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Nutritional quality of two cyanobacteria:
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ABSTRACT Cyanobacteria have often been described to be nutritionally inadequate and to interfere
with zooplankton feeding. In laboratory experiments we offered 2 cyanobacteria, a unicellular Micro-
cystis aeruginosa strain and the filamentous Nodularia spumigena, to the calanoid copepod Acartia
fonsa as the sole diet and in food mixtures with the nutritious diatom Thalassiosira weissflogii. Egg
production was used as criterion of food quality. The use of cyanobacteria alone was an insufficient
diet. However, with increasing additions of M. aeruginosa and N. spumigena to the diatom, different
effects were observed. Large additions of cyanobacteria resulted in lower egg production and often in
elevated mortality of the females, but small additions of M. aeruginosa caused an increase of about
257 in egg production compared to a pure diatom diet. The influence of similar low concentrations of
N. spumigena was weaker. We suppose that in the mixtures A. tonsa fed passively on M. aeruginosa,
but not on the filaments of N. spumigena, and that ingested M. aeruginosa were used metabolically. As
an additional test of the positive interactions between M. aeruginosa and T weissflogii, different ratios
of these species were offered to the copepods, while keeping the total food concentration constant. In
mixtures egg production was higher than expected from the proportion of T weissflogil. The highest
egg production rates were observed at a 3:1 mixture of T. weissflogii to M. aeruginosa. We conclude
that mono-specific food experiments may give a false impression of the nutritional quality of phyto-
plankton species. Cyanobacteria, which when fed alone prove to be poor food, may supplement the
diet of A. tonsa.
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INTRODUCTION

Cyanobacteria periodically dominate the phyto-
plankton of many limnic, brackish and marine environ-
ments. According to most studies, characteristics like
bad manageability of filaments, or nutritional inade-
quacy and toxicity (reviewed by Lampert 1987) make
cyanobacteria 'poor’ food for zooplankton (e.g. Porter
& Orcutt 1980, Lampert 1981, Holm & Shapiro 1984,
Nizan et al. 1986, Ahlgren et al. 1990). However,
cyanobacteria species vary in toxicity and nutritional
value (Lampert 1987), and zooplankton species have
developed physiological and behavioral adaptations to
the different characteristics of cyanobacteria. Thus,
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certain zooplankton species are resistant to toxins of
cyanobacteria (e.g. the rotifer Brachionus calyciflorus;
Fulton & Paerl 1987b), some non-discriminating filter
feeders are too small for mechanical interferences with
large colonial or filamentous cyanobacteria (e.g. small
cladocerans; Fulton & Paerl 1987b), other species avoid
ingestion of endotoxic or nutritionally inadequate
cyanobacteria by selective feeding (e.g. calanoid cope-
pods; Fulton & Paerl 1987b, DeMott 1989, DeMott et al.
1991), and other species are adapted to the nutritional
composition of cyanobacteria (e.g. rotifers; Paerl 1988;
harpacticoid copepods Macrosetella and Miracia;
O'Neil & Roman 1994).

The mechanisms by which calanoid copepods
choose between cyanobacteria and high quality algae
have been investigated in laboratory experiments
(Fulton & Paerl 19873, b, 1988, DeMott 1989, DeMott &
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Moxter 1991). The results of Fulton & Paerl (1987a. b,
1988} suggest that the copepods Diaptomus reighardi
and Eurytemora affinis avoid ingestion of unicellular
and colonial Microcystis aeruginosa (cyanobacteria) in
mixtures with the nutritious chlorophyte Chlamy-
domonas reinhardi by chemosensory means. DeMott &
Moxter (1991) offered a variety of cyanobacteria of
different size, morphology and toxicity in mixtures
with C. reinhardito the copepod Diaptomus birgei and
observed that the planktonic cyanobacteria were
strongly rejected. On the other hand, ingestion of
appreciable quantities of cyanobacteria has been
documented for freshwater copepods in the field (e.g.
Schindler 1971, Infante 1978, Haney & Trout 1985,
Burns et al. 1989).

