in the PCC7820 treatment (P�0.0001).
These results suggest a weak effect of toxic cell con-
centration when toxic Microcystis is offered as the
only resource.

In Fig. 2, two tropical moinid species were exposed
to Microcystis strains under two conditions. In the
first, the moinids were given diets of Microcystis alone
in three concentrations and controls consisted of
starved animals. In the second condition, the moinids
were given mixed diets of Microcystis and the green
alga A. falcatus, and controls consisted of animals fed
only on the green alga. In the mixed diets, there were
also three concentrations of cyanobacteria mixed in
different proportions with the green alga, making up
a total food concentration of 1.0 mg C L−1. ANOVA
showed significant differences in survival between
the moinid species (F=95.3; P�0.0001). Comparison
of the average LT50 values by the Tukey test (�=0.05)
showed differences in sensitivity between the two
moinids when exposed to Microcystis cells alone (P�
0.0001) or in combination with the green algae (P�
0.0001). In both cases, Moinodaphnia was more
sensitive than Moina micrura to the toxic Microcystis
strains. The overall mean LT50 for Moinodaphnia when
exposed only to Microcystis cells was 37 h and for
Moina was 53 h. When exposed to mixtures of
cyanobacteria and green algae, the mean LT50 for
Moinodaphnia increased to 54 h and for M. micrura to
97 h.
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Fig. 2 Acute toxicity experiment with two moinids and two
Microcystis strains. Two experimental designs were used: 1)
animals fed diets of Microcystis alone with controls consisting
of starved animals (upper two rows of panels); and 2)
animals fed mixed diets of Microcystis and the green alga A.
falcatus (Ank), and controls consisting of animals fed only the
green alga (lower two rows of panels). In the mixed diets,
food concentration was kept constant at 1.0 mg C L−1. There
were ten animals per tube and four replicate tubes per
treatment.

green algae (mean LT50 for NPLJ-2: 53 h; mean LT50

for NPLJ-3: 96 h).
The effect of diet type (Microcystis alone or in a

mixed diet) on survival differed for the two moinids.
Moreover, a strong interaction between diet type and
Microcystis strain was observed (F=74.2; P�0.0001).
This interaction means that the effect of the cyanobac-
teria strain depends on whether it is offered as a
single resource or is mixed with good food. However,
in the single food diet, Moina were not sensitive to
NPLJ-2 strain (survival was not significantly different
from the starved controls) and were only marginally
sensitive to NPLJ-3 (P=0.0424). In the mixed food
diet, however, Moina showed high sensitivity to both
strains. In contrast, Moinodaphnia were sensitive to
both strains in both single and mixed food diets.

In the acute experiment with moinids, there was a
strong effect of concentration in the treatments with
Microcystis, especially when mixed with the green
algae (F=197.4; P�0.0001). Diet type also showed a
significant effect, especially in the lower concentra-
tions of cyanobacteria. For example, in contrast with
the single diet treatment with only 0.1 mg C L−1 of
the strain NPLJ-3 (Fig. 2, upper panels), Moina experi-
enced no mortality with the same concentration of
cyanobacteria when 0.9 mg C L−1 of the green alga
was added to keep the food concentration constant at
1.0 mg C L−1 in the mixed diet (Fig. 2, lower panels).

Another acute experiment tested the response of a
larger number of cladoceran species to the Microcystis
strain NPLJ-6 (Fig. 3). As in the previous experiment,
four cladoceran species were exposed to toxic cells in
single or mixed diets. In the single diet treatments,
animals were exposed only to three different concen-
trations of Microcystis with the controls consisting of
starved animals (Fig. 3, left panels). In the mixed diet
treatments, animals were exposed to Microcystis
mixed in different proportions with the green alga A.
falcatus, with the controls fed only the green alga (Fig.
3, right panels). The total food concentration of mixed
diets was kept constant at 1.0 mg C L−1, but the pro-
portion of each food varied.

Again, Moinodaphnia was the most sensitive and
Ceriodaphnia the least sensitive species (Fig. 3). The
ANOVA showed significant differences between the
cladocerans (F=62.7; P�0.0001). Comparing aver-
age LT50 values by the Tukey test (�=0.05), the
cladocerans can be ranked as follows, according to
increasing sensitivity to this Microcystis strain: Cerio-

Resistance to starvation also differed between these
moinids (Fig. 2). While Moinodaphnia showed higher
resistance to starvation, with an average LT50 of
151 h, Moina starved much faster (average LT50 of
61 h), with all individuals dying by the fourth day of
the experiment.

