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Differential growth rates of three cladoceran species in response to

mono- and mixed-algal cultures

Abstract—Population growth rates for Daph-
nia longispina, Bosmina longispina, and Chy-
dorus sphaericus were determined in monocul-
tures or mixtures of algae typical of the spring
bloom (Stephanodiscus, Rhodomonas, and
Chlamydomonas) and summer (Scenedesmus,
Chlorella, and Microcystis). Algae from the spring
bloom resulted in optimal population growth,
whereas the green algae and cyanobacteria were
of poorer quality. Daphnia showed the highest
growth rates in all resources tested. Chydorus at-
tained similar positive growth rates in most of
the resources. In contrast, Bosmina achieved pos-
itive growth only in Stephanodiscus and Rho-
domonas. For Bosmina, a combination of Steph-
anodiscus and Rhodomonas resulted in a positive
synergisic effect on growth. The quality of re-
sources depends greatly on the grazer of interest
and cannot be generalized from results with
Daphnia alone.

The most important aspect of algal-zoo-
plankton interactions from the perspective
of individual zooplankters is whether algae
present can support reproduction. A com-
mon observation is that zooplankton pop-
ulation fecundity varies predictably with
season (Gliwicz 1977; Kerfoot et al. 1988).
The results of in situ life tables (Threlkeld
1985; Hovenkamp 1990) suggest that the
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midsummer decline of the cladoceran com-
munity could be explained by qualitative
changes in the algal community, whereas it
had previously been ascribed to predation.
The importance of predation in summer has
probably been overestimated, which sug-
gests that the availability of suitable re-
sources may be more important in deter-
mining population dynamics and
interactions between species than previous-
ly thought.

Field studies suggest that green algae are
of higher nutritional quality than cyano-
bacteria for cladocerans, but differences be-
tween species in response can be very large
(Gliwicz 1977; Threlkeld 1985). Kerfoot et
al. (1988) suggested that naked flagellates of
the spring bloom (particularly cryptophy-
ceans) are the most nutritious algal species,
but Sarnelle (1986) indicated that crypto-
phyceans were of very low nutritional qual-
ity. Field studies are handicapped by the
fact that it is impossible to determine which
algae, of the many present in the plankton,
determine the rate of egg production for a
particular species or how strongly repro-
duction is influenced by factors such as tem-
perature and interactions with filamentous
and toxic algae.

Threlkeld (1985) indicated that increased
temperature enhanced resource stress or in-
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dividual energy requirements. Changes in
individual growth, juvenile survivorship,
and egg viability were often not related to
detectable changes in algal cell counts or
chlorophyll determinations (Threlkeld
1985). Thus the only way that the nutri-
tional quality of individual algal species can
be determined is in the laboratory with ex-
perimentally structured phytoplankton as-
semblages.

Laboratory studies suggest that small di-
atoms and Cryptomonas are higher quality
resources than are large diatoms and green
algae (Infante and Litt 1985), and green al-
gae are higher quality resources than are cy-
anobacteria (Arnold 1971; deBernardi
1981). These results were all obtained with
Daphnia as a bioassay. Generalization of
these results to other crustacean zooplank-
ters assumes that other species have similar
responses to algal resources, which assump-
tior may not be true. Crustacean zooplank-
ton are known to differ dramatically in their
abilities to select specific algae (Bern 1990).
Large Daphnia may, in fact, be the least
selective of crustacean zooplankters. Dif-
ferent species might have divergent re-
sponses to their resources—less selective
species might be broader in resource use. In
any case, there is a lack of comparative stud-
ies on the nutritional quality of phytoplank-
ton and the resource utilization of different
zooplankton species (particularly genera
other than Daphnia).

We propose that patterns of phytoplank-
ton seasonal succession common to meso-
and eutrophic lakes can explain patterns in
cladoceran species dynamics (i.e. popula-
tion growth rates, fecundities, and succes-
sion) noted in field studies. To test this hy-
pothesis, we examined growth at the
population level for three cladocerans
(Daphnia longispina, Bosmina longispina,
and Chydorus sphaericus) in response to al-
gal resources in monoculture and in com-
bination. Bosmina and Daphnia represent
dominant genera during the so-called clear-
water phase—the transitional period be-
tween spring phytoplankton dominance by
diatoms (Bacillariophyceae) and naked fla-
gellates (a taxonomically diverse group) to
summer dominance by greens (Chlorophy-
ceae) and cyanobacteria (Cyanophyceae)

Notes

(Lampert et al. 1986; Sommer et al. 1986;
Kerfoot et al. 1988). C. sphaericus can be a
major component of the zooplankton dur-
ing summer, especially in lakes dominated
by cyanobacteria (George and Edwards
1974, Gliwicz 1977).