In the Pomeranian Bay (southern Baltic Sea), which
is influenced by continuous freshwater input from the
Oder River, Poland/Germany, the neritic calanoid
copepods Acartia bifilosa and A. tonsa co-exist during
the summer months with a diverse phytoplankton com-
munity dominated by cyanobacteria, chlorophytes and
diatoms (Pollehne et al. 1995). Pigment analyses have
shown that the ambient composition of the phyto-
plankton population is also reflected in the gut con-
tents of the copepods (Meyer-Harms 1996). Therefore,
cyanobacteria were ingested by Acartia sp. and it
seems that the copepods are well adapted to the
changing diet which occurs in the area (Pollehne et al.
1995). On the other hand, the changing diet may be the
main reason for the observed high variability in egg
production rates of Acartia sp. in the Pomeranian Bay
(Schmidt unpubl.). Consequently, there are 2 aspects
to consider. One is the ingestion or rejection of cyano-
bacteria by zooplankton, and the other is the food
quality of ingested cyanobacteria, which is ultimately
shown in physiological responses like survival, growth
and reproduction. The latter aspect was tested by
Burns & Xu (1990), who found reasonable survival and
reproduction of the calanoid copepod Boeckella spp.
fed with pure cultures of filamentous cyanobacteria. In
contrast, cyanobacteria were unsuitable as the only
food source for the development of the copepod Eudi-
aptomus gracilis (Santer 1994). In nature, however,

cyanobacteria co-exist with other phytoplankton
groups, and the diet of zooplankton is also diverse dur-
ing blooms of cyanobacteria.

In the present study we combined the approaches
of the described laboratory experiments, i.e. we of-
fered cyanobacteria in mixtures and we used an inte-
grated parameter to examine the nutritional value
(egg production of Acartia tonsa). The effect of
cyanobacteria as a mono-specific food was compared
with the interplay of cyanobacteria and another spe-
cles, which is known to be nutritious, in a combined
diet. Following the phytoplankton compositions of the
Pomeranian Bay, the unicellular Microcystis aerugi-
nosa and the filamentous Nodularia spumigena were
mixed with the diatom Thalassiosira weissflogil in a
broad range of absolute and relative concentrations.
To distinguish a plausible effect of high food concen-
tration from a effect of food quality, an additional
experiment was carried out using a chlorophyte
(Scenedesmus acutus) instead of cyanobacteria in a
mixture with the diatom.

MATERIALS AND METHODS

Cultures. Acartia tonsa was grown in 0.5 um fil-
tered seawater, salinity (S) = 32, enriched with a super
abundant concentration of Rhodomonas baltica (Stet-
trup et al. 1986). Due to planned experiments with
limnic/brackish-water phytoplankton, the females
were gradually adapted to S = 15 within 5 d after mat-
uration.

The autotrophs were grown in semi-continuous
batch cultures using f/2 growth medium at S = 10, a
temperature of 18 + 1°C and continuous illumination.
The dilution rates of the cultures were kept constant to
ensure exponential growth throughout the experi-
ment. The cultures were not auxenic. Species used as
food in the experiments were the diatom Thalassiosira
weissflogil;, the cyanobacteria Microcystis aeruginosa
and Nodularia spumigena, and the chlorophyte Sce-
nedesmus acutus. Table 1 lists the specifics of these
autotrophs.

Table 1. Characterstics of the autotroph species used in this study. Thalassiosira weissflogu (TW), Microcystis aeruginosa (MA),
Nodularia spumigena (NS), and Scenedesmus acutus (SA). ESD: equivalent spherical diameter; 1 ppm = 1 x 10° pm* ml '
G: Culture Collection Gottingen, Germany; X: Collection of Kiel University, Germany

Species Form ESD (pm)

