
Introduction

Phytoplankton species are challenged to cope with
environmental heterogeneity and to survive, grow and
reproduce in rather unpredictable environments. Short
time-scales switching from favourable to hostile envi-
ronmental conditions provide an arena for algae to al-
ter their physiology and morphology to meet the new
environmental demands. The most hostile conditions
to phytoplankton are periods when numerous grazers
are wandering around and grazing pressure is severe.
Especially the nanoplanktonic species with dimen-
sions between 2 and 30 µm are considered highly sus-
ceptible to zooplankton grazing (Porter 1973, Sterner
1989). Larger algal species with 20-30 µm or more in
longest dimension may withstand grazing pressure ef-
fectively (Porter 1973). The morphological solution of

becoming too large to be consumed is, however, oppo-
sed by the selection pressure of resource acquisition
favouring smaller sizes (Lehman 1988). Because gra-
zing pressure fluctuates both on spatial and temporal
scale, the conflicting set of natural challenges will fa-
vour the evolution of plastic genotypes enabling algae
to track environmental changes and respond appro-
priately (Morales et al. 2002).

Morphological variability seems widespread among
phytoplankton and has been described in chlorophytes,
cyanobacteria, diatoms and dinoflagellates (Hutchin-
son 1967, Trainor et al. 1971, Van Donk 1997), but re-
search on causal factors mainly has been focussed on
the physico-chemical environment (Trainor 1998). Ne-
vertheless, some studies suggested that the presence of
grazers could alter the morphology of phytoplankton.
The filamentous cyanobacterium Aphanizomenon ap-
peared as flakes in the presence of the grazer Daphnia,
but as single filaments in their absence (Lynch 1980,
Holm et al. 1983). Mikheeva & Kruchkova (1980) des-
cribed that members of the chlorophyte genera Scene-
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desmus and Chlamydomonas formed colonies in the
presence of herbivorous zooplankton. Divisive colony
formation in Scenedesmus has been studied intensive-
ly the last decade and has become a paradigm of indu-
ced defences in phytoplankton (Hessen & Van Donk
1993, Lampert et al. 1994, Lürling 1998, von Elert &
Franck 1999, van Holthoon et al. 2003). In contrast,
until now no studies have been undertaken to verify
the second part of the findings of Mikheeva & Kruch-
kova (1980) and to examine the potential of grazer-in-
duced phenotypic plasticity in Chlamydomonas. The
first objective of the current study was to test the hy-
pothesis that zooplankton (the rotifer Brachionus caly-
ciflorus) can induce palmelloid formation in Chlamy-
domonas as has been found for Scenedesmus (Lürling
& Van Donk 1997).

Forming colonies made Scenedesmus more difficult
to eat by zooplankton and reduced the enemy’s popu-
lation growth (Hessen & Van Donk 1993, Lürling &
Van Donk 1996). In those studies, defended algae we-
re fed at a constant concentration to the consumers and
their effects on zooplankton were examined. However,
to improve our understanding of the dynamics of indu-
ced defences, an assessment of the population conse-
quences for both grazer and algal prey is required
(Tollrian & Harvell 1999). Simulations with a preda-
tor-prey model for algae and rotifers (Brachionus) pre-
dicted that induced defences in algae stabilised the po-
pulation dynamics of this system; increased algal bio-
mass and decreased rotifer biomass (Vos et al. 2004).
The second objective of the current study was to test
these modelling predictions experimentally for conti-
nuous flow systems with C. reinhardtii as prey and B.
calyciflorus as predators. Formation of palmelloid co-
lonies in C. reinhardtii is expected to occur in a one-
stage system where B. calyciflorus grazers and C. rein-
hardtii prey are cultured together, but not in a two-sta-
ge system in which unicellular C. reinhardtii is pum-
ped into a rotifer culture placed in darkness. Inasmuch
as palmelloids are expected to give C. reinhardtii re-
sistance to grazing, the rotifer abundance is expected
to be lower and the algal biomass to be higher in the
one-stage system compared to the two-stage system. 