The experiment with moinids also revealed signifi-
cant differences between the Microcystis strains (F=
105.9; P�0.0001) and an interaction between
cladoceran species and strain of Microcystis (F=7.9;
P�0.0001). Comparisons of the average LT50 values
by the Tukey test (�=0.05) showed that strain NPLJ-
2 was less toxic than strain NPLJ-3 when offered as
the only resource (mean LT50 for NPLJ-2: 56 h; mean
LT50 for NPLJ-3: 45 h). In contrast, strain NPLJ-3 was
less toxic than NPLJ-2 when offered in mixtures with
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Fig. 3 Acute toxicity experiment with four cladoceran species
exposed to the Microcystis strain NPLJ-6. There were two
experimental conditions: 1) animals fed diets of Microcystis
alone (left panels); and 2) animals fed mixed diets of
Microcystis cells and the green alga A. falcatus (right panels).
In the mixed diets, food concentration was kept constant at
1.0 mg C L−1, with increasing percentage of Microcystis
carbon in the diet. There were ten animals per tube and four
replicate tubes per treatment.

Fig. 4 Species ranking for all cladocerans according to the
average LT50 values for intermediate concentrations of each
Microcystis strain tested in the acute toxicity experiments with
diets of Microcystis alone. The box plots indicate the means,
error bars, 10th, 25th, 75th and 90th percentiles for all data in
each strain.

In Fig. 4, we ranked all the results of the acute
experiments according to LT50 values for each
cladoceran species and for each strain of Microcystis,
in the intermediate concentrations of single diets.
This revealed consistent differences in cladoceran
sensitivity and strain toxicity patterns. It is clear
that cladocerans were, in general, more sensitive to
the strain PCC7820, having lower mean values of
LT50 for this strain, while strains NPLJ-2 and NPLJ-
3 were less toxic. Strain NPLJ-6 showed toxicity
similar to the PCC7820 strain. The tropical clone of
the species Moinodaphnia macleayi was the most sen-
sitive cladoceran, and the C. cornuta clone, from the
same tropical lake, was the most resistant clado-
ceran to the presence of toxic cells. The tropical
clone of Moina micrura and temperate Daphnia spe-
cies were always intermediate in sensitivity to the
Microcystis strains.

daphnia (LT50=179 h); Moina (LT50=130 h); D. similis
(LT50=100 h); and Moinodaphnia (LT50=77 h).

As in the previous experiments, diet type (single
or mixed diets) strongly affected survival (F=69.5;
P�0.0001). Addition of the green alga to the diet
significantly increased survival (P�0.0001), espe-
cially in the lower concentrations of cyanobacteria
(Fig. 3, right panels). The concentration of cyanobac-
teria in the food also had a significant effect on
survival (F=120.7; P�0.0001). Increasing the pro-
portion of Microcystis in the diet caused a signifi-
cant reduction in survival of all cladocerans (Fig. 3,
right panels).
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Chronic exposure, life-table experiments

The population growth rate of each cladoceran spe-
cies was significantly reduced by an increasing con-
centration of toxic Microcystis (Table 4). Moreover,
the intrinsic rate of increase (r) was reduced in each
treatment with a toxic strain of Microcystis, relative
to the control with the green alga (Student’s t-test,
P�0.05). With one exception for Moinodaphnia, the

reduction in r was proportional to the percentage of
Microcystis in the diet. At lower concentrations of
toxic Microcystis, some individuals survived and re-
produced, while others survived but did not repro-
duce. With higher concentrations of cyanobacteria,
some cladocerans had their reproduction strongly
inhibited, even to the point where all individuals
died before reaching maturity.

Table 4 Life-table data for cladocerans fed mixtures of toxic Microcystis and Ankistrodesmus, in a total concentration of
1.0 mg C L−1. Mean values of r were estimated by computer bootstrap resampling analysis (500 replicates per run) from
survival and fecundity data. Treatments consisted of controls with 1.0 mg C L−1 of the green alga only (0% toxic) and
increasing percentages of toxic Microcystis in the diet

Zooplankton species Microcystis strain % toxic Ro T r CI (95%) r as % of control

100.0NPLJ-2† 0.0Daphnia pulex 41.3 10.3 0.394 [0.365, 0.423]
74.4*10.0 12.4 8.9 0.293 [0.257, 0.329]
27.9*[0.017, 0.202]0.1107.82.520.0

50.0 — — — All animals died —

Moinodaphnia macleayi NPLJ-2† 0.0 23.1 10.5 0.324 [0.301, 0.346] 100.0
[0.178, 0.257]0.218 67.3*10.28.85.0
No reproduction——— —10.0

