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Abstract 

We have focused on ciliates as potential grazers on toxic phytoplankton because they are major herbivores in aquatic 
food webs. Ciliates may exert top down control on toxic phytoplankton blooms, potentially suppressing or shortening the 
duration of harmful algal blooms (HABs). We measured the growth rates of several ciliate species on uni-algal and mixed 
diets of both HAB and non-HAB algae. The tintinnids Favella ehrenbergii, Eutintinnus pectinis and Metacylis angulata and 
the non-loricate ciliates Strombidinopsis sp. and Strombidium conicum were isolated from Long Island Sound (LIS), and 
fed HAB species including the prymnesiophyte Prymnesium parvum (strain 97-20-01) and the dinoflagellate Prorocentrum 
minimum (strains Exuv and JA 98-01). Ciliates were fed algal prey from cultures at various growth phases and at varying 
concentrations. We observed no harmful effects of P. minimum (Exuv) on any of the ciliates. However in a comparison of 
strains, P. minimum (Exuv) supported high growth rates, whereas P. minimum (JA 98-01) supported only nominal growth. P. 
parvum was acutely toxic to ciliates at high concentrations (2×104–3×104 cells ml−1). At low concentrations (5×103–1×104 

cells ml−1), or in culture filtrate, ciliates survived for at least several hours. In mixed diet experiments, as long as a non-toxic 
alga was available, ciliates survived and at times grew well at concentrations of P. parvum (5 × 102–3 × 104 cells ml−1) that 
would otherwise have killed them. The present study suggests that prior to the onset of toxicity and bloom formation ciliates 
may exert grazing pressure on these HAB species, potentially contributing to the suppression or decline of P. minimum and 
P. parvum blooms.
 
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction 

Phytoplankton blooms may be dispersed by phys­
ical factors or removed from the water column due 
to sinking, while mortality of individual cells within 
blooms may be effected by autolysis, viruses, preda­
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tory bacteria, or grazing zooplankton (Needler, 1949; 
Stoecker et al., 1981; Watras et al., 1985; Sellner and 
Brownlee, 1990; Imai et al., 1993; Banse, 1994; Jeong 
and Latz, 1994; Nagasaki et al., 1994a,b; Brussaard 
et al., 1995, 1996; Buskey et al., 1997; Turner and 
Tester, 1997; Yih and Coats, 2000; Lawrence et al., 
2001). Microzooplankton grazing of harmful algal 
bloom species (HABs) is important in two ways; first, 
grazing may serve to prevent blooms or lessen their 
magnitude; second, for toxin producing species, graz­
ers may accumulate and subsequently transfer toxins 
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to higher trophic levels (Turner et al., 2000; Maneiro 
et al., 2000). 

It is well established that the microzooplankton (di­
ameter 20–200 1m) are quantitatively the most impor­
tant grazers of phytoplankton biomass (e.g. Lee and 
Capriulo, 1990; Gifford, 1991; Cyr and Pace, 1992; 
McManus and Ederington-Cantrell, 1992; Pierce and 
Turner, 1992; Breteler et al., 1999; Montagnes and 
Lessard, 1999). This size class is primarily composed 
of metazoan larvae and heterotrophic or mixotrophic 
protists, and contains a biomass comparable to 
that of larger zooplankton size fractions. Protists 
and other microzooplankters generally have higher 
biomass-specific metabolic rates than larger zooplank­
ton and thus would be expected to have higher commu­
nity ingestion and respiration rates. Moreover, many 
organisms in the microzooplankton size fraction have 
growth rates commensurate with those of their phyto­
plankton prey and hence can respond rapidly to higher 
phytoplankton growth with higher growth rates of their 
own (Strom and Morello, 1998). Thus, populations of 
microzooplankton and the phytoplankton they feed on 
should be more closely coupled than populations of 
larger phytoplankton and their correspondingly larger 
metazoan grazers (Malone, 1971; Walsh, 1976). 

The observation of closely matched growth rates 
between small grazers and small phytoplankton leads 
to the prediction that blooms of smaller algal species 
would be more difficult to initiate and sustain unless 
they can avoid grazing by microzooplankton. This 
prediction is upheld in coastal and estuarine waters at 
mid-latitudes, where annual spring blooms of larger, 
chain-forming diatoms mostly sink to the benthos 
ungrazed and smaller, relatively constant levels of 
microflagellate biomass dominate through late spring 
and summer. These latter populations are usually more 
productive per unit biomass and are grazed by micro-
zooplankton at a similarly high rate (Capriulo, 1982; 
Capriulo and Carpenter, 1983; Capriulo and Carpenter, 
1980; McManus and Ederington-Cantrell, 1992). 

The specific role of microzooplankton in graz­
ing blooms of harmful or nuisance phytoplankton is 
poorly known, though it has been suggested that top 
down control by zooplankton grazers may prevent 
bloom formation or shorten the duration of blooms 
(Banse, 1994; Buskey et al., 1997; Turner and Tester, 
1997). Several studies have reported high grazer con­
centrations in blooms with concomitant losses of 

phytoplankton biomass (Stoecker et al., 1981; Watras 
et al., 1985; Sellner and Brownlee, 1990; Jeong and 
Latz, 1994). For example, the ciliate microzooplank­
ter Favella ehrenbergii has been credited with grazing 
down a Gonyaulax (Alexandrium) tamarense bloom 
in the Bay of Fundy (Needler, 1949). Additionally it is 
reported that ciliates attain optimal reproduction and 
growth rates when fed some HAB species (Gifford, 
1985; Stoecker et al., 1986; Kamiyama, 1997; Jeong 
et al., 1999). 

