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Abstract Experiments were carried out to investigate

interspecific interactions between the rotifer Brachi-

onus plicatilis and two harmful algal bloom (HAB)

species using single and mixed culture methods.

B. plicatilis populations and the growth of two algae

were compared at different algal cell densities. The

results demonstrate that B. plicatilis obtained sufficient

nutrition from Alexandrium tamarense to support net

population increase. When exposed to a density of

8 9 104 cells ml-1 A. tamarense, the number of

B. plicatilis increased faster than it did when exposed

to other four algal densities (16 9 104, 24 9 104,

32 9 104, and 40 9 104 cells ml-1). Cell densities of

A. tamarense decreased due to the grazing of B. plica-

tilis. In contrast, Heterosigma akashiwo had an adverse

effect on the B. plicatilis population and its growth was

largely unaffected by rotifer grazing. In this case, the

B. plicatilis population decreased and H. akashiwo

grew at a rate similar to that of a control without

addition of rotifers. Mixed culture experiments showed

that A. tamarense could partly counteract the effect of

H. akashiwo in limiting the rate of population increase

of rotifer. In addition, the effect of different initial cell

densities on interspecific competition between A. tam-

arense and H. akashiwo in mixed culture(s) was also

investigated. The results show that A. tamarense

competed very successfully when the inoculation

proportions of A. tamarense and H. akashiwo were

40:5 and 40:30.
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Introduction

Zooplankton is a key element in the marine plank-

tonic food web as a food source for higher trophic

levels. It plays an important role in aquatic ecosys-

tems as an intermediate link between phytoplankton

and fish production. The euryhaline rotifer Brachi-

onus plicatilis is cultured as a live food for marine

and freshwater fish larvae in many hatcheries all over

the world (Kafuku & Ikenoue, 1983; Lubzens, 1987).

Rotifer is ideal as the first exogenous food source

due to its small size, slow swimming speed, and

ability to keep suspending in the water column. In

addition to the nutritional value of rotifer as a larval

diet, B. plicatilis is widely used as an indicator in

simple and sensitive bioassays for screening toxicity
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in estuarine water and seawater. Previous studies on

this species primarily focused on its selective feeding,

vertical migration, spatial distribution and life cycle

(Pourriot, 1986; Korstad, 1989; Schmid-Araya, 1991;

Sarma et al., 2001). However, there are a few reports

on the effects of HAB species on B. plicatilis, or on

the selective feeding of B. plicatilis among HAB

species. Recent studies have indicated that the

interactions between HAB species and zooplankton

can be highly a species-specific event for a particular

alga-herbivore system (Turner et al., 1997). The

responses of zooplankton to HAB species include

ingestion, rejection, avoidance and selection, sug-

gesting the complexity and variability of zooplankton

feeding in response to bloom-forming algae in marine

environment (Liu et al., 2002). Although there were

reports about the dynamics of toxic phytoplankton

blooms, control by zooplankton grazing has not been

extensively investigated (Liu et al., 2002). HAB

events are occurring with increasing frequency than

before and have brought incalculable negative effects

on marine ecosystems, fishery resources, and seawa-

ter aquaculture. Further study of the grazer–toxic

algae relationship is critical for understanding and

predicting effects of the spreading of HABs in marine

ecosystems.

In the present article, we chose two contrasting

HAB species that are widely distributed in the

Chinese coast; the dinoflagellate A. tamarense and

the raphidophyte Heterosigma akashiwo, to describe

the results of experiments designed to test interspe-

cific interactions between two HAB species and

B. plicatilis exposed to a wide range of algal densities

using single and mixed culture methods.

Materials and methods

Algae and rotifer culture

The dinoflagellate A. tamarense (non-paralytic shell-

fish poisoning (PSP) strain) and the raphidophyte H.

akashiwo were obtained from the Marine Microalgae

Research Center, Ocean University of China (OUC),

and cultured in F/2 media (Guillard et al., 1975) in

2,000 ml flask, at a temperature of 20 ± 1�C, and

12/12 h light/dark (L/D) light conditions (54 lmol

m-2 s-1 cool-white fluorescent illuminations). Both

algae are flagellated algae, A. tamarense is spherical

in shape (equivalent spherical diameter, ESD = 17–

24 lm), and H. akashiwo is ovoid in shape (length 8–

25 lm, width 8–15 lm). B. plicatilis (adult lorica

length, 213.6 ± 12.5 lm) came from the rotifer

culture collection and was originally isolated from

single amictic females collected in Yantai, China.