20.0 — — — All animals died —
100.0NPLJ-3‡ 0.0 28.0 11.2 0.341 [0.329, 0.354]

11.2 0.290 [0.256, 0.325] 85.0*5.0 19.1
[0.284, 0.312]11.4 0.298 87.4*10.0 22.4

NPLJ-6‡ 5.0 26.4 11.5 0.310 [0.299, 0.321] 90.9*
10.0 16.4 10.8 0.276 [0.258, 0.293] 80.6*

100.0NPLJ-2‡ 0.0Moina micrura 43.3 10.7 0.475 [0.416, 0.535]
5.0 6.6 9.2 0.235 [0.115, 0.355] 49.5*

—All animals died———10.0
[0.332, 0.453]0.3939.620.4 82.7*5.0NPLJ-3‡

39.6*10.0 6.4 10.6 0.188 [0.132, 0.244]
0.109 [−0.003, 0.222] 22.9*20.0 2.3 11.1

5.0NPLJ-6‡ 67.4*[0.266, 0.374]0.32010.015.1
10.0 4.6 9.9 0.169 [0.076, 0.262] 35.6*
20.0 — — — All animals died —

Ceriodaphnia cornuta NPLJ-2† 0.0 6.5 10.5 0.183 [0.157, 0.210] 100.0
47.0*[0.062, 0.109]0.08610.62.710.0

20.0 0.9 10.6 −0.134 [−0.219, −0.049] —
50.0 — — — No reproduction —

100.0[0.207, 0.269]0.23811.812.70.0NPLJ-3‡

[0.182, 0.204]0.19312.69.9 81.1*5.0
10.0 7.5 13.1 0.159 [0.138, 0.181] 66.8*

55.0*[0.106, 0.157]0.13120.0 5.1 12.4
14.3*[−0.041, 0.108]0.03412.31.640.0

NPLJ-6‡ 5.0 8.8 12.5 0.194 [0.174, 0.213] 81.5*
10.0 4.7 12.0 0.129 [0.104, 0.154] 54.2*

36.1*20.0 2.5 11.5 0.086 [0.055, 0.116]
—40.0 0.5 11.5 −0.044 [−0.136, 0.047]

Ro : net reproductive rate; T : generation time; r : intrinsic rate of natural increase; CI: confidence intervals for r (95%).
* Significant differences between controls and Microcystis treatments (t-test, P�0.05).
† Experiments run in November 1995.
‡ Experiments run in February 1996.
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The pattern of inhibition in the population growth
rates of cladocerans was, in general, consistent with the
acute toxicity experiments. The moinids were the most
affected species, having their reproduction inhibited at
a concentration as low as 5% of toxic Microcystis in the
diet. D. pulex had decreased reproduction with increas-
ing proportion of the strain NPLJ-2 in the diet, but was
less affected than the moinids, showing positive pop-
ulation growth with 20% of toxic Microcystis cells.
Ceriodaphnia was again the most resistant species,
exhibiting positive growth in most of the treatments
with toxic Microcystis. Despite the fact that Ceriodaphnia
experienced negative population growth with 20% of
the NPLJ-2 strain, most individuals reached maturity
and reproduced at least once during the experiment.

The NPLJ-2 strain had the strongest adverse effect on
cladoceran population growth rates. Each cladoceran
exhibited its lowest r value with this strain. This strain
also provided the strongest adverse effects on survival
in the acute experiments with mixed diets. The strains
NPLJ-3 and NPLJ-6 produced weaker adverse effects
on the three cladoceran species. Although there was a
consistent reduction in population growth rate for all
cladoceran species with both strains, r values were
almost always positive in the treatments with NPLJ-3
and NPLJ-6 strains.

Growth experiment with a nutritionally deficient,
non-toxic cyanobacterium

Initially, animals in all treatments showed rapid
growth rate, reaching more than double their initial

mass during the first 2 days of the experiment (Fig.
5). Mean growth rate during the first 2 days (�stan-
dard error (SE)) was not statistically different among
the four treatments (Student–Newman–Keuls test,
P=0.29). By the fourth day, however, animals in the
Synechococcus treatment lost weight, whereas animals
in the control with Ankistrodesmus and treatments
with Synechococcus mixed either with the green alga
(50% treatment) or a fish oil emulsion (+FO treat-
ment) showed a high growth rate until the sixth and
final day of the experiment (Table 5). Animals in the
Synechococcus treatment started dying after the fourth

Fig. 5 Effects of Synechococcus on the growth rate (day−1) of
Moinodaphnia. Animals fed on mixtures of Synechococcus and
Ankistrodesmus at a total concentration of 1.0 mg C L−1

(‘0%’=control=100% Ankistrodesmus), or on mixtures of fish
oil emulsions and Synechococcus (FO+ ). Data are means�SE
for three replicate bottles per treatment.