Materials and methods

Organisms
The green alga Chlamydomonas reinhardtii Dan-

geard (strain NIVA-CHL13) originated from the Nor-
wegian Institute for Water Research (NIVA, Norway).
Chlamydomonas stock cultures were maintained in

300 ml Erlenmeyer flasks containing 150 ml of a mo-
dified WC-medium (Table 1) and were transferred
every three weeks into fresh sterile medium. The
flasks were placed in a climate-controlled room at
20°C and in continuous light of 60 µmol quanta m-2s-1

(PAR) provided from above by fluorescent cool-white
tubes (Osram L 36W/21-840).

The rotifer Brachionus calyciflorus Pallas was obtai-
ned from Microbiotests Inc. (Nazareth, Belgium) and
was supplied as cysts. Prior to the experiments, cysts
were transferred to 100 ml Erlenmeyer flasks contai-
ning 50 ml of an unicellular Chlamydomonas suspen-
sion (at 10 mg C l-1). The flasks were placed on a rota-
ting shaking device (60 rpm.) at 24°C in continuous
light of 100 µmol quanta m-2s-1 and experimental ani-
mals were collected after 2-3 days.

Short-term assay
To examine whether palmelloid colony formation in

Chlamydomonas reinhardtii can be induced by the ro-
tifer Brachionus calyciflorus, animals were added to
unicellular C. reinhardtii populations. Unicellular C.
reinhardtii populations were obtained by transferring
an inoculum from the stock culture to 50 ml sterile me-
dium in an cellulose-plug stopped 100 ml Erlenmeyer
flask making an initial concentration of 5 x 106 µm3

ml-1. After three days on a rotating shaking device (60
rpm.) at 24°C in continuous light of 100 µmol quanta
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Table 1. Composition of algal growth medium (final concentrations
in mg l-1).

a TES = N-Tris(hydroxymethyl)-methyl-2-aminoethane-sulphonic
acid (C6H15NO6S) ; Sigma T-1375



m-2s-1 again C. reinhardtii was transferred to 50 ml
sterile medium. Exponentially growing algae from this
culture were used in the experiment.

Prior to the experiment, B. calyciflorus were hatched
and 25 animals were transferred to each of three repli-
cate 100 ml Erlenmeyer flasks containing 50 ml of ste-
rile medium (treatments), while three other flasks
contained no animals but only 50 ml WC-medium
(controls). C. reinhardtii was added to each flask at
identical initial concentrations of 5 x 106 µm3 ml-1 (i.e.
2.2 x 104 cells ml-1). These flasks were placed for 25 h
on a rotating shaking table (60 rpm.) in a climate
controlled chamber at 24°C and continuously illumi-
nated from above by cool-fluorescent white tubes at
100 µmol quanta m-2s-1. Algal size distributions and
densities were measured in the range of 3 - 30 µm ESD
(equivalent spherical diameter) using a Coulter® Mul-
tisizer II particle counter (capillary 100 µm orifice
width, Coulter Electronics Limited, Luton, England).
Volume-based algal growth rates were calculated from
increase in algal biovolumes (V) according to µ =
{ln(Vt) - ln(V0)} x ∆t-1, with ∆t = incubation time (in
d), Vt = algal volume after 25 h and V0 = initial algal
biovolume. An estimation of rotifer clearance rates
(CR, µl rotifer-1h-1) was obtained using the equation of
Peters (1984) :

is the final algal concentration (biovolume in µm3

ml-1) in controls, AC, t=1 is the final algal concentra-
tion in controls, AT, t=0 is the initial algal concentration
in the treatments AT, t=1 is the final algal concentration
in the treatments, ∆t is the time (25 h), V is the culture
volume (50 ml) and N is the number of animals (= 25).

The numbers of cells per aggregate in the different
C. reinhardtii populations were determined microsco-
pically by counting at least 100 aggregates (i.e. uni-
cells and colonies), using a Nikon light microscope at
400 x magnification. Comparison of the mean particle
volumes, numbers of cells per colony and growth rates
in controls and treatments was done by running a t-test
preceded by Levene’s equality of variances test in the
statistical tool pack SPSS® version 10.1.0.