Pre-experimental cultures were maintained in 500 ml

cylindrical beakers at a temperature of 20 ± 1�C and

12/12 h L/D regime as stock. B. plicatilis was fed

with Chlorella sp. which was kept at a density of

2 9 104 cells ml-1 by replenishing every day and

starved for 48 h before experiment.

Growth interactions between algae

and B. plicatilis

The growth interactions between the two HAB

species and B. plicatilis at different algal cell

densities were studied using a single culture method.

The experimental algal densities were prepared by

diluting the cell suspension with 0.2 lm-filtered

seawater. Based on the preliminary experiments, five

different cell densities of A. tamarense (8 9 104,

16 9 104, 24 9 104, 32 9 104, and 40 9 104 cells

ml-1) and four different cell densities of H. akashiwo

(5 9 104, 10 9 104, 20 9 104, and 30 9 104 cells

ml-1), were chosen to test, respectively. Three-

hundred B. plicatilis individuals, chosen randomly

from healthy stock cultures, were pipetted into 50 ml

beakers holding 30 ml algal suspension and kept in

darkness on a rotating wheel at about 6 rpm. For each

assay of B. plicatilis, three replicated groups have

been used. B. plicatilis in control was fed with

2 9 104 cells ml-1 Chlorella sp. in A. tamarense

experiment and was kept in starvation with 0.2 lm

filtered seawater in H. akashiwo test, respectively.

Additionally, for each assay of algae, three 250 ml

flasks without addition of rotifers were synchronously

prepared to monitor the growth of algae during the

experiment, respectively. The cultures were main-

tained under the same above conditions as

A. tamarense and H. akashiwo. B. plicatilis was

mixed gently with algae to obtain a uniform distri-

bution of individuals. The algal cell density and the

number of B. plicatilis were counted every 24 h. The

algal cells were fixed by Lugol iodine solution and

then counted by hemacytometer under optical

microscopy. A one ml sub-sample was taken from
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the beaker and the number of B. plicatilis was

counted under a dissecting microscope. The 1 ml

sub-sample was put back into the beaker after

counting. The experiments were finished when there

were no algal cells (in A. tamarense experiment) or

rotifers (in H. akashiwo experiment) in the beakers.

The median lethal time (LT50 value) is defined as

the time when 50% of B. plicatilis number at the

beginning of each experiment was left. Each LT50

was calculated with the linear regression equation

obtained by linear regression analysis between

B. plicatilis number and exposure time.

Ingestion and clearance rates of B. plicatilis

The experimental designs were the same as those were

described in Sect. ‘‘Growth interactions between algae

and B. plicatilis’’. After 24 h, the algae were taken and

fixed for later cell counts. The ingestion rate (IR,

number of cells eaten, cells ind-1 h-1) and the

clearance rate (CR, volume of seawater cleared,

ml ind-1 h-1) were calculated according to the equa-

tion of Frost (1972):

CR ¼ V=N � ln Ct � ln Ctf

� �
=t

IR ¼ CR� Ctf � C0

� �
= ln Ctf � ln C0

� �

where V (milliliters) is the volume of algal suspen-

sion in the beaker, N is the number of B. plicatilis,

C0, and Ct (104 cells ml-1) are the initial and final

algal cell densities, Ctf (104 cells ml-1) is the final

algal cell density of control, and t (h) is the feeding

time.

Mixed culture experiments

In order to test the growth interactions between

B. plicatilis and the mixture of two HAB species,

experiments were carried out using a mixed culture

method. Four different mixtures of A. tamarense and

H. akashiwo based on the inoculation proportions

were chosen to test, namely, 8 9 104 cells ml-1

A. tamarense/5 9 104 cells ml-1 H. akashiwo, 8 9

104/30 9 104, 40 9 104/5 9 104, and 40 9

104/30 9 104, designated as 8:5, 8:30, 40:5, and

40:30, respectively. The experimental methodology

was the same as that was described in the Sect.

‘‘Growth interactions between algae and B. plicatilis’’.

Experiments were ended after lasted for a period of

11 days.

Statistical analyses

All data collected were represented as mean ± S.E.

of at least 3 independent observations. One-way

analysis of variance (ANOVA) was conducted to

identify significant differences. A test of homogene-

ity of variances was performed before post-hoc

pairwise comparisons were made using one-way

tukey tests.