Table 5 Results of one-way ANOVA for the net growth rate experiment. Data are mean growth rates (day−1)�SE for 6 days
of experiment

Treatments

PF+FO50%AnkSyn

1.490–2nd day 0.28890.454�0.023 0.489�0.031 0.457�0.049 0.427�0.036

0.157�0.0150–4th day 0.436�0.028 0.445�0.027 0.419�0.031 84.96 �0.0001

0.401�0.014 0.369�0.024 2.33 0.1782—0–6th day 0.389�0.015

There were three replicates per treatment, which included: Syn=Synechococcus ; Ank=Ankistrodesmus ; +FO=Syn+fish oil
emulsion; and a 1:1 mixture of Ankistrodesmus and Synechococcus (50%). Algal concentrations were 1.0 mg C L−1 and oil emulsion
was 0.2 mg C L−1. Treatments connected by a solid line are not significantly different (Student–Newman–Keuls test, P�0.05)
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day; therefore, we have data for only 4 days for this
treatment. On the fourth day, mean growth rates in the
treatment with 100% Synechococcus were significantly
lower than that of the other treatments (Student–New-
man–Keuls test, P�0.0001). By the sixth day, there
were no significant differences in growth rate between
animals fed Ankistrodesmus, mixtures of Synechococcus
and Ankistrodesmus or Synechococcus and the fish oil
emulsion (Student–Newman–Keuls test, P=0.18).

Moinodaphnia did not reproduce in the treatment
with 100% Synechococcus. However, animals in the
other treatments appeared healthy and most individu-
als produced eggs by the end of the experiment. Mean
number of eggs (�SE) were as follows: Ankistrodes-
mus : 5.23�0.36; 50%: 5.25�2.10; +FO: 4.21�2.90
(not significant, Student–Newman–Keuls test, P�
0.05).

Feeding inhibition experiments

Both of the cladocerans tested exhibited feeding inhibi-
tion in mixtures of toxic Microcystis and Ankistrodes-
mus, but the magnitude of the inhibition differed (Fig.
6). The filtering rate of the temperate cladoceran, D.
pulex, was more weakly inhibited than that of the
tropical species, Moina micrura. In a 10% mixture of
Microcystis, D. pulex did not show any reduction in its
filtering rate after 1 or 20 h of acclimatization time (Fig.
6a). In contrast, in the 50% Microcystis treatment, D.
pulex showed a significant reduction in filtering rate,
which was, on average, only 44.0 and 34.3% of that of
the control animals for 1 and 20 h acclimatization time,
respectively (P=0.002).

For Moina, there was a strong and significant reduc-
tion in filtering rate in both mixtures (Fig. 6b). In the
10% Microcystis treatments, mean filtering rate for
Moina was reduced to only 8.7 and 15.8% of controls
in 1 and 20 h acclimatization times, respectively (P=
0.001). In 50% Microcystis treatment, the reduction was
even greater, reaching, on average, 5.8 and 5.3% of the
control for 1 and 20 h acclimatization times, respec-
tively (P=0.001). Neither cladoceran showed a signifi-
cant effect of acclimatization time on filtering rate
(Student–Newman–Keuls test, P�0.05).

Discussion

Acute toxic effects of Microcystis

Tropical and temperate cladocerans showed a wide

Fig. 6 Effects of Microcystis strain NPLJ-2 on the feeding rates
of a) Daphnia pulex and b) Moina micrura. Animals fed on
mixtures of Microcystis and Ankistrodesmus at a total
concentration of 1.0 mg C L−1. Treatments indicate the
percentage of Microcystis in the diet (control=100%
Ankistrodesmus). Animals were acclimatized for 1 or 20 h on
the experimental food mixtures. Two-way ANOVA tested the
effect of Microcystis (‘diet’) and acclimatization time (‘time’)
on the feeding rates.

range of responses to toxic strains of Microcystis,
depending on the cladoceran species, strain and diet
type. Species ranking (Fig. 4) showed consistent dif-
ferences among the cladoceran species but, contrary
to our initial hypothesis, we did not find a consistent
relationship between cladoceran origin and sensitiv-
ity to toxic cyanobacteria. There were both tropical
and temperate more sensitive species (Moinodaphnia,
Moina and D. pulex) and more resistant species (Cerio-
daphnia, D. pulicaria and D. similis).