The production by phytoplankton of toxins (such as 
okadaic acid, domoic acid and prymnesins) or grazing 
deterrents (such as dimethylsulfide (DMS) or acrylic 
acid) by phytoplankton, may have lethal or sublethal 
effects on planktonic consumers and subsequently al­
ter the role of grazers, possibly facilitating bloom for­
mation (Igarashi et al., 1996; Plumley, 1997; Smayda, 
1997; Turner and Tester, 1997; Arzul et al., 1999; 
Wolfe, 2000; Strom et al., 2003a,b). This is demon­
strated by the acutely toxic effects of some Prym­
nesium species on cladocerans, crustaceans, isopods 
and amphipods (Nejstgaard, 1997), compared to the 
sublethal effects on copepod fecundity and feeding 
(Nejstgaard and Solberg, 1996; Koski et al., 1999). On 
the other hand, some zooplankton, including ciliates 
and copepods, are able to graze on several species of 
red tide or toxic dinoflagellates, such as Alexandrium 
spp., Gymnodinium spp., Prorocentrum minimum and 
Heterocapsa circularisquama, without any apparent 
harmful effects (Hansen, 1989; Hansen et al., 1992; 
Jeong et al., 1999; Montagnes and Lessard, 1999; 
Kamiyama, 1997; Colin and Dam, 2002; Frangópulos 
et al., 2000). It has been suggested that the production 
of grazing deterrent compounds is widespread among 
the phytoplankton and that these compounds may re­
duce interspecfic competition and grazing pressure, 
thereby facilitating bloom formation (Smayda, 1997; 
Turner and Tester, 1997; Arzul et al., 1999; Wolfe, 
2000; Strom et al., 2003a,b). 

We examined the effects of two HAB species, 
Prorocentrum minimum and Prymnesium parvum 
on representative microzooplankton grazers. The 
mixotrophic dinoflagellate P. minimum is a common 
component of the summer phytoplankton assem­
blage in North American coastal waters. Blooms of 
it contribute to poor survival, growth and develop­
ment of oysters and clams as well as mortality of 
scallops (Wikfors and Smolowitz, 1993, 1995; Li 
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et al., 1996). Several Prorocentrum species, includ­
ing P. minimum, reportedly synthesize okadaic acid 
and are rich in dimethylsulfoniopropionate (DMSP) 
both of which can function as grazing deterrents 
(Zhou and Fritz, 1994; Wolfe, 2000). P. parvum, a  
euryhaline species that has been implicated in recent 
and historic fish kills around the world exhibits both 
ichthyotoxic and molluscotoxic properties (Parnas, 
1963; Johnsen and Lein, 1989; Hallegraeff, 1993). 
The toxins of P. parvum (prymnesin 1 and prymnesin 
2) have cytolytic, hemolytic and neurotoxic effects 
(Igarashi et al., 1996, 1999), and toxicity is reported 
to be variable within and among strains (Johnsen and 
Lein, 1989; Moestrup and Larsen, 1992; Aure and 
Rey, 1992; Igarashi et al., 1996; Koski et al., 1999). 
Blooms typically occur in eutrophic brackish water, 
and may be subsequently exported into coastal waters 
(Edvardsen and Paasche, 1998; Moestrup and Larsen, 
1992). Blooms can reach concentrations as high as 
109 cells ml−1 and cause fish kills at concentrations 
as low as 103 cells ml−1 (Aure and Rey, 1992). 

For grazers we used large, commonly abundant 
spirotrich ciliates. Several genera where isolated from 
Long Island Sound (LIS), USA, and their growth and 
mortality responses to the HABs P. parvum and P. 
minimum, were examined. In addition, we examined 
the effects of two different strains of P. minimum 
(Exuv and JA 98-01) on the growth rates of ciliate 
grazers. Experiments were performed to examine 
three aspects of P. parvum toxicity to grazers: (a) 
acute toxic effects, (b) effects of algal growth stage 
on toxicity, and (c) growth of grazers when non-toxic 
food was available along with P. parvum. 

2. Materials and methods 

2.1. Organisms 

We utilized two strains of P. minimum, the Exuv 
strain which was isolated from Great South Bay, NY, 
by Irma Pinter in 1958 and the JA 98-01 strain which 
was isolated from the Choptank River, Chesapeake 
Bay, MD, by Patricia Glibert and Jennifer Alix in 
1998 (G. Wikfors pers com). Besides originating in a 
different geographic region than JA 98-01, Exuv has 
been in culture for over 40 years, and it is not un­
common for algal toxicity to decrease over time in 

culture (Cembella and Therriault, 1998; Burkholder 
et al., 2001). Although this clone is still toxic to bi­
valves, we wanted to compare its effect on grazers 
with that of the more recently isolated and reportedly 
more toxic strain JA 98-01 (Wikfors and Smolowitz, 
1993, 1995). Both strains of P. minimum were cultured 
in 25 ml or 250 ml tissue culture flasks in F/2 growth 
medium (Guillard, 1975) at 20  ◦C and 100 1mol pho­
tons m−2 s−1 in a 12:12 light:dark cycle. 