The algae we tested can be divided into
two seasonal and ecological categories
(Sommer et al. 1986): a small diatom and
naked flagellates of the spring bloom, Steph-
anodiscus hantzschii, Rhodomonas minuta,
and Chlamydomonas sp.; and green algae
and cyanobacteria of summer, Scenedesmus
acutus, Chlorella homosphaera, and Micro-
cystis aeruginosa. The algal combinations
Stephanodiscus plus Rhodomonas and Rho-
domonas plus Scenedesmus were also ex-
amined. These combinations represent the
middle of the spring bloom and the tran-
sition between spring bloom and summer
plankton, respectively.

Stephanodiscus and Microcystis, usually
colonial in lake plankton, were largely sin-
gle-celled in the monocultures used. D.
longispina was obtained from Lake Vallen-
tuna, B. longispina from Lake Erken, and
C. sphaericus from a laboratory monocul-
ture. The synthetic medium L16 (Lind-
strom 1984), modified with B vitamins and
earth extract, was chosen because its ionic
composition resembles that of temperate
mesotrophic lakes, and it does not adversely
affect zooplankton. All experiments were
carried out at 13.5°+0.4°C with a 14:10
L/D cycle.

In order to assure that all growth results
obtained were due to the food items tested
and not to algae consumed before the start
of the experiment, we conditioned 100 zoo-
plankters to each alga for 10 d before we
began experiments. Egg development time
for the clone of Daphnia used at 15.1°+0.2°C
was 3.9+0.1 d (=1 SD) (n = 12); hence the
complete cycle from initiation of ovarian
development to neonate release at this tem-
perature is <8 d. Bottrell (1975) found an
egg development time for C. sphaericus at
15°C of 3.8 d, while Kerfoot (1974) found
an egg development time of 3 d for Bosmina
at this temperature. Thus the precondition-
ing period used was sufficient to assure that
all results were due to the algae tested, if we
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Morphological characteristics and concentrations of the test algae. Values expressed as mean *1

SD. Algal concentrations given are averaged across all replicates and days 0, 5, and 10 of the experiment.

Concentration tested (ug C ml™')

Mean length Mean width Volume
(um) um) (um?3) Daphnia Bosmina Chydorus
Chlorella homosphaera 4.6+0.81 — 55 2.1+£0.24 4.7+£0.44 6.0+£0.31
Microcystis aeruginosa 48+1.4 — 73 1.6+0.14 1.7+£0.26 1.0£0.04
Stephanodiscus hantzschii 3.9+0.30 5.1+£0.16 80 1.7+£0.03 1.1£0.14 1.0+£0.03
Scenedesmus acutus 13.0£1.3 5.0+0.80 150 4.1+£0.08 * 7.7+0.39
Rhodomonas minuta 11.0+1.6 6.4+1.0 165 1.6+0.18 1.8+0.64 2.4+0.27
Chlamydomonas sp. 10.0+2.2 7.8+£1.9 375 2.5+0.21 3.0+0.32 4.0£0.19
R. minuta + S. acutus 2.1+£0.22 4.8+0.48 5.8+0.18
R. minuta + S. hantzschii 1.7+£0.13 1.5+0.24 2.0+0.45

* No individuals survived the preconditioning period in this treatment.

assume that the egg development time was
always <5 d.

Experiments were carried out at average
algal concentrations of >1 ug C ml~! (Table
1). Algal concentrations were always >0.5
ug C ml!. These concentrations assured that
all responses were due to algal quality and
not quantity (Gliwicz 1990). The bioassays
with Daphnia were carried out in 300-ml
flasks and those for Bosmina and Chydorus
in 75-ml flasks. Algal concentrations were
measured individually for each replicate on
days 0, 5, and 10.

Algal concentrations were estimated via
fluorescence to algal biovolume regres-
sions—the regression coefficients of all these
relations being >0.95. Algal biovolumes can
be approximately converted to ug C ml™!
by considering that algal dry weight is usu-
ally 20% of wet weight and that the C con-
tent is usually 50% of dry weight. Thus C
ml~! is equal to ~10% of wet weight. Algal
concentrations varied among permutations
because the algal species tested have differ-
ent growth characteristics, because the ex-
periments were started on three successive
days (one for each zooplankton species) and
the algae used were therefore in different
growth phases, and because the individual
zooplankters differed in capacity to influ-
ence the growth rates of the algae. Our ex-
perience indicates that zooplankton can be
very negatively affected by excessive han-
dling, so we elected to have inequities in
algal concentration as opposed to overly
stressed animals.

Four replicates of 20 individuals each were
used. The individuals tested were chosen at
random from the conditioning populations.