As Microcystis can inhibit filtering rates of cladocer-
ans (Lampert, 1982; Nizan et al., 1986; DeMott et al.,
1991) and is of poor nutritional value (Hazanato &
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Yasuno, 1987; DeBernardi & Giussani, 1990), a diet of
only toxic Microcystis can cause starvation and death.
Typically, resistance to starvation is thought to scale
with body size, with larger organisms respiring a
lower percentage of their body mass per day
(Threlkeld, 1976). Therefore, according to the model
of Threlkeld (1976), large-bodied cladocerans should
have higher resistance to starvation, surviving better
when starved or when fed low quality food than
small-bodied cladocerans. Surprisingly, our results
contradicted these predictions. The smallest clado-
ceran used in our experiments, C. cornuta, was the
most resistant whereas another small species from a
topical lake, Moina micrura, was the most sensitive to
starvation (Fig. 4). The tropical Moinodaphnia was also
more resistant to starvation than the much larger
Daphnia species. There was also no consistent effect of
body size in the sensitivity of cladocerans to toxic
Microcystis. Two of the smallest species, Ceriodaphnia
and Moinodaphnia, were the least and most sensitive
species, respectively. Perhaps, the trophic status of
the lakes of origin may help to explain these patterns
in starvation resistance and sensitivity to toxic
cyanobacteria among the cladocerans (Table 2). Both
Ceriodaphnia and Moinodaphnia clones came from a
tropical coastal lagoon with low primary productivity
and may have been adapted to low food levels,
whereas Moina micrura came from a tropical hyper-
eutrophic coastal lagoon, in which Microcystis blooms
heavily during most of the year. Daphnia species
came from different sources, but they are probably
well adapted to large fluctuations in resource levels.
D. pulicaria came from Crooked Lake, a mesotrophic
hard water lake, where some toxic Oscillatoria occurs.
D. pulex is a common species in swamps, marshes
and temporary ponds, where cyanobacteria are rare.
Epp (1996) also showed that resistance to starvation
can vary largely within different genotypes (clones)
of D. pulicaria, which is also contrary to the body
size–starvation resistance model proposed by
Threlkeld (1976).

Our results suggest that the sensitivity of cladocer-
ans to toxic Microcystis is associated with life histories
rather than to geographic origin. In analogy with
strategies in vascular plants (Ramensky, 1938; Grime,
1979), Romanovsky (1985) proposed three types of
life history strategies in cladocerans. Small-bodied,
fast-growing species (‘explerents’ or ‘ruderals’) are
highly susceptible to starvation and to lower food

quality. These species have a short life span and
allocate much energy to reproduction, as is shown by
their high rate of population increase (high r), and
they can temporarily inhabit very productive envi-
ronments, exploiting periods of high food availabil-
ity. Large-bodied, fast-growing species (‘violents’ or
‘competitors’) have juveniles that are prone to starva-
tion because of their relatively small size at birth and
higher allocation of energy to somatic growth during
the early instars. However, adults of large-bodied
species, such as Daphnia, are more resistant to re-
duced food supply and are superior competitors in
relatively undisturbed environments, with a poten-
tially high rate of population growth (high r). The
third group of small-bodied, slow-growing species
(‘patients’ or ‘stress tolerators’) is able to survive food
depletion in disturbed environments due to a lower
threshold food concentration, a low rate of juvenile
growth and a slow population growth (low r).

These three types of life history are well repre-
sented by the cladoceran species tested here. The
genus Moina can be classified as ‘explerent’ because it
has a high potential for population growth (high r)
and is highly sensitive to starvation. Ceriodaphnia fits
well in the ‘patient’ type, having a high resistance to
starvation and low population growth rate (low r).
The Daphnia species can be classified as ‘violent’, with
a large body size at maturity and a relatively high
population growth rate (high r). In his hypothesis,
Romanovsky (1985) mostly considered food quantity,
although poor food quality and even toxic food could
cause the same effects. Therefore, it seems plausible
that species that are highly sensitive to starvation
should also be more sensitive to toxic algae. Our
results fit well with these expectations because two of
the species most sensitive to starvation and with high
potential for population growth (Moina and D. pulex)
were also most sensitive to the toxic strains of
Microcystis.