™ Unicellular 15

MA Unicellular® 4.5

NS Filaments 8 (thickness) x 1000 (length)
SA (2,3)4 cells 16

“In nature M. aeruginosa appears in colonies

png C I'l/ppm C:chl a Toxicity Source/strain no.
~200 - G B122.79
~200 Not tested G B 46.80
80 Not tested X SN 34
~180 - G 276-11
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Experiments. Volume based concentrations of food
suspensions were set using a particle counter (ELZONE
180, Particle Data, Inc., fitted with 120 pm orifice). In the
case of Nodularia spumigena, which is a filamentous
colony, the same volume of the culture was used every
day and the concentration was subsequently determined
based on chlorophyll a {chl a) content. The experiments
lasted for 7 d and were performed at 18 + 1°C and S = 15.
Dim light conditions (<0.18 pE m~?s7!) were used to pre-
vent the growth of phytoplankton. Three 11bottles each
containing 15 females were used for each diet. The bot-
tles were placed on a 0.5 rpm rotating wheel. After 24 h,
females and eggs were screened out by means of 180
and 40 pm sieves, respectively. The living females were
counted and transferred to a fresh food suspension in a
new bottle. Eggs were fixed with Lugol's solution for
later counting. Fecal pellets were not quantified.

To investigate the effects of food quality, egg pro-
duction rates of Acartia tonsa were measured in 3
types of experiments.

1. Mono-specific food experiments: Four different
food species (Table 1) were offered at a concentration
of 5 ppm (5 x 10° um?® m1™'). In addition to egg produc-
tion, grazing rates were estimated at Days 1, 3 and 5.
Clearance and ingestion rates were calculated {Frost
1972) based on volume concentrations for Thalas-
siosira weissflogii, Microcystis aeruginosa and Scene-
desmus acutus and on chl a concentration for Nodu-
laria spumigena.

2. Mixture/addition experiments: Concentrations of
0.75, 1.5, 3 and 6 ppm (Microcystis aeruginosa and
Scenedesmus acutus) or ~0.38, 0.75, 1.5 and 3 ppm
(Nodularia spumigena) were each added to a concen-
tration of 1.5 ppm of Thalassiosira weissflogil.

3. Mixture/ratio experiments: Microcystis aeruginosa
and Thalassiosira weissflogii were mixed according to
the ratios 1:0, 3:1, 1:1, 1:3, and 0:1. Two experiments
were conducted, with total concentrations of the mix-
tures at 1.5 ppm in the first experiment and at 3 ppm in
the second. During the 24 h incubations, the mean con-
centrations of neither species changed much. Thus, the
shift of ratio resulting from different growth and grazing
rates was generally not more than 10 % (in some excep-
tions up to 30 %). A schematic presentation of idealized
results in a ratio experiment is shown in Fig. 1.

Chemical analysis. Samples of the cultures were fil-
tered onto combusted GF/F filters for later C/N and chl a
analyses. Filters were stored at —-80°C. C/N analyses
were carrled out with a Carlo Erba/Fisons 1108 CHN el-
emental analyzer. Chl a concentrations were determined
using a fluoro-colorimeter (Amico).

Statistics. One-way analysis of variance (ANOVA}
procedures were used to test the significance of differ-
ences in egg production rates between treatments.
Generally, variances across different treatments were

299
prod.

.
; 50 lll]U % Thalassiosira
10 0 % Microcysus

Fig. 1 Schematic presentation of possible results in a ratio
experiment. Different proportions of Microcystis aeruginosa
were mixed with a nutritious food species (Thalassiosira
weissflogii) at a constant unsaturated food concentration.
Hypotheses: (1) M. aeruginosa has no influence. The egg pro-
duction of Acartia tonsais a function of the concentration of T.
weissflogii. (2) M. aeruginosa has a positive effect on egg pro-
duction. (3) M. aeruginosa has a negative effect on egg pro-
duction. (4) M. aeruginosa has a negative as well as a positive
effect depending on the ratio (1 example)

equal (p > 0.05; Bartlett's test). Means were analysed
with a multiple range test (test of ‘least significant
difference’, LSD).

RESULTS
Mono-specific food experiments

There were significant differences in egg production
depending on food species {1-way ANOVA, F=2053,
p < 0.0001). Egg production rates were high on a diet of
Thalassiosira weissflogii, gradually decreased for
females fed Scenedesmus acutus, and there was
almost no egg production on both cyanobacteria spe-
cies (Fig. 2, Table 2).