Results

Feeding ability of B. plicatilis on the two

HAB species

The IR and CR of B. plicatilis at different algal

densities are shown in Fig. 1. As a whole, the IR

decreased with increasing cell density of A. tamarense.

The maximum IR (1.94 9 102 cells ind-1 h-1) was

maintained at a cell density of 16 9 104 cell ml-1.

The IR of B. plicatilis at experimental cell densities of
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Fig. 1 The ingestion rate (IR) and the clearance rate (CR) of

B. plicatilis at different algal densities (a) A. tamarense (b)

H. akashiwo, the mean and S.E. (n = 3) are shown
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H. akashiwo indicated that B. plicatilis could not utilize

the algal cells as food. The corresponding values at

different algal levels varied from -0.09 to 0.52 9

102 cells ind-1 h-1. Overall, the CR of B. plicatilis

decreased mostly with increasing cell density of

A. tamarense. The maximum CR was about 0.23 9

10-2 ml ind-1 h-1 at a cell density of 8 9 104 cells

ml-1. In contrast, the CR increased with increasing cell

density of H. akashiwo. Additionally, the CR of

B. plicatilis on H. akashiwo was lower than that of

A. tamarense.

Growth interactions between the algae

and rotifers

The effect of the different algal densities on the

number of B. plicatilis is presented in Fig. 2. The

B. plicatilis population increased moderately at

different cell densities of A. tamarense. When

exposed to a density of 8 9 104 cells ml-1, the

B. plicatilis population increased faster than it did

at the other four higher algal densities, suggestive of

that the adverse effect of A. tamarense on the number

of B. plicatilis might be density-dependent (Fig. 2a).

Correspondingly, the B. plicatilis population was

affected to a different extent with increasing cell

density of H. akashiwo. The number of B. plicatilis

decreased obviously at four tested algal densities, and

B. plicatilis populations (lower algal densities,

5 9 104 and 10 9 104 cells ml-1) decreased even

faster than it did in starvation control (Fig. 2b). This

showed that H. akashiwo cell had other adverse

effects on the B. plicatilis population besides

starvation. The LT50 of H. akashiwo in response to

rotifer is shown in Table 1.

The growth curves of two HAB species at different

experimental densities with and without the addition of

B. plicatilis during the experimental time are shown in

Fig. 3. Cell densities of A. tamarense decreased in

association with B. plicatilis grazing. Three days after

B. plicatilis were exposed to algal densities of 8 9 104,

16 9 104 and 24 9 104 cells ml-1, the algal cell

densities began to decrease moderately. For

32 9 104 and 40 9 104 cells ml-1 A. tamarense

treatments, the algal cell densities began to decrease

after 5 days. The algal densities of five treatments

reached zero at the 7th, 8th, 9th, 10th, 11th day,

respectively. In contrast, H. akashiwo had an adverse

effect on the B. plicatilis population and was largely

unaffected by rotifer grazing. In this case, the number

of B. plicatilis decreased and H. akashiwo grew at a rate

similar to that of control (df = 1, F5 = 0.281,

P5 = 0.6; F10 = 0.41, P10 = 0.527; F20 = 1.454,

P20 = 0.238; F30 = 1.426, P30 = 0.242; the number
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Fig. 2 Effects of two HAB species on the B. plicatilis
population: (a) the control and A. tamarense treatments,

(b) the starvation and H. akashiwo treatments, the mean and

S.E. (n = 3) are shown. 8, 16, 24, 32, 40 and 5, 10, 20, 30

represent different algal cell densities of 8 9 104, 16 9 104,

24 9 104, 32 9 104, 40 9 104 cells ml-1 and 5 9 104,

10 9 104, 20 9 104, 30 9 104 cells ml-1, respectively, the

same below

Table 1 The LT50 of H. akashiwo on the B. plicatilis popu-

lation, showing F-ratios and P-values for comparisons between

starvation and different algal density treatments

Algal density

(104 cells ml-1)

LT50 (h) MS

df = 4

F-ratio P-value

Starvation 205 0.00

5 147 0.00

10 159 3131.400 164.811 0.00

20 197 0.48

30 224 0.00
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written directly below a letter designated as different

treatments).