The toxicity of strain PCC7820 to temperate clado-
ceran species is well known (Nizan et al., 1986; De-
Mott et al., 1991; Reinikainen, Ketola & Walls, 1994;
Hietala et al., 1995; Smith & Gilbert, 1995), whereas no
previous study has compared the toxicity of this
strain with that of Microcystis strains from the tropics.
The strain PCC7820 produces more than one kind of
microcystin (LR, RR, YR and LA), all of them with
similar toxic properties (Carmichael, 1992). Our anal-
ysis of the Brazilian strains did not, however, identify
the different chemical forms of microcystins.
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The cellular microcystin concentration varied little
between Brazilian Microcystis strains and was within
the same range found for other strains (DeMott et al.,
1991; Hietala et al., 1995). Microcystin production,
however, can vary with culture conditions, such as
light intensity, nutrient medium composition and cul-
ture age (Sivonen, 1990; Utkilen & Gjølme, 1992; Ra-
pala et al., 1997; Watanabe et al., 1989). In this study,
experiments were run at different times and toxin
content was measured once or twice only for each
strain of Microcystis. We did not confirm that micro-
cystin content was the same during the experiments
and, therefore, we did not test for a correlation be-
tween microcystin content and effects observed in the
toxicity experiments. In addition, we cannot exclude
the possibility that other toxins acted synergistically
with microcystins. Recent studies have suggested that
Microcystis toxins, other than microcystins, can exert
acute toxic effects on Daphnia (Jungmann, 1992; Jung-
mann & Benndorf, 1994).

Differences in digestibility of the Microcystis cells
could be another factor influencing toxicity for clado-
cerans. Microcystins are endotoxins (Carmichael,
1992), delivered only after digestion of the toxic cells
during passage through the gut. Our strains showed
differences in size and cell sheath production that may
have caused differences in digestibility. The NPLJ-3
strain, which was one of the least toxic strains, pro-
duced large amounts of mucilage, even making toxin
extraction difficult. The NPLJ-3 extracts looked like a
gel, while the other strains had extracts with liquid
consistency. However, differences in digestibility can-
not explain the similarity in toxicity between NPLJ-2
and NPLJ-3 strains to some of the cladocerans. Porter
(1975) showed that different zooplankton species have
different abilities to digest the gelatinous sheaths of
certain green algae. Also, Lampert (1982) suggested
that zooplankton species differ in their capacity to
digest algal cells and, therefore, are variously suscep-
tible to toxic cyanobacteria. This may explain the
higher sensitivity of Ceriodaphnia and Daphnia species
to the NPLJ-2 strain, which produces less mucilage
than the NPLJ-3 strain. The PCC7820 strain, which was
the most toxic strain in the acute experiments, appar-
ently has a thinner mucilaginous sheath than the other
strains.

Diet composition also played an important role in
the toxicity of Microcystis strains to the cladocerans. In
nature, zooplankton generally feed on a mixed diet of

seston and it is unlikely that it will experience a diet
purely of toxic cyanobacteria. Even in lakes dominated
by cyanobacteria, the zooplankton diet will include
good quality foods, such as green algae, bacteria and
detritus, that may increase survival and reproduction.

The several experimental designs used in the acute
toxicity experiments also showed that much more
sensitivity was detected when we used mixed diets. In
the experiments with single diets, there was a weak
effect of Microcystis concentration on cladoceran sur-
vival, whereas in the mixed diets there were more
statistically significant differences between survival
curves in the different concentrations of cyanobacteria,
suggesting a stronger effect of the Microcystis strains.
These results also showed that the survival of clado-
cerans was significantly improved by adding a high
quality alga. Therefore, the most suitable approach to
estimate the toxicity of cyanobacteria seems to be one
using mixed diets. Furthermore, the technical defini-
tion of toxic cyanobacteria, in which a strain is consid-
ered toxic only if it causes more deaths than the
controls with starved animals, must to be viewed with
caution. This is particularly important in the case of
species that are very sensitive to starvation, such as
Moina micrura.

Effects of toxic Microcystis on population growth

Both the tropical and the temperate cladocerans
showed decreased growth and reproduction on the
mixed diets including toxic Microcystis. Population
growth rate (r) decreased as the proportion of Micro-
cystis in the diet increased, thus showing that sub-
lethal mixtures of Microcystis in the diet can cause a
population decline. Reproduction decreased in clado-
cerans with a Microcystis concentration as low as 5%,
and even in higher concentrations of Microcystis,
where good food (green algae) was still available
above the threshold requirements of cladocerans.
Therefore, these results are consistent with the chronic
toxicity rather than the nutritional deficiency hypothe-
sis. In the experiment with Synechococcus, however, as
in other studies using mixtures of nutritionally defi-
cient cyanobacteria (DeMott & Müller-Navarra, 1997;
DeMott, 1998), growth and reproduction in a mixture
of 50% cyanobacteria and green algae did not differ
from the control with 0% cyanobacteria (100%
Ankistrodesmus), not suggesting toxic effects in these
cases.