The P. parvum (strain 97-20-01) used in our ex­
periments was isolated in 1997 from a bloom in 
Boothbay Harbor, ME, by R.R.L. Guillard (G. Wik­
fors pers com). P. parvum (97-20-01) cultures were 
grown axenically in 8-L Fernbach flasks containing 
1500 ml of culture in F/2 growth medium (Guillard, 
1975) in a temperature and light controlled incubator 
at 20 ◦C, 100 1mol photons m−2 s−1, 12:12 light:dark 
cycle. For experiments where cultures at different 
growth phases were used, a growth curve was deter­
mined by counting sub-samples of a culture every 
2 days for 28 days. Subsequently, separate cultures 
were incubated for 2 days for logarithmic growth 
phases, 12 days for early stationary, and 28 days for 
late stationary. The cultures were inoculated on dif­
ferent days so they would reach these growth phases 
and could be harvested on the same day. Because the 
toxins of Prymnesiophytes have not been well charac­
terized, toxicity to juvenile bay scallops, Argopecten 
irradians, was determined to verify toxin production 
in the P. parvum cultures used in our ciliate grazing 
experiments (Wikfors et al., 2000). 

Quantitatively, the two most important subclasses of 
planktonic spirotrichs are the Choreotrichia, consist­
ing of the tintinnids and several non-loricate genera, 
principally Strombidinopsis and Strobilidium, and the 
Oligotrichia, dominated by the genus Strombidium. 
Altogether five different spirotrich species (ciliates) 
were isolated from LIS, USA, for this study. Species 
isolated included the tintinnids (O. Choreotrichida) 
Favella ehrenbergii, Eutintinnus pectinis, and Meta­
cylis angulata and the non-loricate ciliates Strom­
bidinopsis sp. (O. Choreotrichida) and Strombidium 
conicum (O. Oligotrichida). The ciliates were picked 
either directly from seawater or from a 63 1m mesh 
plankton net concentrate and brought into laboratory 
culture using methods described by Gifford (1985). 
Tintinnids were identified using lorica morphology 
including observations on shape and measurements of 
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oral diameter and maximal width and length of loricas 
(Gold and Morales, 1975). Strombidinopsis sp. and 
S. conicum were identified by cell morphology and 
behavior (Montagnes and Lynn, 1991; Montagnes 
and Taylor, 1994; Montagnes, 2001). Ciliates were 
maintained in 10 ml culture well plates with F/20 
growth medium (Guillard, 1975) at 30 psu salinity 
and 20 ◦C at 100 1mol photons m−2 s−1 on a 12:12 
light:dark cycle. Ciliate culture diets consisted of a 
mixture of algal species, principally Isochrysis gal­
bana (Tiso; ca. 1 × 103 cells ml−1) and Rhodomonas 
lens (Rhodo; ca. 1 × 104 cells ml−1). These species 
have been shown to support ciliate growth (Taniguchi 
and Kawakami, 1983). After preliminary experiments 
indicated that ciliates grew well on it, P. minimum 
(Exuv) was added to the standard diets at 1 × 104 

cells ml−1. Algal species used in mixed-food experi­
ments, included the dinoflagellate P. minimum (Exuv), 
the prymnesiophytes Pavlova lutheri, Pavlova gyrans 
and I. galbana, and the cryptophyte R. lens. All al­
gal cultures were obtained from the National Marine 
Fisheries Service Laboratory in Milford, CT. 

3. Experiments 

Experiments to evaluate the effects of the harm­
ful algal bloom species on ciliate grazers included: 
(a) acute toxicity tests, where mortality or altered 
behavior of ciliates was observed directly when cil­
iates were exposed to bloom-level concentrations of 
P. parvum, (b) alternative food experiments, where 
ciliate growth was measured on combinations of al­
gae including treatments of only HAB species, a 
mix of HAB and non-toxic algae, or only non-toxic 
algae, (c) numerical response experiments, where 
the growth of ciliates was determined at a range of 
concentrations of P. minimum (strains Exuv and JA 
98-01). Data were analyzed using a two-way analysis 
of variance (ANOVA) with interactions. If interac­
tions were not significant the model was sub-divided 
into one-way ANOVAs in order to examine effects of 
food concentration or composition on ciliate growth 
or survival. Whenever ANOVA’s showed significant 
effects, the significant differences among treatments 
was determined using a Tukey–Kramer post-hoc 
test; an α of 0.05 was assumed for all statistical 
analyses. 

3.1. Acute toxicity tests 

Initial acute toxicity tests were conducted on F. 
ehrenbergii, Strombidinopsis sp. and S. conicum using 
P. parvum in logarithmic, early stationary, and late sta­
tionary growth phases at a concentration of 4.8 × 104 

cells ml−1. Five to 10 ciliates were placed in each of 
three 5 ml replicate wells containing filtered seawater 
(FSW), the alga, or culture filtrate. Culture filtrate was 
obtained by using an aliquot of the highest concentra­
tion of algae and filtering through a 0.45 1m syringe 
filter. Subsequent toxicity tests utilized P. parvum at a 
range of concentrations, but in late stationary growth 
phase only. Concentrations used were within the range 
5 × 102–3 × 104 cells ml−1 while controls included 
FSW and culture filtrate. Ciliate mortality, determined 
when the ciliate lysed, was examined at ten-minute 
time intervals for 2 h and again after 24 h. For all ex­
periments reported here, toxicity of the P. parvum cul­
tures was verified using a scallop bioassay. Five bay 
scallops (Argopecten irradians) were exposed to the 
alga at bloom level concentrations (105 cells ml−1). 
Responses of the scallops to toxicity, including shell 
clapping, changes in filtering, feces and pseudofeces 
production, were monitored visually at 10 min inter­
vals for 2 h (Wikfors et al., 2000). Scallop mortality 
was determined after an overnight incubation. 