Mean ingestion rates at a food concentration of 5 ppm
were 770 ng C (ng dw d)~! for females fed Thalassiosira
weissflogii and 530 ng C (ug dw d)~! for females fed
Scenedesmus acutus. Clearance of Microcystis aerugi-
nosa and Nodularia spumigena by Acartia tonsa was not
detected, although different food concentrations were
tested (0.75, 1.5, 3 and 5 ppm). Additionally, fecal pellet
production was not noticed, which further supports the
notion that A. tonsa did not ingest these cyanobacteria in
significant amounts when offered alone.

Mixture/addition experiment
We found significant differences in egg production

rates depending on the concentrations of Microcystis
aeruginosa, Nodularia spumigena or Scenedesmus
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acutus added (1-way ANOVA, M. aeruginosa: F=65.2,
p <0.0001; N. spumigena: F=2.9, p=0.0241; S. acutus:
F =158, p=0.0003). The apparent increase of egg pro-
duction rates with small additions of M. aeruginosa
and N. spumigena to the pure diatom diet (Fig. 3a, b)
was significant in the case of M. aeruginosa during the
first 4 d of the experiment (Table 2, Days 1 to 4). On the
other hand, high concentrations of M. aeruginosa and
N. spumigena caused a reduction of the egg produc-
tion rate (Fig. 3a, b, Table 2). A comparison of the mean
egg production rates between the pure diatom diet and
the mixtures (Table 2) suggests that M. aeruginosa had
a stronger positive as well as negative influence on
Acartia tonsa than N. spumigena.

Egg production was unaffected or increased at low
as well as high concentrations of Scenedesmus acutus
(Fig. 3c, Table 2). On Dav 2 of the S. acutus mixture ex-
periment, the culture of Thalassiosira weissflogii broke
down and we had to switch to a slow-growing back-up
culture. The following decrease in egg production
rates with the pure T. weissflogii diet were compen-
sated for in the mixtures (Fig. 3c, Table 2: Days 3 to 6}.

—~ —
Fig. 3. Egg production rates of Acartia tonsa females (eggs
ind.”'d"" £ 1 SD, n=3) fed mixtures of Thalassiosira weissflogii
(1.5 x 10" pm’ ml"!; ——) and (a) Microcystis aeruginosa (6, 3,
1.5, and 0.75 x 10° pm® ml '}, (b) Nodulana spumigena (about
3, 1.5, 0.75, and 0.38 x 10° pm” ml ') and (c) Scenedesmus
acutus (6, 3, 1.5, and 0.75 x 10° pm? ml™') as a function of time.
(—-— —— — - — -] Respectively decreasing concentra-

tions added for each species
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Table 2. Summary of results and statistical analyses. Average egg production rate of Acartia tonsa fed pure Thalassiosira weiss-
flogii (TW) includes all measured egg production rates during 1 experiment (i.e. 3 parallels over 4 or 7 d). Average egg production
rates on other diets [including Scenedesmus acutus (SA), Microcystis aeruginosa (MA), Nodularia spumigena (NS}] in each ex-
periment were calculated in the same way and normalized with respect to rates obtained with the pure diatom diet. For each ex-
periment, non-significant differences between the average egg production rates on different diets are indicated by the same letter
(LSD test). In 3 cases the statistical analyses were repeated for selected days of the experiment {explanations given in ‘Results’)

Expt

5 ppm conc.
(7 d)

Ratio
MA:TW

MA:TW

1.5 ppm conc. (7 d)

3 ppm conc. (7 d)

Species,

addition (ppm),

or ratio

Mono-specific

T weissflogii
S. acutus

M. aeruginosa
N. spumigena

Addition
MA to TW (7 d) +0.75
+ 1.5
+0
+3
+6
MA to TW (Days 1-4) +0.75
+1.5
+0
+3
+ 6
NS to TW (7 d) + 0.4
+0
+0.75
+1.5
+3
NS to TW (Days 1-4) +04
+0.75
+ 1.5
+0
+3
SA to TW (7 d) +3
+0.75
+1.5
+6
+0
SA to TW (Days 3-6) +3
+0.75
+1.5
+6
+0