Mixed culture experiments

Mixed culture experiments were performed to exam-

ine the growth interactions between B. plicatilis and

two algal combinations. The population growth of

B. plicatilis was not obvious at the inoculation

proportion of 8:30, and the number of B. plicatilis

at other mixtures of A. tamarense and H. akashiwo

increased slowly in comparison with that of

A. tamarense alone (Fig. 4). We compared the algal

growth of single and mixed cultures, and found that

there was competitive interaction between the two

HAB species. When the inoculation proportion was

40:5, A. tamarense entered the exponential growth

phase after 1 day and reached a plateau phase on day

5 with a maximum density of 77.0 9 104 cells ml-1

on the 7th day. In the inoculation proportion of 40:30,

A. tamarense entered a exponential growth phase

after 1 day and reached a plateau phase on day 10

with a maximum density of 76.4 9 104 cells ml-1 on

the 10th day. The maximum population density of

A. tamarense was 95.7 and 94.9% of that of the single

culture (80.5 9 104 cells ml-1), respectively. Con-

comitantly, the population of H. akashiwo grew

slowly and its exponential growth phase and plateau

phase were not easily discerned. Co-cultured with

A. tamarense resulted in a dramatic inhibition in the

growth of H. akashiwo and its maximum population

density was 21.3 and 68.7% of that of single culture,

respectively. A. tamarense tended to predominate

under competition. Accordingly, B. plicatilis could

0 2 4 6 8 10 12
0

10

20

30

40

50

60

70

80

90

without the addition of B. plicatilisA. tamarense

01 ,ytisned lle
C

4
l

m sll ec 
1-

Culture time, d

 8  16  24  32  40

0 2 4 6 8 10 12
0

10

20

30

40

50

60

70
with the addition of B. plicatilisA. tamarense

0 1 ,y tisned  lle
C

4
l

m sll ec 
1-

Culture time, d

 8  16  24  32  40

0 2 4 6 8 10 12 14
0

10

20

30

40

50

60

70 without the addition of B. plicatilisH. akashiwo

01 ,ytisned lle
C

4
l

m sllec 
1-

Culture time, d Culture time, d

 5  10  20  30

0 2 4 6 8 10 12 14
0

10

20

30

40

50

60

H. akashiwo with the addition of B. plicatilis

01 ,ytisned lle
C

4
l

m sllec 
1-

 5  10  20  30

Fig. 3 The growth curves

of two HAB species at

different algal densities, the

mean and S.E. (n = 3)

are shown
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reproduce to maintain relative population increase.

When the inoculation proportion was 8:5, the max-

imum population density of A. tamarense was 81.7%

of that of the single culture (22.4 9 104 cells ml-1),

while for H. akashiwo it was 85.7%. The growth and

reproduction of both algae were inhibited in compar-

ison with that of the single culture. Concomitantly,

the population of H. akashiwo grew slowly. When the

inoculation proportion was 8:30, the maximum

population density of A. tamarense was 70.1%

of that of single culture, while for H. akashiwo

it was 81.5%. The growth and reproduction of

A. tamarense was obviously inhibited by H. akashiwo

in comparison with that of single culture. Therefore,

the growth of H. akashiwo was also inhibited by

A. tamarense, but not as dramatically. Subsequently,

the population increase of B. plicatilis was not

obvious (Figs. 3, 4, 5).

Discussion

Recent studies have indicated that the effects of

different strains of Alexandrium species on zooplank-

ton appear to vary greatly and are species-specific

event (Wang et al., 2005). There are increasing

numbers of reports that PSP-producing dinoflagel-

lates can be ingested by some zooplankton without

lethal effects (Boyer et al., 1985; Watras et al., 1985;

McClatchie, 1988; Colin et al., 2003). In addition,

Dutz (1998) found that changing the food concentra-

tion of the toxic dinoflagellate Alexandrium

lusitanicum (over a wide range of 0.2–1.6 mg C l-1)

did not significantly affect egg production in the

copepod Acartia clausi. On the contrary, it was

reported that PSP-producing Alexandrium species can

cause lethal effects when ingested by zooplankton

(Hansen, 1989; Robineau et al., 1991). Delgado et al.

(1999) have demonstrated that the toxic dinoflagel-

late Gyrodinium corsicum can reduce the feeding and

egg production rates, cause paralysis and death of

Acartia grani.