3.2. Alternative food experiments 

The effects on ciliate growth of uni-algal and mixed 
diets containing P. parvum were determined. Ex­
perimental diets consisted of mixtures of P. parvum 
ranging from 0 to 100% and reciprocal concentrations 
of a non-toxic species known from preliminary ex­
periments to support growth in ciliates. In treatments 
where algal species were not the same size, treatment 
concentrations were normalized by cell volume es­
timated from cell dimensions (Tomas et al., 1996). 
Food levels were determined by the concentrations 
at which the non-toxic food supported good growth 
rates in preliminary experiments. The species used 
included P. minimum, P. gyrans, P. lutheri, R. lens 
and I. galbana. Additionally, in several alternative 
food experiments, the effect of algal growth phase 
on toxicity was examined. For those experiments, P. 
parvum was harvested from cultures at logarithmic, 
early stationary, and late stationary growth phases. 
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The experiments were conducted in six-well cul­
ture plates with three or four replicate wells for each 
treatment. Five to 10 ciliates were transferred individ­
ually from stock cultures into each of the 10 ml wells 
containing an experimental mixed diet and incubated 
at 20 ◦C in dim light (<10 1mol photons m−2 s−1) on  
a 12:12 light:dark cycle. Well plates were examined 
daily to determine the survival of ciliates and to aid 
in deciding when to terminate the experiment. Af­
ter 3–5 days, the ciliates were preserved using 10% 
acid lugols solution and counted using inverted light 
microscopy using methods described by Gifford and 
Caron (2000). Growth rates were calculated assuming 
exponential growth from the initial populations using 
the equation 

[(Ctf + 1)/Ct0] 
µ = ln (1) 

t 

where µ is the growth rate (time−1), C the number of 
individuals in wells at times t0 and tf and t the duration 
of the experiment in days. A value of one was added 
to the final number of individuals to avoid ln[0] when 
all ciliates died. 

3.3. Numerical response experiments 

Numerical response experiments were conducted 
using P. minimum strains Exuv and JA 98-01 at 
concentrations ranging from food limiting (ca. 500 
cells ml−1) to saturating (ca. 1.5 × 104 cells ml−1). 
Ciliates were acclimated overnight to different food 
treatments. Five to 10 ciliates were then transferred 
into triplicate 10 ml wells containing the experi­
mental diets and incubated at 20 ◦C, 100 1mol pho­

−1ton m−2 s on a 12:12 light:dark cycle. Cultures 
were checked daily to verify that ciliates were alive 
and swimming actively. After 3–5 days, the ciliates 
were preserved using 10% acid lugols and counted 
using inverted light microscopy using methods de­
scribed by Gifford and Caron (2002). Growth rates 
were calculated assuming exponential growth from 
the initial populations using Eq. (1). Growth rate data 
were fit to a modified Michaelis–Menten function, 
using SigmaPlot (Montagnes and Lessard, 1999). 

C − x 
µ = µmax (2)

[k + (C − x)] 

where µ is the growth rate (time−1), C the algal con­
centrations (cells ml−1), x the threshold concentration 
at which no growth occurs (cells ml−1), k the concen­
tration (cells ml−1) at which µ = (1/2)µmax and µmax 
the maximum growth rate (time−1). 

4. Results 

4.1. Acute toxicity tests 

P. parvum offered to S. conicum at 4.8 × 104 

cells ml−1 was significantly more toxic in early and 
late stationary growth phases than in logarithmic 
growth phase, culture filtrate or filtered seawater 
(FSW) (Tukey–Kramer post-hoc test comparing treat­
ments, P < 0.0001; Fig. 1). Ciliates survived in both 
filtered seawater and culture filtrate from all growth 
phases of P. parvum (Tukey–Kramer post-hoc test 
comparing concentration, P > 0.05; Fig. 1). In sub­
sequent experiments using only late stationary phase 
cells at concentrations of P. parvum ranging from 
2 × 104–3 × 104 cells ml−1, all ciliates died within 
40 min (Tukey–Kramer post-hoc test comparing con­
centrations, P < 0.0001; Fig. 2). Only F. ehrenbergii 
had significantly higher mortality in culture filtrate 
compared to FSW controls (Tukey–Kramer post-hoc 
test, P < 0.0003). 

At low concentrations of P. parvum (5×103–1×104 

cells ml−1), Strombidinopsis sp. and S. conicum did 
not have increased mortality compared to culture fil­
trate or FSW during the first 40 min (Tukey–Kramer 
post-hoc test, P > 0.05, Fig. 2). However, the mortal­
ity of F. ehrenbergii increased at 5 × 103 cells ml−1 

compared to FSW and filtrate and it exhibited 100% 
mortality at 1 × 104 cells ml−1 (Tukey–Kramer 
post-hoc test comparing 5 ×103–1×104 cells ml−1for 
F. ehrenbergii, P <  0.0001). All ciliates died more 
quickly in wells containing whole cells of P. parvum 
at high concentrations (2 × 104 cells ml−1) com­
pared to those with culture filtrate and FSW con­
trols (Tukey–Kramer post-hoc test, P <  0.05), and 
exhibited behavioral responses including reverse 
beating of ciliary membranelles, immobility and 
erratic swimming behavior. After 24 h, all ciliates 
showed 100% mortality at all concentrations of P. 
parvum, but survived in culture filtrate and the control 
FSW. 
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Fig. 1. Percent mortality of S. conicum on P. parvum at 4 1.8 × 104 cells ml− at different growth phases. Line at 0% mortality represents 
FSW, filtrate log phase, whole cells log phase and filtrate late stationary phase (data overlaps). 