Chemostat experiment

To examine the consequences for population dyna-
mics of both C. reinhardtii and B. calyciflorus and test
the hypothesis that palmelloid colonies gives C. rein-

hardtii more resistance to grazing both C. reinhardtii
and B. calyciflorus were cultured in highly controlled
continuous systems. Both species were cultured for 50
days in a two-stage and a one-stage predator-prey sys-
tem consisting of 550-ml glass chemostats (Fig. 1). In
the two-stage system, the overflow of a 550-ml che-
mostat, in which C. reinhardtii was cultured, was
connected to a 550-ml vessel that was placed in dark-
ness (Fig. 1). This latter vessel was inoculated with B.
calyciflorus at 0.1 rotifer ml-1. In the one-stage system,
both C. reinhardtii and B. calyciflorus (also started at
0.1 rotifer ml-1) were cultured in the same 550-ml
glass vessel. The algal growth vessel in the two-stage
system and the one-stage system received a continuous
flow of sterile WC-medium such that all vessels were
subjected to a dilution rate of 0.50 (± 0.02) d-1. Air was
bubbled to prevent carbon limitation of C. reinhardtii
and to enhance mixing. The chemostats were maintai-
ned at 24 ± 0.5 °C and at continuous fluorescent illu-
mination of 90 ± 5 µmol quanta m-2s-1, with exception
of the rotifer vessel in the two-stage system that was
placed in darkness to prevent algal growth. B. calyci-
florus was counted under a dissecting microscope at 20
x magnification, whereas C. reinhardtii was counted
using a Coulter® Multisizer II particle counter. The
number of C. reinhardtii cells per aggregate was deter-
mined microscopically.

Results

Short-term assay
C. reinhardtii populations that had been cultured for

25 hours in presence of B. calyciflorus showed a signi-
ficantly higher mean particle volume (t = -4.74 ; df =
4 ; p = 0.009) and mean number of cells per aggregate
(t = -4.81 ; df = 4 ; p = 0.009) than in their absence
(controls) (Fig. 2). The composition of the populations
reflects the morphological changes. Where unicells
made up 65 ± 9 % of the control populations, this was
only 30 ± 12 % in treatments (Fig. 2). The share of
two-celled particles was similar in controls and treat-
ments (both 5 %) ; four-celled aggregates were slight-
ly more abundant in treatments (17 ± 4 %) than in
controls (14 ± 4 %), and eight-celled aggregates were
considerably more abundant in treatments (22 ± 7 %)
compared to control populations (8 ± 2 %) (Fig. 2).
Aggregates with more than 10 cells comprised 8 ± 2 %
of treatment populations and 3 ± 1 % of controls. The
rest-group (Fig. 2) included 3-, 5-, 6-, 7-, and 9-celled
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aggregates and made up 5 ± 1 % of controls, but 18 ±
2 % of treatment populations. Digital images (Leica
Quantimet 500 MC coupled to a Nikon light microsco-
pe at 600 x magnification) of unicells from control po-
pulations and aggregates from treatments are given in
figure 3.

Growth of C. reinhardtii was excellent both in
controls and treatments. Volume-based growth rates
were similar (t = 1.26 ; df = 4 ; p = 0.277) and on ave-
rage (± 1 SD) 1.99 (0.07) d-1 and 1.91 (0.08) d-1 in
controls and treatments, respectively. The Brachionus
clearance rate was estimated 6.8 ± 5.2 µl rotifer-1 h-1.

Chemostat experiment
In the two-stage system, B. calyciflorus was able to

graze down C. reinhardtii to low biomass until com-
plete extinction of the rotifers after 45 days (Fig. 4). In
the one-stage system, however, C. reinhardtii was gra-
zed down less (Fig. 4). B. calyciflorus was able to rea-
ch higher population densities in the two-stage system
than in the one-stage system (Fig. 4). Over the entire
period, C. reinhardtii biomass (expressed as biovolu-
me) was significantly lower in the grazing vessel of the
two-stage system (t-test log transformed data : t = 3.77,
df = 72, p < 0.001) than in the one-stage system
(Fig. 5). The mean number of rotifers (± 1 SE) in the
two-stage system (56 ± 9 animals ml-1) was signifi-
cantly higher (t-test : t = 2.26, df = 70, p = 0.027) than

in the one-stage system (31 ± 6 animals ml-1). Aggre-
gate size of C. reinhardtii, expressed as mean particle
volume (MPV ± 1 SE, µm3), was significantly lower
(t-test : t = 3.70, df = 72, p < 0.001) in the two-stage
system (137.5 ± 18.5 µm3) than in the one-stage sys-
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Fig. 1. Schematic representation of a simultaneously operated two-
stage continuous flow system (left) and one-stage system (right)
with similar flow rates (0.50 ± 0.02 d-1). In the two-stage system,
the first reactor is used for growth of the alga Chlamydomonas
reinhardtii, which is pumped into a second reactor, placed in
darkness, with the rotifer Brachionus calyciflorus. In the one sta-
ge system both algae and rotifers are cultured together.