Our study has demonstrated that B. plicatilis can

feed on A. tamarense and reproduce to maintain

relative population increase. The B. plicatilis popu-

lation increased steadily at different cell densities of

A. tamarense during the culturing time. The results

show a greater reduction of the B. plicatilis popula-

tion which seems to be inversely related to algal cell

densities (Fig. 2a). B. plicatilis can inhibit the growth
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of A. tamarense at different experimental densities in

association with rotifer grazing. This indicated that

there was potential control relative to rotifer grazing

on algal growth, especially for low algal density.

H. akashiwo had an adverse effect on B. plicatilis

population. There was no observable effect of rotifer

feeding on algal growth of H. akashiwo. Addition-

ally, the negative effect of H. akashiwo on the

number of B. plicatilis was not density dependent

(Fig. 2b).

Mixed culture experiments showed that A. tama-

rense could partly counteract the influence of

H. akashiwo in limiting the population growth of

B. plicatilis. B. plicatilis populations at inoculation

proportions of 40:5 and 40:30 increased faster than

those of 8:5 after 9 days (df = 2, F = 11.858,

P = 0.038). The population growth of B. plicatilis

was not easily discerned at the inoculation proportion

of 8:30. Concomitantly, cell density of A. tamarense

decreased in association with B. plicatilis grazing and

H. akashiwo grew at a rate similar to that of the

control (df = 1, F = 1.101, P = 0.306).

The toxin composition of the local strain in Southern

China was found to be dominated by C-toxins

(Anderson et al., 1996), which have a lower toxicity

than saxitoxins or neosaxitoxins. This may explain the

lack of adverse effect on rotifer feeding (Liu et al.,

2002). Wang et al. (2003) reported that A. tamarense

(ATHK) had a lethal effect on B. plicatilis and

Prorocentrum donghaiense (a causative species of

HABs of East China Sea) at low concentrations could

be used as food for B. plicatilis population. A. tama-

rense (ATHK) had an adverse effect on the growth and

development of B. plicatilis by prolonging its gener-

ation time, shortening its reproductive period and mean

lifespan, and reducing its fecundity (Zhou et al., 2005).

The raphidophyte H. akashiwo is a fish-killing HAB

species, which was responsible for the occurrence of

‘‘red tides’’ each summer from 1985 to 1987 in Dalian

Bay, China (Guo, 1994). H. akashiwo has an active

effect on the life activities of marine organisms such as

zooplankton, besides the harmful impact of this species

on fish. Tester et al. (1998) reported that the

H. akashiwo had an adverse effect on the survival,

growth and reproduction of A. hudsonica, A. tonsa, the

rotifer B. plicatilis, and the flagellate Tintinnopsis

tubulosoides. It has been reported that re-suspended

cells and cell fragments of H. akashiwo produced

similar sublethal effects on Artemia salina, while the

cell-free medium and cell contents have a little effect

(Yan et al., 2003).

It has been reported that A. tamarense and

H. akashiwo can secrete allelochemical substances

resulting in a dramatic inhibition in the growth of

algae (Honjo, 1993; Qi, 2003; Wang et al., 2006).

Whether or not the effects of these two HAB species

on zooplankton are mainly due to releasing allelo-

chemical substance(s) remains to be further studied.

Published research indicates that the dinoflagellate

Heterocapsa circularisquama causes a physiological

disorder in B. plicatilis and Favella taraikaensis

through direct algal cell contact in which repeated

attack via certain toxic substance located on the algal

cell surface may take place (Kim et al., 2000;

Kamiyama & Arima, 1997). H. akashiwo is a fish-

killing red tide species, whose toxic mechanism

might be via oxygen-radical-mediated effects on gill

hemolysis which eventually leads to asphyxiation

(Honjo, 1994; Yang et al., 1995). In our study,

discharge of mucus-like substances from H. akashiwo

cells was observed concomitant with algal cells

adhering to rotifer body, resulting in decrease of

swimming speed of B. plicatilis. In addition, frequent

contact of B. plicatilis with H. akashiwo cells may

stimulate the release of the toxic substances from the

algal cells, which might be considered as a main

cause of the rotifer population decrease.

Conclusion

In conclusion, our study has found that the B. plica-

tilis population is affected differently by the two

HAB species. B. plicatilis can obtain sufficient

nutrition from A. tamarense to support net population

increase, and cell densities of A. tamarense decreased

due to the grazing of B. plicatilis. In contrast,

H. akashiwo had an adverse effect on the B. plicatilis

population and its growth was largely unaffected by

rotifer grazing. The results suggest that some toxic

mechanism might be responsible for the adverse

effects. More importantly, recent studies demonstrate

that historical exposure and evolved resistance of

zooplankton populations are important determinants

of whether some algae are harmful to zooplankton

grazers (Colin et al., 2002). Hence, study of the

grazer-toxic algae relationship in association with

cases where there is high frequency of HABs is
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critical for understanding and predicting the effects of

the spreading of HABs in marine ecosystems.