4.2. Alternative food experiments 

The results of alternative food experiments using 
F. ehrenbergii, Strombidinopsis sp. and S. conicum 
are shown in Figs. 3–7. All three ciliates exhibited 
100% mortality at high concentrations of P. parvum 
((3–5) × 104 cells ml−1), as expected based on the 
results of the acute toxicity experiments. Responses 
to lower concentrations ((0.5–1.5) × 104 cells ml−1) 
varied according to species and are discussed 
below. 

When F. ehrenbergii was offered a mixed diet of 
P. parvum and P. lutheri (Fig. 3), the proportion of P. 
parvum relative to P. lutheri had a significant effect 
on ciliate growth (one-way ANOVA, P < 0.0001). 
In experiment 1 at low and intermediate concentra­
tions of P. parvum (0.5 × 104, 1.5 × 104 and 2 × 
104 cells ml−1), fewer ciliates survived than initially 
placed in experimental wells. Thus, growth rates were 
negative and not significantly different from each other 

(µ = −0.05 per day, µ = −0.09 per (5×103) (1.5×104) 
day and µ(2×104) = −0.10 per day; Tukey–Kramer 
post-hoc test, P > 0.05, Fig. 3). In experiment 2 at the 
same concentrations, ciliate growth rates were slightly 
higher and not significantly different from each other 
(µ(5×103) = 0.16 per day, µ(1.5×104) = 0.17 per day 
and µ(2×104) = 0 per day; Tukey–Kramer post-hoc 
test, P > 0.05, Fig. 3). In experiment 1 at 3 × 104 

cells ml−1 (∼86% P. parvum) there was no survival, 
however, at the same cell concentrations in experiment 
2, a few individuals survived (µ(3×104) = −0.14 per 
day). When offered only P. parvum (5×104 cells ml−1) 
there was no survival. In both experiments, treatments 
containing only P. lutheri (5×104 cells ml−1) had pos­
itive growth rates (µexp1 = 0.25 per day and µexp2 = 
0.52 per day). 

In experiments with P. parvum at different growth 
phases and P. minimum (Exuv) as the non-toxic food 
the effect of algal growth phase on growth rate of F. 
ehrenbergii was not significant (one-way ANOVA, 
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Fig. 2. Percent mortality of the ciliates F. ehrenbergii, Strom
bidinopsis sp. and S. conicum at a range of P. parvum concen­
trations. The x-axis represents time in minutes, however the last 
point is the sample taken at t  1440 min (24 h). 

­

=

P = 0.67; Fig. 4). The concentration of P. parvum 
showed a significant effect on the growth rates of F. 
ehrenbergii (one-way ANOVA, P < 0.001, Table 1). 
This ciliate experienced 100% mortality at high con­
centrations of P. parvum (4.5 × 104 and 5 × 104 

cells ml−1), as in acute toxicity experiments. At low 
to intermediate concentrations of P. parvum (0.5×104 

and 2.5 × 104 cells ml−1), ciliate growth rates were 
similar to and at times higher than those on 100% P. 
minimum as shown in Table 1. 

When Strombidinopsis sp. was offered a mixed diet 
of P. parvum and P. lutheri the ratio of the concen­
tration of P. parvum relative to P. lutheri showed a 
significant effect on growth rate (one-way ANOVA, 
P <  0.0001). The ciliate attained positive growth 
rates only in treatments containing 100% P. lutheri 
(µexp1 = 0.35 per day; µexp2 = 0.13 per day; Fig. 5). 
In all treatments containing P. parvum at concentra­
tions ranging from 1.5 × 104 to 5 × 104 cells ml−1 , 
ciliate mortality was 100% (Tukey–Kramer post-hoc 
test, P ≥ 0.05). At the lowest concentration of P. 
parvum (0.5 × 104 cells ml−1) there was some sur­
vival of the ciliates, however, there was no net growth 
(Tukey–Kramer post-hoc test, P < 0.0001). 

When Strombidinopsis sp. was offered a mixed diet 
of P. parvum and P. gyrans, it exhibited 100% mortal­
ity at high to intermediate concentrations of P. parvum 
(1.5×104, 2×104 and 3 ×104 cells ml−1; Fig. 6A). At 
low concentrations of P. parvum (0.5×104 cells ml−1) 
there was some ciliate growth (µ = 0.03 per day 
Tukey–Kramer post-hoc test, P < 0.0001; Fig. 6A). 
Strombidinopsis sp. had growth rates of 0.4 per day 
when R. lens was used as the non-toxic food, and 
did not exhibit 100% mortality in any of the mixed 
diets (Fig. 6B). Growth rates at low concentrations 
of P. parvum in mixtures were positive, compared 
to 100% mortality when fed only P. parvum (5 × 
104 cells ml−1; Tukey–Kramer post-hoc test compar­
ing treatments P < 0.0001). At low to intermediate 
concentrations of P. parvum (0.5 × 104, 1.5 × 104 and 
3.5 × 104 cells ml−1), growth rates were not signifi­
cantly different from those achieved on 100% R. lens 
as shown in Table 2. 