—m W= O =W O
O O w

Avg. egg prod. Avg. egg prod. Homogeneous Mortality of
(eggsind'dl) as % of pure groups females
on pure T weissflogii T weisstlogii (95% LSD) after 7.d (%)
23 100 a 47
29 b 60
3 70
2 c 90
114 a 8
102 a 28
25 100 a 40
70 b 82
45 c 90
124 a
123 a
25 100 b
93 b
63 C
104 a 40
25 100 a 40
99 a 30
98 a 22
87 b 25
109 a
109 a
101 a, b
25 100 a, b
92 b
120 a 30
117 a, b 24
109 b, ¢ 18
107 c 20
22 100 C 50
132 a
132 a
121 a
121 a
20 100 b
102 a 49
24 100 a 40
85 b 43
51 c 73
9 d 83
108 a 13
48 100 a 16
87 b 26
61 C 81
9 d 80

Mixture/ratio experiment

Significant differences in egg production rates were
observed depending on the ratio of Thalassiosira
weissflogii and Microcystis aeruginosa at a constant
total food concentration (1-way ANOVA; 1.5 ppm: F =

90.5, p < 0.000; 3 ppm: F= 1384, p <0.0001). Egg pro-
duction rates of Arctica tonsa which were fed pure M.
aeruginosa diet or mixtures were normalized with
respect to those fed pure T. weissflogii food suspension
(Figs. 4 & 5). With 1 exception, the egg production
rates were higher than expected from the pure con-
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Fig. 4. Egg production rates of Acartia tonsa females (eggs
ind"'d™’ £ 1SD, n = 3) fed Thalassiosira weissflogii at 1.5 and
3 x 10° um* ml"! during a 7 d experiment

centration of T. weissflogii in all mixtures and during
the entire course of the experiment (Fig. 5). That is, A.
tonsa females profited from the presence of M. aerugi-
nosa in the mixtures. Observations from Jénasdottir
(1994, her Fig. 1) and the results in Fig. 4 allow the
assumption that egg production of A. tonsa fed pure T.
weissflogiiis a linear function of the food concentration
up to 3 ppm. The line in Fig. 5 marks this linear func-
tion (see also Fig. 1). From the absolute data (Table 3),
egg production rates were higher at the low proportion
of M. aeruginosa compared to the pure diatom diet,
but at higher proportions of M. aeruginosa egg pro-
duction was lower (25% 0% < 50% < 75% < 100 %).
However, the difference between the mixture of 25%
M. aeruginosa/75% T. weissflogii and the pure T
weissflogii was significant only for Days 2 to 4 of the
experiment (total concentration: 3 ppm).

Feeding history

At least on the first day of the experiment the egg
production rates were affected by the previous food
alga (Rhodomonas baltica) (Fig. 2). However, reserves
of some essential nutrients may enhance the egg pro-
duction over a longer period. The period of the R.
baltica influence was not determined and appeared to
depend on the current diet. In the 'addition experi-
ments' the concentration of the nutritious food was suf-
ficient to result in high egg production, and we suppose
that reserves from K. baltica did not have a significant
effect. In contrast, in the 'ratio experiments’ (Fig. 5a, b,

e}
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é 1. day
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a & 4. day

% v 5. day
® ©. day
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O >

. of EP at 100% TW)
=
(@]

50 -

egg production rate (%

Q —_— —=
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% Thalassiosira weissflogii at total 3 ppm

Fig. 5. Acartia tonsa egg production rates in mixtures of
Microcystis aeruginosa and Thalassiosira weissflogii in ratios
of 1:0, 3:1, 1:1, 1:3 and 0:1 as percentage of the daily egg pro-
duction rate (EP) on the pure T weissflogii (TW) diet (0:1; see
Fig. 4). A total food concentration of (a) 1.5 x 10" pm’ ml ' and
(b) 3.0 x 10° pum® ml ' Solid lines represent the expected egg
production rates as a linear function of the T weissflogii con-
centration (see also Fig. 1)