Acknowledgments This study was supported by the National

Natural Science Foundation of China under No. 30270258 and

30771658, the program for New Century Excellent Talent in

university under No. NCET-05-0597, the Natural Science

Foundation of Zhejiang Province under No. Z505319.

References

Anderson, D. M., D. M. Kulis & Y. Z. Qi, 1996. Paralytic shellfish

poisoning in Southern China. Toxicon 34: 579–590.

Boyer, G. L., J. J. Sullivan & R. J. Andersen, 1985. The

assimilation of PSP toxins by the copepod Tigriopus

californicus from dietary Protogonyaulax catenella. In:

Anderson, D. M., D. W. White & D. G. Baden (eds),

Toxic Dinoflagellates. Elsevier, New York, 407–412.

Colin, S. P. & H. G. Dam, 2002. Latitudinal differentiation in

the effects of the toxic dinoflagellate Alexandrium spp. on

the feeding and reproduction of populations of the cope-

pod Acartia hudsonica. Harmful Algae 1: 113–125.

Colin, S. P. & H. G. Dam, 2003. Effects of the toxic

dinoflagellate Alexandrium fundyense on the copepod

Acartia hudsonica: a test of the mechanisms that reduce

ingestion rate. Marine Ecology – Progress Series 248:

55–65.

Delgado, M. & M. Alcaraz, 1999. Interactions between red tide

microalgae and herbivorous zooplankton: the noxious

effects of Gyrodinium corsicum (Dinophyceae) on Acartia
grani (Copepoda: Calanoida). Journal of Plankton Research

21: 2361–2371.

Dutz, J., 1998. Repression of fecundity in the neritic copepod

Acartia clausi exposed to the toxic dinoflagellate Alex-
andrium lusitanicum: relationship between feeding and

egg production. Marine Ecology – Progress Series 175:

97–107.

Frost, B. W., 1972. Effects of size and concentration of food

particles on the feeding behavior of the marine planktonic

copepod Calanus Pacificus. Limnology and Oceanogra-

phy 17: 805–815.

Guillard, R. R. L., 1975. Culture of phytoplankton for feeding

marine invertebrates. In: Smith, W. L. & M. H. Chanley

(eds), Culture of Marine Animals. Plenum Press, New

York, 26–60.

Guo, Y. J., 1994. Studies on Heterosigma akashiwo (Hada) in

the Dalian Bight, Liaoning, China. Chinese Journal of

Limnology and Oceanography 25(2): 211–215.

Hansen, P. J., 1989. The red tide dinoflagellate Alexandrium
tamarense: effects on behavior and growth of a tintinnid

ciliate. Marine Ecology – Progress Series 53: 105–116.

Honjo, T., 1993. Overview on bloom dynamics and physio-

logical ecology of Heterosigma akashiwo. In: Smayda T.

J. & Y. Shimizd (eds), Toxic Phytoplankton Bloom in the

Sea. Elsevier Science Publishers, Amsterdam, 33–41.

Honjo, T., 1994. The biology and prediction of representative

red tides associated with fish kills in Japan. Review of

Fisheries Science 2: 225–253.

Kafuku, T. & H. Ikenoue, 1983. Modern Methods of Aquacul-

ture in Japan, Developments of Aquaculture and Fisheries

Science, 11. Kodansha Tokyo, Elsevier Amsterdam,

216 pp.

Kamiyama, T. & S. Arima, 1997. Lethal effect of the dino-

flagellate Heterocapsa circularisquama upon the tintinnid

ciliates Favella taraikaensis. Marine Ecology – Progress

Series 160: 27–33.

Kim, D., Y. Sato, T. Oda, T. Muramatsu, Y. Matsuyama &

T. Honjos, 2000. Specific toxic effect of dinoflagellate

Heterocapsa circularisquama on the rotifer Brachionus
plicatilis. Bioscience Biotechnology Biochemistry 64(12):

2719–2722.