The results of S. conicum feeding on a mixed diet 
of P. parvum, at different growth phases, with R. lens 
as the non-toxic alga, are shown in Fig. 7. The ratio 
of P. parvum to R. lens had a significant effect on 
growth rates (one-way ANOVA, P < 0.0001). Algal 
growth phase had no significant effect on toxicity (P = 
0.49). In treatments containing intermediate and high 
concentrations of P. parvum (2.4 × 104, 4.3 × 104 

and 4.8 × 104 cells ml−1), S. conicum exhibited 100% 
mortality. However, in the treatments containing low 
concentrations of P. parvum (0.5 × 104 cells ml−1), S. 
conicum exhibited higher growth rates on the mixed 
diet (average µ = 0.59 per day), than on only R. 
lens (3 × 104 cells ml−1, average µ = 0.46 per day) 
(Table 3). 



116 C.H. Rosetta, G.B. McManus / Harmful Algae 2 (2003) 109–126 

Fig. 3. Alternative food experiments 1 and 2, F. ehrenbergii feeding on a mixed diet of P. parvum and P. lutheri. Mixed diet algal 
concentrations total 3.5 × 104 cells ml−1 whereas uni-algal treatments are 5 × 104 cells ml−1. Growth rate of 0.4 per day = 100% mortality 
as 1 was added to ciliate abundance to avoid ln[0]. Points represent means  1 S.E. (n  3). ± =

4.3. Numerical response experiments 

Fig. 8 shows the results of the experiments in which 
the ciliates, F. ehrenbergii, Strombidinopsis sp., M. an­
gulata and E. pectinis were fed a range of concen­
trations of P. minimum strains Exuv and JA 98-01. A 
two-way ANOVA showed a significant difference in 
the effect of Exuv and JA 98-01 on growth rates for 

the ciliates F. ehrenbergii, Strombidinopsis sp. and M. 
angulata (P < 0.05). Algal concentration also exhib­
ited a significant effect on ciliate growth rates (P <  
0.0001). 

As shown in Fig. 8A, F. ehrenbergii grew well on 
Exuv (µmax(Exuv) = 0.51 per day), but only achieved 
positive growth at the highest concentrations (1.5×104 

cells ml−1) of JA 98-01 (µmax(JA 98−01) = 0.22 per 
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Fig. 4. Alternative food experiments with F. ehrenbergii feeding on a mixed diet of P. parvum (at different growth phases) and P. minimum 
(Exuv). Concentrations are normalized to cell volumes. Growth rate of 0.5 per day = 100% mortality as 1 was added to ciliate abundance 
to avoid ln[0]. Points represent means ± 1 S.E. (n = 4). 
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Fig. 5. Alternative food experiments 1 and 2, Strombidinopsis sp. feeding on a mixed diet of P. parvum and P. lutheri. Mixed diet algal 
concentrations total 3.5 × 104 cells ml−1 whereas uni-algal treatments are 5 × 104 cells ml−1. Growth rate of 0.4 per day = 100% mortality 
as 1 was added to ciliate abundance to avoid ln[0]. Points represent means  1 S.E. (n  3). ± =

Table 1 
Growth rates (per day) of F. ehrenbergii at different concentrations of P. parvum (in either logarithmic, early and late stationary growth 
phase) relative to P. minimum 

Concentration (cells ml−1) Growth rate of F. ehrenbergii (per day) 

P. parvum P. minimum Logarithmic Early stationary Late stationary 

2.5 × 104 

0.5 × 104 

0 

1 × 104 

1.8 × 104 

2 × 104 

0.64 NS 
0.37 NS 
0.51 NS 

0.40 NS 
0.73∗∗ 

0.36 NS 

0.41 NS 
0.57 NS 
0.75 NS 

NS: not significantly different. Overall there was no significant difference among growth phases (ANOVA). 
∗∗ Significant P  0.01, Tukey–Kramer post-hoc test comparing growth phases. =
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Fig. 6. Alternative food experiments with Strombidinopsis sp. feeding on a P. parvum mixed with P. gyrans (A), or R. lens (B). In (A) 
mixed diet algal concentrations total 3 5 × 104 cells ml−1 4 . whereas uni-algal treatments are 5 × 10 cells ml−1. Growth rate of 0.4 per day 

 100% mortality as 1 was added to ciliate abundance to avoid ln[0]. Points represent means  1 S.E. (n  3). = ± =

day; ANOVA comparing algal strains, P = 0.0015). 
F. ehrenbergii growth rates on Exuv increased with al­
gal concentration (Tukey–Kramer post-hoc test com­
paring concentrations, P < 0.05). The strain JA 98-01 
did not support growth of F. ehrenbergii at low con­
centrations (500 cells ml−1; Tukey–Kramer post-hoc 
test P > 0.05). 

Strombidinopsis sp. attained excellent growth rates 
on both strains of P. minimum (µmax(Exuv) = 1.64 
per day and µmax(JA 98−01) = 1.39 per day; one-way 
ANOVA, P < 0.05; Fig. 8B). Growth rates were pos­
itive even at the lowest concentration of algae (500 
cells ml−1). Ciliate growth rates decreased slightly 
at high concentrations (3 × 104 cells ml−1) of both 
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Fig. 7. Alternative food experiments with S. conicum feeding on a 
mixed diet of P. parvum (at different growth phases) and R. lens. 
Concentrations normalized for cell volume. Growth rate of 0.6 
per day = 100% mortality as 1 was added to ciliate abundance to 
avoid ln[0]. Points represent means  1 S.E. (n  4). ± =

Table 2 
Growth rates (per day) of Strombidinopsis sp. on a mixed diet of 
R. lens and P. parvum 

Concentration (cells ml−1) Growth rate (per day) 

P. parvum R. lens Strombidinopsis sp. 

3.5 × 104 

1.5 × 104 

0.5 × 104 

0 

1.5 × 104 

3.5 × 104 

4 × 104 

5 × 104 

0.15 
0.12 
0.20 
0.18 

There were no significant differences among treatments (ANOVA). 