Table 3) at the low proportion of Thalassiosira weiss-
flogii, the egg production rate decreased continuously
during the first 4 d. At a 50 % proportion the effect was
already weaker, and it was not noticeable at high pro-
portions of T. weissflogii. Thus, the feeding history was
important at low proportions of T weissflogii, but
should otherwise not be over-emphasized.
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Table 3. Egg production rates (eggs ind."' d™' + 1 SD, n = 3) of Acartia tonsa fed mixtures of Microcystis aeruginosa and Thalas-
siosira weissflogii in ratios of 1:0, 3:1, 1:1, 1:3, and 0:1 1n total food concentrations of 1.5 and 3.0 ppm

Day M. aeruginosa 3:1

1.5 ppm

HoH

[N

H H +

S U Y
[ee)
+
[}

.0 ppm

36+ 2
40+ 2
39=x2
33zx5
18+ 3
2027
20+ 5

N W= W N O W -
Eal e B CSRE NS SO RN |
+ B H

H o+ H A
=N e OO N

1:1 13 T werssflogl
22 1 27 £ 1 24 + 4
22+2 27 +1 28 +1
22 £3 25+3 27 + 1
18+ 3 23+3 26 +2
16+ 6 24 +0 23+ 0
19+ 6 233 200+ 1
21+ 10 22+ 3 19+6
375 41 + 1 42+ 3
48 + 2 533 49+ 1
50+3 5712 53+2
51«5 64 £ 4 57 +6
38 +4 55+ 9 51+3
31+3 47 + 4 45+ 4
39+6 48+ 5 46 + 6

Mortality of females

Mortality of females (%) after 7 d is shown in
Table 2. In most of our experiments mortality was
high compared to results in similar investigations
(e.g Joénasdéttir & Kierboe 1996). We attribute the
high mortality, at least partly, to the pre-experimen-
tal salinity adaptation 'stress’ experienced by the
females. It is also noticeable that the highest mortality
(>70%) was observed in the mixture experiments
with high concentrations or ratios of Microcystis
aeruginosa and low egg production. A toxic effect of
M. aeruginosa can be assumed; however, another
explanation would be starvation of the females. In
some of the mixture experiments mortality of females
was lower than in the pure Thalassiosira weissflogii
diet.

DISCUSSION

Egg production of continuously reproducing cope-
pods integrates all effects of the diet, i.e. those related
to ingestion (interference of the ingestion of other food,
ingestion/rejection of cyanobacteria), toxicity, and
assimilation. These intermediate parameters were not
measured in the present study (with the exception of
the ingestion in mono-specific food experiments) and
egg production rates will be discussed on the basis of
the offered food, not on the basis of the ingested food.

The ultimate criterion of reproductive success, the
hatching of eggs, was not investigated. The growth of
juveniles would require a separate study, since devel-
oping stages have different demands on food size and
quality.

Cyanobacteria as the only food source

Acartia tonsa could not maintain its egg production
either with a small-cell (Microcystis aeruginosa) or
with a filamentous cyanobacteria (Nodularia spumi-
gena). The fact that calanoid copepods of the taxon
Boeckella spp. have shown good reproduction when
fed pure cultures of filamentous cyanobacteria (Burns
& Xu 1990) confirms differences in the ability to live on
cyanobacteria within 1 zooplankton group. In the case
of the cyanobacteria species offered in our experi-
ments, A. tonsa already failed at the point of ingestion.
Sensitivity of A. tonsa to the 'bad taste’ of planktonic
cyancbacteria (DeMott & Moxter 1991) may have been
a reason. There are also indications that avoidance
could be caused by the special morphologies of M.
aeruginosa and N. spumigena. Vanderploeg et al.
(1988) noticed that the genus Acartia cannot effec-
tively handle elongated species and this probably
applies also to fresh N. spumigena filaments. The small
cells of M. aeruginosa, on the other hand, may not
stimulate a filtering current at all. This is supported by
our observation in a previous experiment that an
unidentified centric diatom of similar size (5 pm) was
also not ingested by A. tonsa (authors’ unpubl. data).
The chlorophyte Scenedesmus acutus was ingested
when offered as the only food source, but supported
only low egg production in A. tonsa.