© 2000 Blackwell Science Ltd, Freshwater Biology, 45, 1–19



Effects of toxic and non-toxic cyanobacteria 15

The effects of Microcystis on cladoceran reproduc-
tion were of two kinds: 1) a delay of 1 or more days
in age at first reproduction (data not shown); and 2) a
reduction in reproductive output (eggs/female and
clutch size; data not shown). As Allan (1976) pointed
out, age at first reproduction and clutch size are the
key factors in determining the intrinsic rate of natural
increase. Furthermore, animals in the Microcystis
treatments appeared smaller than control animals
supplied with green algae and their ovaries were less
developed. These effects were also observed in other
studies with strain PCC7820 and non-toxic Microcystis
strains (Hietala et al., 1995; Smith & Gilbert, 1995).

Comparison of cladocerans in terms of absolute r
values seems inappropriate, because the species differ
in their life history traits and maximal population
growth rates. Therefore, we compared r values as a
percentage of the controls. In general, species differ-
ences in sensitivity to toxic algae, noted in the acute
tests, were also reflected in the chronic tests. The
cladocerans that had high r values in the controls and
were more sensitive in the acute tests (e.g. Moina) had
their reproduction more affected by Microcystis
strains than those with low r values in the controls,
which were also less sensitive to the toxic strains in
the acute tests (e.g. Ceriodaphnia). These results are
supported by Romanovsky’s (1985) idea that clado-
cerans that invest heavily in reproduction when food
conditions are suitable (‘explerents’) are more af-
fected by starvation (or low food quality) than clado-
cerans that can resist longer periods of starvation
(‘patients’).

Despite better survival, the population growth of
Moina was more affected by strains NPLJ-3 and
NPLJ-6 than Moinodaphnia, which was the most sensi-
tive species in the acute toxicity experiments. Such
differences in sensitivity to Microcystis between these
two moinid species seems to reflect a trade-off be-
tween the allocation of energy to reproduction and to
somatic maintenance in low quality food stress, be-
cause these two moinid species have different life
histories in conditions of good food (controls with the
green algae). Moina had a higher population growth
rate in the controls, apparently investing more energy
in reproduction than Moinodaphnia when food condi-
tions were good. In the presence of low quality food
(Microcystis), however, Moina survived better than
Moinodaphnia, but at the expense of lowered repro-
duction.

For the only temperate cladoceran used in the life-
table experiments, D. pulex, the rate of population
increase was less affected by the NPLJ-2 strain than in
the other cladocerans, despite being one of the most
sensitive cladocerans in the acute toxicity experi-
ments. This large-bodied cladoceran, which can be a
superior competitor (‘violent’) in temperate
zooplankton communities, typically has a large clutch
size and a lower threshold food concentration for
growth compared with small-bodied cladocerans,
such as Moina (Romanovsky, 1985). Therefore, as in
Moinodaphnia, D. pulex seems to invest more energy in
maintaining a high rate of population increase de-
spite lower survival in the presence of low quality
food.

Effects of nutritionally deficient cyanobacteria on
growth and reproduction

As observed with the toxic strains of Microcystis, the
cyanobacterium S. elongatus caused reduced growth
and reproduction in Moinodaphnia when offered as a
single diet. When Synechococcus was complemented
with high quality food (Ankistrodesmus) or fish oil
emulsions, however, this cladoceran exhibited excel-
lent growth and reproduction. In contrast, even small
additions of Microcystis into the diet caused reduc-
tions in survival and reproduction in the acute and
chronic experiments. These results suggest that Syne-
chococcus is a non-toxic but nutritionally deficient
resource. DeMott & Müller-Navarra (1997) found
similar results for three temperate Daphnia species. As
in this study, D. pulicaria failed to reproduce on a diet
of Synechococcus alone. These authors attributed their
results to the low content of polyunsaturated fatty
acids (PUFAs) found in this cyanobacterium, such as
linolenic acid, eicosapentatenoic acid (EPA) and
docosahexaenoic acid (DHA), which are important
dietary constituents (Ahlgren et al., 1990; Müller-
Navarra, 1995). In contrast, green algae like Ankistro-
desmus and Scenedesmus are considered good foods
and have a high contents of PUFAs, such as linolenic
acid (Ahlgren, Gustafsson & Boberg, 1992), support-
ing good growth and reproduction for Daphnia
(DeMott & Müller-Navarra, 1997; Kilham et al., 1997;
Lürling & Van Donk, 1997; Repka, 1997).