Exuv and JA 98-01, and the two strains were not sig­
nificantly different from each other (Tukey–Kramer 
post-hoc test, P = 0.0933). 

Growth rates of M. angulata were higher on Exuv 
(µmax(Exuv) = 0.45 per day) compared to JA 98-01 
(µmax(JA 98−01) = 0.20 per day), and there was a 
significant difference in growth between the strains 
(one-way ANOVA, P = 0.0014; Fig. 8D). Growth 
rates increased with the concentration of both algal 
strains (Tukey–Kramer post-hoc test P < 0.05). How­
ever, for strain JA 98-01 no growth occurred at concen­
trations exceeding 1 × 104 cells ml−1 (Tukey–Kramer 
post-hoc test, P < 0.05). E. pectinis did not grow on 
either strain of P. minimum (Fig. 8C). 

5. Discussion 

We found that the ciliates F. ehrenbergii and M. an­
gulata grew better on the Exuv strain of P. minimum 
than the JA 98-01 strain, although there were no acute 
toxic effects of either strain. This is consistent with 
results showing that JA 98-01 is more toxic than Exuv 
to molluscs (G. Wikfors pers com), as well as reports 
that algae in culture for a long time may decrease in 
toxicity (Cembella and Therriault, 1998; Burkholder 
et al., 2001), though we cannot rule out nutritional 
differences between strains. Strombidinopsis sp. grew 
equally well on both strains of P. minimum. In the  
present study Eutintinnus sp. did not grow on either 
strain, however, in a previous study (data not shown) 
this ciliate grew well on the Exuv strain (µmax = 0.7 
per day). This may be attributed to variability between 
ciliate strains isolated from Long Island Sound at dif­
ferent times. The ciliate growth rates we measured 
were similar to those reported in other studies using 
P. minimum (Table 4). 

All ciliates examined (F. ehrenbergii, Strom­
bidinopsis sp., and S. conicum) exhibited acute toxic 
responses to the prymnesiophyte P. parvum at concen­
trations of this alga found in natural blooms (103–109 

cells ml−1) (Aure and Rey, 1992). Ciliates exhibited 
behavioral responses consistent with those described 
in the literature, including reverse beating of ciliary 
membranelles, sinking to the bottom of experimen­
tal wells, altered swimming behavior and ultimately 
dying (Capriulo, 1990; Buskey and Stoecker, 1988; 
Taniguchi and Takeda, 1988; Buskey and Stoecker, 
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Table 3 
Growth rates (per day) of S. conicum at the lowest concentration of P. parvum to R. lens and 100% R. lens at logarithmic, early and late 
stationary growth phases 

Concentration (cells ml−1) Growth rate of S. conicum (per day) 

P. parvum R. lens Logarithmic Early stationary Late stationary 

0.5 × 104 2.7 × 104 0.57 NS 0.61∗∗ 0.59 NS 
0 3 × 104 0.55 NS 0.33∗∗ 0.50 NS 

NS: not significantly different.
 
∗∗ Significant P  0.0003, Tukey–Kramer post-hoc test comparing treatments.
 =

Fig. 8. (A–D) Growth of ciliates on P. minimum strains (e, —) Exuv and (�, – – –) JA 98-01 at a range of concentrations. Points represent 
means ± 1 S.E. (n = 3). E. pectinis did not grow on either strain and a curve was not fit to the data. 
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Table 4 
Growth rates of ciliates (µ per day) on P. minimum Exuv and JA 98-01 compared to reported growth rates on P. minimum 

Ciliate species µ(Exuv) this 
study (per day) 

µ(JA 98−01) this 
study (per day) 

µ reported 
(per day) 

Reference 

Favella sp. 
Strombidinopsis sp. 
Eutintinnus sp. 
M. angulata 

0.55 
1.55 
0.03 
0.61 

0.10 
1.34 
0.03 
0.40 

0.71 
1.06 
0.53 
Not reported 

Taniguchi and Kawakami, 1983 
Jeong et al., 1999 
Taniguchi and Kawakami, 1983 

1989; Stoecker et al., 1995). In the acute toxicity tests 
ciliates died more quickly in treatments containing 
whole cells of P. parvum than in treatments of culture 
filtrate; thus ingestion of the alga is necessary for the 
toxic response. 

Consistent with previously published results, P. 
parvum was most toxic in early or late stationary 
growth phase (Hansen, 1989; Jiawan et al., 1996). 
However, when P. parvum was offered in mixed diet 
experiments, the same phenomenon was not observed. 
Instead, ciliates survived and at times grew well at 
concentrations of P. parvum which given alone would 
kill them. This decrease in toxicity may be attributed 
to the presence of non-toxic algal species, nutrient 
enrichment from experimental media or a shift in al­
gal growth phase during the experiment, but it is most 
likely due to ciliates avoiding ingesting the P. parvum 
when non-toxic food is available. 