Fig. 2. Mean particle volume (MPV, µm3 ; filled bars) and mean
number of cells per colony (open bars) of Chlamydomonas
reinhardtii cultured for 25 h in the absence (Control) and pre-
sence of the rotifer Brachionus calyciflorus (Brachionus). Er-
ror bars indicate one standard deviation (N =3). The pie dia-
grams reflect the composition, i.e. the share of unicells and
differently sized colonies, of the Chlamydomonas popula-
tions.

Fig. 3. Left panel A (Control) : Unicellular Chlamydomonas rein-
hardtii from populations grown for 25 h in the absence of rotifers.
Right panel B (Brachionus) : Palmelloid Chlamydomonas obser-
ved in the presence of the rotifer Brachionus calyciflorus.



tem (227.1 ± 15.5 µm3). In line with this result also the
mean number of cells per C. reinhardtii aggregate was
found to be significantly higher in the one-stage sys-
tem than in the grazing vessel of the two-stage system
(t-test : log transformed data : t = -5.55 ; df = 29 ; p <
0.001) (Fig. 5). The compositions of the populations
revealed that unicells made up 76 ± 20% of the popu-
lation in the two-stage grazing vessel, but only 46 ±
14% in the one-stage system (Fig. 6). Moreover, ag-
gregates with more than 10 C. reinhardtii cells were
virtually absent in the two-stage system (0.4 ± 0.7%),
but comprised 10 ± 9% of the population in the one-sta-
ge system (Fig. 6).

Discussion

In the presence of the rotifer Brachionus calyciflo-
rus, populations of the green alga Chlamydomonas
reinhardtii expressed a higher share of palmelloids.
These results support the findings of Mikheeva & Kru-
chkova (1980) who first reported on the formation of
palmelloid colonies in Chlamydomonas in the presen-
ce of herbivorous zooplankton, i.e. the cladoceran
Moina rectirostris. Mikheeva & Kruchkova (1980) re-

ported that palmelloid Chlamydomonas colonies ran-
ged from 2 to 128 cells per colony. These authors have
listed drawings of regularly arranged palmelloids, ho-
wever, the present study yielded larger aggregates
(>10 cells per aggregate) that were irregularly shaped.
In such colonies, C. reinhardtii cells loose their flagel-
la and secrete mucous. Because a mucous envelope
may give resistance to digestion (Porter 1975) and co-
lonies resistance to ingestion (Hessen & Van Donk
1993), palmelloid C. reinhardtii was hypothesised to
be more protected against grazing than motile unicells.
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Fig. 4. Course of Chlamydomonas reinhardtii (filled symbols ; as
biovolume in µm3 ml-1) and Brachionus (open symbols, as indi-
viduals ml-1) in a two-reactor system (upper panel A) and a one-
reactor system (lower panel B).

Fig. 5. Mean Chlamydomonas reinhardtii biovolume (filled bars ;
natural log-transformed, ± 1 SD) and mean number of cells per
colony (open bars) in the grazing vessels of a two-stage Chlamy-
domonas- Brachionus system (Two-stage) and a one-stage sys-
tem (One-stage).

Fig. 6. Composition of Chlamydomonas reinhardtii populations in
the grazing vessels of a two-stage Chlamydomonas- Brachionus
system (filled bars) and a one-stage system (open bars) averaged
over the entire experimental period of 51-54 days.



In line with the expectations, in the one-stage grazer-
alga system, where rotifers and C. reinhardtii were
cultured together, palmelloid colonies were formed.
The morphological change coincided with lower roti-
fer abundance and higher algal biomass compared to a
two-stage system in which unicellular C. reinhardtii
was pumped into a rotifer culture placed in darkness.
This is in concordance with the hypothesis that indu-
ced defences will reduce the energy flow from algae to
grazers as was predicted in recent modelling studies
(Vos et al. 2004).