Although Synechococcus lacks some essential fatty
acids, it is rich in phosphorus (P) and can support
high growth rates in mixed diets (DeMott, 1998).
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Complementing the diet of P-limited Scenedesmus
with Synechococcus, DeMott (1998) found improved
growth rates for five daphnid species. Therefore, in
this case, a nutritional deficiency and not toxicity was
the basis for poor growth and reproduction of the
cladocerans. On the other hand, Microcystis has a high
content of PUFAs (Krüger et al., 1995) and non-toxic
Microcystis can support good growth as a sole food
resource (DeBernardi, Giussani & Pedretti, 1981;
Lundstedt & Brett, 1991). Thus, Synechococcus cannot
be considered a good model for non-toxic Microcystis
because it has a different fatty acid composition. Also,
Schimdt & Jónasdóttir (1997) found that when Micro-
cystis aeruginosa was mixed in small proportions with
the diatom Thalassiosira weissflogii, egg production of
the copepod Acartia tonsa increased relative to single
food diets of the diatom and cyanobacteria alone. In
this case, the two foods were complementary re-
sources and no toxic effect can be assumed.

Feeding inhibition by toxic Microcystis

The two cladocerans tested, D. pulex and Moina mi-
crura, showed great differences in the strength of
feeding inhibition. Although both were sensitive to
the NPLJ-2 strain in the acute toxicity experiments,
M. micrura showed much stronger feeding inhibition
than D. pulex in the presence of that strain. M. micrura
was also very sensitive to starvation, showing rapid
mortality in the controls without food. As we men-
tioned before, some of the deaths in the acute toxicity
experiment can be attributed not only to toxicity of
the Microcystis but also to reduced food intake,
caused by feeding inhibition.

According to Lampert (1982), the reduction in
filtering rate can be a behavioural mechanism by
which cladocerans can avoid ingesting toxic cells.
This author showed that, after a short exposure
(30 min) to toxic Microcystis, the filtering rate of D.
pulicaria recovered immediately to the control level
after they have received a pure suspension of
Scenedesmus. DeMott et al. (1991) verified that D. pulex
showed a lower reduction in the filtering rate and
also that this species was more sensitive to dissolved
microcystin-LR, than D. pulicaria ; they considered this
to be partly responsible for the higher mortality rate
of D. pulex in the acute toxicity experiments. This
agrees with our results and with Lampert’s (1982)
idea that rapid feeding inhibition could be a protec-

tive behaviour against the ingestion of toxic cells.
Because D. pulex seems less inhibited by the presence
of toxic cells, it probably ingests more of them than
D. pulicaria.

Hunger is an important factor in the selection of
algae by cladocerans and copepods (DeMott & Mox-
ter, 1991; DeMott, 1993). If feeding inhibition protects
cladocerans, feeding rate might increase after pro-
longed exposure to toxic algae. However, if feeding
inhibition was caused mainly by direct toxicity and
incapacity of feeding after a 1-h acclimatization time,
we should expect that feeding rate would remain
low, and might even decrease, after long-term contin-
uous exposure to a diet containing toxic algae. In a
study with five daphnids, DeMott (1999) found both
patterns. Some species, including D. pulex, showed
little or no recovery after long-term exposure to toxic
Microcystis, while others, especially Daphnia magna,
exhibited much higher filtering rates after 24 h of
exposure to toxic Microcystis than after 1 h of expo-
sure. In our experiments, however, neither cladoceran
showed significant recovery after 20 h of acclimatiza-
tion time.

Although we found a high content of microcystins
in the Microcystis strains tested, we cannot necessarily
attribute all toxic effects observed to the presence of
these toxins. Other studies have found no relation-
ship between the acute toxicity of Microcystis strains
and the inhibition of filtering rates (Nizan et al., 1986;
Jungmann et al., 1991). However, recent work by
Rohrlak et al. (1999), using a mutant Microcystis clone
from the PCC7806 strain that was not able to synthe-
size any variant of microcystin, proved that these
toxins were the cause of mortality in Daphnia galeata
but were not responsible for the inhibition of its
filtering rates.

Previous studies of interactions between toxic
cyanobacteria and zooplankton have focused on
zooplankton from the temperate zone, with most
studies testing various species of Daphnia (reviews by
Lampert, 1987 and Christoffersen, 1996). In general,
we found that results from temperate zooplankton
concerning acute and chronic toxicity, nutritional
deficiencies and feeding inhibition also apply to trop-
ical zooplankton. Thus, toxic or nutritionally deficient
cyanobacteria can be a selective mechanism in
zooplankton communities, both in tropical and in
temperate environments. Although zooplankton spe-
cies vary markedly in their sensitivity to toxic Micro-
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cystis, an understanding of this variation may be
found in life history variation rather than in the
geographic distribution.
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