As long as a non-toxic alga was available, cili­
ates survived and at times grew well at concentra­
tions of P. parvum (5 × 102–3 × 104 cells ml−1) that 
would otherwise have killed them. Ciliates may select 
against P. parvum in the presence of non-toxic algal 
prey, or low concentrations of P. parvum may provide 
some nutritional benefit in mixed diets. Strombidinop­
sis sp. and S. conicum actually grew slightly better on 
a mixture of R. lens and P. parvum than on R. lens 
alone. 

The different degrees to which the two HAB 
species are toxic to ciliates may provide some insight 
into the role of grazing in bloom formation. For ex­
ample, P. minimum and P. parvum appear to form 
blooms through different mechanisms. P. minimum 
is molluscotoxic, mixotrophic, and has high growth 
rates. It blooms in shallow estuarine bays and popu­
lations decline as they are exported to deeper water 
where grazing by ciliates is more important than that 
of molluscs and other benthic suspension feeders 

(Li et al., 1996; Stoecker et al., 1997; Manoharan 
et al., 1999). 

P. parvum, on the other hand, appears to reduce 
microzooplankton grazing pressure directly and may 
inhibit competition from other algal species by the 
secretion of phycotoxic compounds (Parnas, 1963; 
Aure and Rey, 1992; Moestrup and Larsen, 1992; 
Hallegraeff, 1993; Igarashi et al., 1996; Koski et al., 
1999). In addition, P. parvum is able to grow het­
erotrophically on dissolved organic matter, giving it a 
competitive advantage over autotrophic algae for nu­
trients (Johnsen and Lein, 1989). When concentrations 
of P. parvum exceeded 104 cells ml−1, ciliate grazers 
died in our experiments. In the field, this mortality 
would reduce grazing pressure and allow P. parvum to 
increase in density, thus starting a positive feedback 
loop, which would facilitate bloom formation. Our 
findings are similar to reports of bloom development 
and persistence due to disturbance of grazer popula­
tions by Aureococcus anophagefferens, and the Emil­
iania huxleyi and Alexandrium spp. blooms (Smayda 
and Villareal, 1989a,b; Buskey et al., 1997; Bricelj 
and Lonsdale, 1997; Vance et al., 1998; Gobler et al., 
2002). 

Many aspects of trophic interactions within HABs 
remain to be addressed. Extrapolation of laboratory 
experiments such as ours can be enhanced if obser­
vations if HAB grazing in situ can be quantified. 
Methods of addressing this include using labeled 
(fluorescent or radioactive) algae and antibody or 
immunochemical techniques (Rublee and Gallegos, 
1989; Ohman et al., 1991; Putt, 1991; Li et al., 1996; 
Kamiyama, 2000). Also, more detailed studies of 
the complexity of trophic interactions in blooms are 
needed (Nejstgaard, 1997). Studies examining the 
effects of larger zooplankton, such as copepods, on 
microzooplankton assemblages as well as interac­
tions between zooplankton and organisms at higher 



123 C.H. Rosetta, G.B. McManus / Harmful Algae 2 (2003) 109–126 

trophic levels, such as ctenophores, fish and shellfish 
will elucidate the food web dynamics of planktonic 
consumers and harmful algal species. 

Toxicity of HAB species to ciliate grazers (e.g. 
P. parvum in our experiments) may enhance bloom 
formation; but lack of toxicity (e.g. P. minimum in 
our experiments) may also be important if it leads to 
the transfer of toxins to higher trophic levels. White 
(1979) reported that Favella sp. contained the major­
ity of saxitoxin measured in a 64 1m sample during 
peak Gonyaulax excavata toxicity. Also, copepods 
were observed capturing Favella sp. containing in­
gested Gonyaulax cells. It is therefore necessary to 
continue to examine toxin accumulation and trans­
fer via planktonic grazer populations (White, 1979; 
White, 1981; Smayda and Villareal, 1989a,b; Vance 
et al., 1998; Gifford, 1991; Buskey et al., 1997; 
Bricelj and Lonsdale, 1997; Turner and Tester, 1997; 
Maneiro et al., 2000; Haley, 2002). Since toxicity 
of algal species in culture may decrease over time 
(Cembella and Therriault, 1998; Burkholder et al., 
2001) and cultured ciliates reportedly differ in feed­
ing responses compared to ciliates caught in the field 
(Capriulo, 1990), experiments using field-collected 
ciliate grazers and harmful algal species should be 
performed. Colin and Dam (2002) reported a biogeo­
graphical component in the ability of copepods to 
graze the harmful alga Alexandrium spp. Perhaps this 
phenomenon also occurs in ciliates and naı̈ve species 
are more susceptible to harmful effects. There is still 
a relative paucity of information on the formation and 
fate of harmful algal blooms. Future research both in 
natural blooms and in the laboratory on all facets of 
HABs will lead to a better understanding of blooms 
and allow for their management and mitigation. 

6. Summary 

•	 Both strains (Exuv and JA 98-01) of P. minimum 
support ciliate growth and show no acute toxic ef­
fects but growth on Exuv was higher. 

•	 P. parvum is toxic to ciliates at concentrations 
exceeding 104 cells ml−1, however at low concen­
trations of P. parvum and culture filtrate ciliates 
survived. 

•	 In mixed diets, as long as a non-toxic alga was 
available, ciliates survived and at times grew well 

at concentrations of P. parvum that could otherwise 
kill them. 

•	 Ciliates may select against P. parvum in the pres­
ence of non-toxic algal prey, or low concentrations 
of P. parvum may provide a nutritional benefit. 
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