In the two-stage system, C. reinhardtii did not form
aggregates in the grazing-vessel, which means that
light and thus growth is a prerequisite for the forma-
tion of colonies. This is identical to the formation of
colonies in the green alga Chlorella, where active pho-
tosynthesis and continued interaction with the predator
were found to be essential to maintain colonial Chlo-
rella (Boraas et al. 1998). These Chlorella colonies
were protected against grazing (Boraas et al. 1998),
which the results of the present study showed to be the
case for C. reinhardtii colonies. In that view, the for-
mation of large colonies embedded in mucous could be
adaptive as a defence to minimise the risk of being
consumed. One of the prerequisites of such a grazer-
induced response is that there should be a trade-off bet-
ween the tax paid and the benefits of the response ; the
advantage of an inducible defence is cost savings
(Tollrian & Harvell 1999). Also in Scenedesmus sp.
active growth of the algae is a precondition for the for-
mation of colonies (Lampert et al. 1994). The tax Sce-
nedesmus sp. has to pay for forming protective colo-
nies is an enhanced chance of sinking out of the tro-
phogenic zone (Lürling & Van Donk 2000). Undoub-
tedly the successful strategy of C. reinhardtii cells in
maintaining a favourable position in the trophogenic
zone through its mobility is undermined by forming
colonies, in which C. reinhardtii cells loose their fla-
gella and become embedded in mucous. It is expected
that such palmelloids have much higher sinking rates
than the flagellated unicells do have. 

The absence of any palmelloid formation in dark-
ness, despite the presence of grazers, not only means
that active growth is required, but also that the colonies
are not the result of existing cells budding together. In-
terestingly, in the grazing vessel in darkness the mean
number of C. reinhardtii cells per aggregate was lower
with on average 1.4 cells per colony than the 2.4 cells
per colony in the algal growth vessel of the same sys-
tem. A smaller colony size might indicate selective
feeding by Brachionus and/or colony disintegration in
the dark. The latter phenomenon is not unlikely becau-

se Scenedesmus colonies disintegrate after a certain
period in darkness, which will enhance the chance of
being moved up to the trophogenic zone (Lürling
2003). Therefore, also C. reinhardtii palmelloids
might shift from the colonial phenotypic variant to fla-
gellated unicells after a period in the dark, but this
needs thorough experimental validation.

Formation of colonies and concomitant mucous pro-
duction probably caused lumping of existing cells and
colonies into the larger multi-celled irregular-shaped
C. reinhardtii aggregates that were detected in the one-
stage system. Because all systems were aerated we ex-
clude the possibility of water movement as the sole
causal factor for aggregate formation. Large aggre-
gates were also observed when Scenedesmus was kept
in the presence of live Daphnia, which seemed to be
caused by clogging of live cells onto faecal pellets
(Lürling 1999). Hessen & Van Donk (1993) reported
the occurrence of large multicelled aggregates with
mean diameters of 50 µm in the presence of live Daph-
nia too. They referred to it as a culture phenomenon,
but there is no reason to assume that the formation of
multicelled aggregates will be restricted to the labora-
tory. From the marine world, flocculation of algae,
“marine snow”, is a well-known phenomenon that may
be caused by heterotrophic flagellates (Nygaard &
Hessen 1994) and that might inhibit copepod grazing
(Malej & Harris 1993). In freshwater systems, grazing
by rotifers might also cause the development of large
stable flocs consisting of algae and bacteria (Schlüter
et al. 1987).

Several studies have demonstrated that the forma-
tion of protective colonies in freshwater green algae
Actinastrum, Coelastrum, Desmodesmus, and Scene-
desmus, and the marine prymnesiophyte Phaeocystis
might be evoked by zooplankton associated chemicals
(Hessen & Van Donk 1993, Lürling 1998, Van Donk et
al. 1999, Yasumoto et al. 2000, Tang 2003). Also B.
calyciflorus was among the grazers that released che-
micals, which stimulated the formation of colonies in
Scenedesmus (Lürling & Van Donk 1997). The role of
zooplankton chemicals was, however, not tested expli-
citly in the current study. Nevertheless, the rapidity of
the response of C. reinhardtii cells, as detected in the
short-term assay, together with the low grazing rate (a
clearance of only 8% of the volume in the experimen-
tal period) and high C. reinhardtii growth rate, indi-
cates that selective grazing cannot fully account for the
morphological changes. Alternatively, we cannot ex-
clude aggregation of existing cells into colonies in the
short-term assay. Further studies with zooplankton
exudates, as well as the recently discovered Daphnia
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kairomones (Yasumoto et al. 2005), are needed to de-
termine whether the morphological change in C. rein-
hardtii is evoked by chemical cues released from zoo-
plankton.