In cases where <80 individuals survived
the conditioning period, we used fewer than
four replicates. The experiment lasted 10 d,
and the change in population size during
this period was considered a measure of al-
gal quality. During sample processing, the
clutch size of all egg-bearing individuals was
noted. All results were converted to (N,/N,),
where N, and N, denote the number of in-
dividuals present at the beginning and at
the end of the experiment. All statistical
analyses were performed on untransformed
data. The influence of zooplankton and algal
species and interactions among them in
treatment response were assessed with a two-
way ANOVA.

Population growth rates varied consid-
erably, depending on zooplankton species
and algal resource (Fig. 1, Table 2). Daphnia
achieved the highest rate of increase on all
resources tested, and Bosmina had the sec-
ond highest maximum rate of increase. This
result is probably because all three species
have a similar juvenile development period
and length of adult instar (Bottrell 1975),
while Daphnia had much larger clutch sizes
(maximal observed clutch, 32 eggs) than ei-
ther Bosmina (maximal observed clutch, 8
eggs) or Chydorus (maximal observed clutch,
2 eggs). These findings are consistent with
clutch sizes observed in the field and have
far-reaching ecological significance. Thus,
given high-quality resources and little se-
lective predation—a condition common to
the spring algal bloom — Daphnia will grow
much faster and achieve a much larger pop-
ulation size and exert a greater influence on
the phytoplankton community than will ei-
ther Bosmina or Chydorus. This dominance
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Population growth responses (expressed as N,/N,) for the individual zooplankton-algae permutations.

Values expressed as mean =1 SD. Note the logarithmic ordinate.

is commonly observed during the spring
bloom (Sommer et al. 1986; Lampert et al.
1986; Kerfoot et al. 1988) and is the pre-
sumed cause of the subsequent clear-water
phase (Sommer et al. 1986; Lampert et al.
1986).

Both Daphnia and Chydorus achieved
positive population growth rates on all the
resource types tested. Chydorus showed the

smallest differences in growth among re-
source types. The generalist nature of Chy-
dorus may explain why this species often
attains its annual maximum in summer and
is particularly important in lakes dominated
by cyanobacteria, when large cladocerans
are adversely affected by selective predation
and other small species (Bosmina) are af-
fected by the low quality of the phytoplank-

Table 2. Two-way ANOVA summary for the experiment.

Variance
Source df MS F-test P (%)
Zooplankton 2 485 1,004 0.0001 66.3
Algae 7 28 57 0.0001 13.2
Interaction (Z x A) 14 19 39 0.0001 18.2
Error 70 0.48 23
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Bosmina longispina

3

population change (N, /N )

Stephanodiscus

Rhod + Steph

Rhodomonas

Fig. 2. The influence of resource synergy on Bosmina growth rates. The values shown are of individual
replicates. The results obtained for Rhodomonas plus Stephanodiscus were significantly greater (one-tailed -
test) than those for Rhodomonas (P < 0.005) and Stephanodiscus (P < 0.01) individually.

ton present (George and Edwards 1974; Gli-
wicz 1977).

Bosmina achieved positive growth rates
on only two of the algae tested singly, Steph-
anodiscus and Rhodomonas. Bosmina
achieved its highest growth rate (13.2% in-
crease d~') on the combination of Stephano-
discus plus Rhodomonas (Fig. 2); the rates
in monocultures of Stephanodisciis and
Rhodomonas were 9.7 and 8.2%. The com-
bination of Stephanodiscus plus Rhodo-
monas corresponds to the early to middle
period of the spring algal bloom. Field data
(Kerfoot et al. 1988) indicate that Bosmina
can have its spring peak in standing stock
at this time, i.e. before Daphnia has its spring
peak. Bosmina is also much more selective
than either Daphnia or Chydorus (Bern
1990). Thus the ecological strategy of Bos-
mina may be to glean the highest quality
particles from the phytoplankton while
Daphnia and Chydorus may both be depen-
dent on the nutritional quality of the dom-
inant species in the algal community. This
mixed diet suggests that further attention
should be paid to mixtures of algae when
assessing the ecological responses of zoo-
plankton to their resources, particularly since

natural zooplankton populations are almost
always confronted with diverse algal assem-
blages.

The large amount of variation explained
by zooplankton species (Table 2) indicates
that they had different responses to the re-
sources. The large amount of variation ex-
plained by the interaction between zoo-
plankton and algae indicates that the relative
quality of the algae depends on the partic-
ular zooplankter tested. Both of these results
strongly argue against using only one species
or group of zooplankton to characterize the
nutritional quality of algae. Unfortunately
most previous freshwater studies of algal
quality for crustacean zooplankters have
used only daphnids. Our results suggest the
importance of tests with zooplankters other
than Daphnia. The very characteristic that
makes Daphnia a popular animal for lab-
oratory studies, i.e. the ease with which it
can be cultured, suggests that other zoo-
plankters, particularly those which are more
difficult to culture, differ in their nutritional
requirements. )

The algae tested could be ranked as to
overall quality (in decreasing order)— RAo-
domonas, Chlamydomonas, Scenedesmus,
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Stephanodiscus, Chlorella, and Microcystis.
It should be kept in mind, however, that the
three zooplankters all had different optimal
resources. Daphnia grew best in Rhodo-
monas, Bosmina grew best in Stephanodis-
cus plus Rhodomonas, and Chydorus grew
best in Chlamydomonas. A pilot study
showed that a small Cryptomonas sp. (770
um?3) provided growth responses almost
identical to those for Rhodomonas (Brett
unpubl. data).