Eifects of cyanobacteria in a mixed diet
Large additions of cyanobacteria to a diet of medium-

sized diatoms may cause a decrease in egg production
at different intermediate steps of food processing.
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Day 2

Day 5
Day 1

0 50 100 % Thaassiosia
100 0 % K

Fig. 6. A schematic presentation of our results in the ratio
experiment; Days 2, 5 and 7 (compare Fig. 1). At all tested
mixtures the measured eqgg production rates were above line
1 and indicate a positive effect of Microcystis aeruginosa on
egg production. The nutritional benefit from M. aeruginosa is
best shown at a proportion of 75 % Thalassiosira weissflogii to
25% M. aeruginosa. This mixture has a nutritional advantage
compared to the pure diatom. During the first 4 d a running
out of reserves from Rhodomonas baltica was evident at low
and median proportions of T weissflogii, but not at high pro-
portions

Cyanobacteria can reduce filtering rates on the co-
occurring nutritious food, e.g. by clogging the ap-
pendages, and/or can be hidden among a larger mass
of high-quality food and ingested as well (Paffenhofer
& Van Sant 1985) The former effect was noticed for the
copepod Diaptomus reighardi in a suspension of about
3 ppm of Microcystis aeruginosa (Fulton & Paerl
1987b). A high proportion of passively ingested cyano-
bacteria (especially in the case of the unicellular M.
aeruginosa) may either contain a critical dose of toxins,
or their assimilation may result in a nutritional im-
balance compared to the pure diatom diet. It is remark-
able that the same concentration of the chlorophyte
Scenedesmus acutus had no negative effect on egg
production of Acartia tonsa.

Small additions of cyanobacteria to a diatom
improved the egg production in Acartia tonsa. The
effect may have occurred at 2 levels: a stimulated feed-
ing on the co-occurring nutritious food species, or in-
gestion and assimilation of the cyanobacteria in a
proportion which improves the nutritional balance
compared to the pure diatom. Both effects were
noticed by Roman (1984), who fed A. tonsa with a mix-
ture of Thalassiosira weissflogii and macrophyte-detri-
tus. In our study there were higher egg production
rates in mixtures with small additions of Microcystis
geruginosa than in mixtures with small additions of
Nodularia spumigena. We conclude that M. aerugi-
nosa were accumulated, ingested and successfully
assimilated during suspension feeding on the diatom,
while N. spumigena filaments were not ingested amd
assimilated in the same manner.

The ratio experiments confirmed that Acartia tonsa
benefitted from the presence of Microcystis aeruginosa
in food mixtures (Fig. 6). A replacement of one quarter
of Thalassiosira weissflogii by M. aeruginosa caused
an increase in egg production compared to the same
concentration of the pure diatom. Accordingly, Roth-
haupt (1991) observed that, while a filamentous
cyanobacteria species alone did not support popula-
tion growth of the rotifer Brachionus rubens, a 1:1
mixture of a nutritious chlorophyte and the cyanobac-
terium was a more superior food than an equal con-
centration of the chlorophyte alone.

Nutritional quality of cyanobacteria

Our results suggest that the nutritional composition
of Thalassiosira weissflogii is adequate but not optimal
for Acartia tonsa egg production, and that the nutri-
tional composition of Microcystis aeruginosa was in-
adequate alone, but in small doses supplemented the
diatom.