Under nutrient-replete conditions in the absence of
predators C. reinhardtii cells are usually single celled,
biflagellated with a thin cell wall of which the two-
layers are composed entirely of glycoproteins (Roberts
et al. 1985). Resource limitation may cause C. rein-
hardtii to loose its flagella and the form a thicker inner
cell wall layer (Van Donk et al. 1997). Thickening of
the cell wall gave C. reinhardtii resistance to digestion
and allowed cells to pass mostly intact and viable
through the grazers gut (Van Donk et al. 1997). The re-
sults of the present study and those of Mikheeva &
Kruchkova (1980) suggest that under nutrient-replete
conditions and in presence of predators, C. reinhardtii
may form protective palmelloid colonies. Palmelloid
formation could also be induced in C. reinhardtii when
organic acids or EDTA caused chelation of calcium re-
sulting in inhibited desegregation of daughter cells
(Iwasa & Murukami 1968, 1969). Anthropogenic
compounds, such as the herbicide paraquat, might cau-
se morphological changes in Chlamydomonas sp. This
herbicide not only caused an increase in the cell volu-
me of C. reinhardtii (Bray et al. 1993) ; it also induced
the palmelloid colony formation in Chlamydomonas
(Franqueira et al. 2000). Hence, several factors, natu-
ral and anthropogenic, may affect the morphology of
Chlamydomonas species.

The cosmopolite appearance of Chlamydomonas
species illustrates the wide range of environmental
conditions those organisms can tolerate, which is re-
flected in the ease to isolate and grow many Chlamy-
domonas species in a broad range of culture media and
conditions (Trainor & Cain 1986). Chlamydomonas
species can be found in freshwater bodies all around
the world ranging from highly eutrophic, polluted to
oligotrophic, acidic waters, in marine habitats, and
they are encountered even in the soil (Hilton & Trainor
1963, Sack et al. 1994) and in the atmosphere (Brown
et al. 1964). The high flexibility of members of the ge-
nus Chlamydomonas is exemplified by Chlamydomo-
nas species that were tremendously well-adapted to
drying out of their habitat and were found to survive
for 25 years in desiccated soil samples (Trainor 1985).
The present study as well as the study of Mikheeva &
Kruchkova (1980) further illustrates the ability of
Chlamydomonas species to track environmental
changes and respond appropriately : when the risk of
being consumed increases flagellates that are vulne-
rable to grazing may transform in grazing-resistant
palmelloids.

Despite the fact that Chlamydomonas species are
known for their ability to produce gelatinous and pal-
melloid stages (Van den Hoek et al. 1995), rather limi-
ted studies have been undertaken to investigate this
phenomenon. Often such palmelloid stages are classi-
fied in the order Tetrasporales, because they are simply
not recognised as Chlamydomonas (Van den Hoek et
al. 1995). Clearly further research is needed to explore
under which conditions C. reinhardtii shows the obser-
ved plasticity and to examine the underlying mecha-
nisms. However, facing the mortal danger of an en-
counter with natural enemies implies a strong selection
on the evolution of mechanisms to avoid predators or
to avoid being eaten. Formation of colonies to different
herbivores, i.e. Moina (Mikheeva & Kruchkova 1980)
and Brachionus (this study) could indicate a general
response to grazing as has been observed for the green
alga Scenedesmus obliquus that responded to a whole
range of contrasting herbivores (Lürling 2003). In the
case of Scenedesmus, the morphological response to
the presence of grazers could be interpreted as an in-
duced defence (Lürling 2003). We therefore suggest
that at least one of the reasons why C. reinhardtii is ca-
pable of forming palmelloids is to cope with herbivory
that is among the largest selective pressures on the
phytoplankton. 
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