As previously mentioned, some green al-
gae have been shown to be of higher quality
than cyanobacteria for daphnids (Arnold
1971; deBernardi et al. 1981). Recent re-
search indicates that resource quality influ-
ences not only the total number of eggs pro-
duced but also their fitness (Brett unpubl.
data). Neonates produced by individuals
consuming high-quality resources reached
maturity sooner at a larger size and pro-
duced more eggs relative to neonates pro-
duced by individuals that consumed low-
quality resources despite the fact that both
types of neonates consumed the same re-
sources. The maternal effect was particu-
larly pronounced if the neonates ended up
in low-quality resources (Brett unpubl. data).
The present study did not consider an im-
portant aspect of algal-zooplankton inter-
actions. Namely, it has been shown that fil-
amentous algae can significantly interfere
with the feeding of some zooplankters (Gli-
wicz and Lampert 1990)

Burns and Xu (1990) looked at egg pro-
duction of adult females of the calanoid
Boeckella spp. offered monocultures of sev-
eral filamentous cyanobacteria, the small
diatom Cyclotella, and Cryptomonas. They
found the highest rates of egg production in
Cryptomonas and Cyclotella for two of the
three species tested. In the third species, to-
tal egg production rates were virtually in-
dependent of resource type. In fact, the
starved controls produced quite a few eggs,
suggesting that maternal algal consumption
immediately before egg production was of
only limited importance. Their results are
not directly comparable to ours, since Burns
and Xu did not follow a complete genera-
tion; in fact they followed only a portion of
the adult instar. This distinction is very im-
portant as it is much easier to induce co-
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pepods to produce eggs than it is to foster
growth, survival, and production of viable
eggs through more than one generation. The
only study of which we are aware that has
succeeded in culturing freshwater calanoids
through several generations did so with a
combination of Cryptomonas and Chlam-
ydomonas (Williamson and Butler 1987).

The results of our study are in close agree-
ment with field observations from temper-
ate meso- and eutrophic lakes, suggesting
that algae of the spring bloom, especially
cryptophyceans, are highly nutritious and
that the green algae and cyanobacteria of
summer are less so. A marked synergistic
effect of Stephanodiscus plus Rhodomonas
was noted for Bosmina. Future attention
should be paid to synergistic relations when
assessing algal-zooplankton interactions.

The relative abilities of the different cla-
docerans to utilize various substrates could
provide valuable insights into the seasonal
and competitive dynamics of these zoo-
plankters. For example Daphnia, because of
its higher maximum growth potential, would
be expected to dominate during periods of
high concentrations of high-quality re-
sources and little selective predation. Chy-
dorus could be expected to dominate when
selective predation is intense, thus favoring
small species, and resource quality is low.
Bosmina is more selective than either
Daphnia or Chydorus and may specialize in
collecting high-quality particles from algal
assemblages of mixed quality. Thus, results
obtained for Daphnia should not be used
uncritically to characterize other zooplank-
ters.

Shifts in resource quality probably exert
a strong influence on zooplankton popula-
tions and communities. These influences
occur simultaneously with shifts in intensity
and orientation of selective predation, shifts
in resource quantity, changes in tempera-
ture, and interference with feeding from fil-
amentous and toxic algae.

Lisa Lundstedt
Michael T. Brett':?
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2 Present address: Div. Environ. Stud., Univ. Calif,,
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Effects of a Chaoborus-released chemical on Daphnia ambigua:
Reduction in the tolerance of the Daphnia to

summer water temperature

Abstract— Daphnia ambigua was reared at eight
different temperatures (5°, 10°, 15°, 20°, 23°, 25°,
28° and 30°C) in water conditioned by a pred-
ator, Chaoborus flavicans. D. ambigua developed
spikelike helmets in juvenile stages probably in
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response to a chemical released from the Chaobo-
ruslarvae. Helmet size was affected by water tem-
perature (max size at 23°C) and decreased with
decreasing temperature from 23°to 10°C. At high
temperatures (28° and 30°C), survival rate of ju-
veniles exposed to the Chaoborus-released chem-
ical decreased greatly. Molting to the high-hel-
meted morph might increase the risk of mortality
at those temperatures. Results suggest that the
predator releases a chemical that reduces the tol-
erance of cyclomorphic Daphnia to high tem-