The lack of long-chained polyunsaturated fatty acids
(PUFA) in cyanobacteria has been suggested to be the
reason of their nutritional inadequacy for zooplankton
(Ahlgren et al. 1990, Ahlgren 1993). Long-chained
PUFA are essential components of the diet and have
been considered as indicators of high nutritional qual-
ity (e.g. Watanabe et al. 1983, Enright et al. 1986, Volk-
man et al. 1989, Ahlgren et al. 1990, Jénasdottir 1994,
Joénasdottir & Kierboe 1996). A high content of long-
chained PUFA is characteristic for both autotrophic fla-
gellates and diatoms. In Microcystis areruginosa no
22:6w3 PUFA, only traces of 20:50w3, and a low content
of 18:3w3 fatty acids were detected (Ahlgren et al
1990, 1992). However, besides long-chained PUFA
other nutritional components are important in matura-
tion and reproduction of crustaceans, e.g. amino acids
for syntheses of peptide hormones and egg yolk pro-
teins (Harrison 1990). Cyanobacteria have been found
to have a very high content of amino acids (Ahlgren et
al. 1992). M. aeruginosa has a higher proportion of
essential amino acids than Thalassiosira weissflogi,
44% (Ahlgren et al. 1992) versus 35% (Cowie &
Hedges 1996} respectively. Protein comprises about
40% of dry weight in M. aeruginosa (Ahlgren et al.
1992) and 30% in T. weissflogili (Nguyen & Harvey
1994). Additionally, diatoms contain less glucose but
more fucose and rhamnose compared to other
autotrophs (Whyte & Nagata 1990, Brown 1991). A
high content of glucose as an immediate energy source
could form an efficient energy supply for the basic sub-
sistence of the females ingesting cyanobacteria.

In the 'ratio experiment' egg production rate was in
some cases distinctly higher than expected from the
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concentration of the diatom. At high proportions of the
diatom the 'excess’ egg production was almost con-
stant, but at a low proportion of the diatom, egg pro-
duction decreased with time. We assume that in ex-
periments with a low concentration of Thalassiosira
weissflogil the high egg production rates were caused
by reserves of essential nutrients (e.g. fatty acids) from
Rhodomonas baltica, on which Acartia tonsa had been
grown prior to the experiments.

Mixtures with Scenedesmus acutus were not as
effective as small additions of Microcystis aeruginosa.
Only during the stationary growth phase of the diatom
did the added chlorophyte cause an increase in egg
production. Kleppel & Burkart (1995) remarked that
the nutritional value of a food is not static, but varies
with nutritional composition of other foods in the envi-
ronment.

It should not be disregarded that in nature the rela-
tionship between cyanobacteria and mesozooplankton
can be even more complex. Hoppe (1981) observed
that the network of Nodularia spumigena filaments
attracts a wide range of small organisms including bac-
teria, flagellates and ciliates. These rich agglomerates
may serve as an optimal food source for copepods.
Field investigations of Meyer-Harms (1996) imply that
feeding of Acartia bifilosa on filamentous cyanobacte-
ria depends on the physiological status of the bloom.
Increasing ingestion rates were observed during the
regressing phase of the cyanobacteria bloom as fila-
ments were more degenerated and colonized by het-
erotrophic microorganisms.

Conclusion

This study clearly shows that cyanobacteria are not
generally poor food, but that their biochemical compo-
sition may complement certain diets. The positive
effect only became evident in food mixtures which
correspond to field conditions better than mono-
specific food. On the other hand, the impairing effect of
high concentrations of cyanobacteria has been con-
firmed. The findings may help explain field observa-
tions where egg production is variable independent of
temperature and sometimes negatively correlated to
the bulk-parameter chl a.
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ERRATUM

Nutritional quality of two cyanobacteria:

How rich is ‘poor’ food?

K. Schmidt, S. H. Jonasdottir

Mar Ecol Prog Ser 151: 1-10, 1997

® Fig. 6 on page 8 contained an error—line 1 was

incorrectly labelled. The corrected figure and its
caption appear here.
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Fig. 6. A schematic presentation of our results in the ratio
experiment; Days 2, 5 and 7 (compare Fig. 1). At all tested
mixtures the measured egg production rates were above line
1 and indicate a positive effect of Microcystis aeruginosa on
egg production. The nutritional benefit from M. aeruginosa is
best shown at a proportion of 75% Thalassiosira weissflogii to
25% M. aeruginosa. This mixture has a nutritional advantage
compared to the pure diatom. During the first 4 d a running
out of reserves from Rhodomonas baltica was evident at low
and median proportions of T weissflogu, but not at high pro-
portions