Korstad, J., 1989. Life history of Brachionus plicatilis (Rotif-

era) fed different algae. Hydrobiologia 186/187: 43–50.

Liu, S. & W. X. Wang, 2002. Feeding and reproductive

responses of marine copepods in South China Sea to

toxic and nontoxic phytoplankton. Marine Biology 140:

595–603.

Lubzens, E., 1987. Raising rotifers for use in aquaculture.

Hydrobiologia 147: 245–255.

McClatchie, S., 1988. Functional response of the euphausid

Thysanoessa raschii grazing on small diatoms and

toxic dinoflagellates. Journal of Marine Research 46:

631–646.

Pourriot, R., 1986. Les rotifers – biology. Aquaculture 5: 201–221.

Qi, Y. Z., 2003. Harmful algal blooms in China Sea. Science

Press (China). Beijing: 234–235.

Robineau, B., J. A. Gagne & L. Fortier, 1991. Potential impact

of a toxic dinoflagellate (Alexandrium excavatum) bloom

on survival of fish and crustacean larvae. Marine Biology

108: 293–301.

Schmid-Araya, J., 1991. The effect of food concentration on

the life histories of Brachionus plicatilis (O.F.M.) and

Encentrum linnhei Scott. Archiv fur Hydrobiologie 121:

87–102.

Sarma, S. S. S. & S. Nandini, 2001. Life table demography and

population growth of Brachionus variabilis Hempel, 1896

in relation to Chlorella vulgaris densities. Hydrobiologia

446/447: 75–83.

Tester, P. A. & P. J. Hansen, 1998. Interactions between toxic

marine phytoplankton and metazoan and protistan grazers.

In: Anderson, D. M., A. D. Cembella & G. M. Hallegraeff

(eds), Physiological Ecology of Harmful Algal Blooms,

NATO ASI Series, Vol. G 41. Springer-Verlag, Berlin,

453–474.

Turner, J. T. & P. A. Tester, 1997. Toxic marine phytoplank-

ton, zooplankton grazers, and pelagic food webs.

Limnology and Oceanography 42: 1203–1204.

Wang, L. P., T. Yan & R. C. Yu, 2005. Experimental study on

the impact of dinoflagellate Alexandrium species on

populations of the rotifer Brachionus plicatilis. Harmful

Algae 4: 371–382.

Wang, L. P., T. Yan & Z. J. Tan, 2003. Effects of Alexandrium
tamarense and Prorocentrum donghaiense on rotifer

Brachionus plicatilis population. Chinese Journal of

Applied Ecology 14(7): 1151–1155.

Wang, Y., Z. M. Yu & X. X. Song, 2006. Interactions between

the bloom-forming dinoflagellates Prorocentrum don-
ghaiense and Alexandrium tamarense in laboratory

cultures. Journal of Sea Research 56: 17–26.

244 Hydrobiologia (2008) 600:237–245

123



Watras, C. J., V. C. Garcon & R. J. Olson, 1985. The effect of

zooplankton grazing on estuarine blooms of the toxic

dinoflagellate Gonyaulax tamarensis. Journal of Plankton

Research 6: 891–908.

Yan, T., M. J. Zhou & M. Fu, 2003. The preliminary study on

toxicity of Heterosigm aakashiwo and the toxicity source.

Oceanologia et Limnologia Sinica 34(1): 50–55.

Yang, C. Z., L. J. Albright & A. N. Yousif, 1995. Oxygen-

radical-mediated effects of the toxic phytoplankton

Heterosigma akashiwo on juvenile rainbow trout On-
corhynchus mykiss. Diseases of Aquatic Organisms 23:

101–108.

Zhou, L. H. & D. Z. Wang, 2005. Effect of Alexandrium
tamarense on population dynamics of Brachionus plica-
tilis. Chinese Journal of Applied and Environmental

Biology 11(4): 444–447.

Hydrobiologia (2008) 600:237–245 245

123


	Interactions between red tide microalgae and herbivorous zooplankton: effects of two bloom-forming species �on the rotifer Brachionus plicatilis (O.F. Muller)
	Abstract
	Introduction
	Materials and methods
	Algae and rotifer culture
	Growth interactions between algae �and B. plicatilis
	Ingestion and clearance rates of B. plicatilis
	Mixed culture experiments
	Statistical analyses

	Results
	Feeding ability of B. plicatilis on the two �HAB species
	Growth interactions between the algae �and rotifers
	Mixed culture experiments

	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


