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Abstract To evaluate the potential of Branchinella

kugenumaensis for cyanobacterial bloom control rela-

tive to Daphnia, we conducted several feeding exper-

iments on microcystin-free and microcystin-containing

unicellular strains of Microcystis aeruginosa and

colonial forms of Microcystis using B. kugenumaensis

and Daphnia magna in a laboratory. Branchinella

kugenumaensis showed higher filtration rates than those

of D. magna in all treatments. In particular, the

microcystin-containing unicellular strain supported

the highest filtration rates of B. kugenumaensis among

treatments. Daphnia magna reduced colonies less than

75 lm in length, whereas B. kugenumaensis could

graze colonies less than 100 lm. The middle-sized

group of B. kugenumaensis had a higher filtration rate

than the small and large sized groups in a continuous

feeding experiment for 4 days. In survival experiments,

survivorships were not different between the two

species, whereas ages at the beginning of the experi-

ments affected their survival time. Our results showed

that B. kugenumaensis grazed on toxic and colonial

cyanobacteria at relatively high rates, indicating that

locally abundant grazers like Branchinella may offer a

better potential for bloom control than Daphnia.

Keywords Filtration rate � Microcystis aeruginosa �
Toxic strain � Branchinella kugenumaensis � Daphnia
magna

Introduction

Blooms caused by harmful cyanobacteria, such as

genera of Microcystis- and Dolichospermum (An-

abaena)-producing toxic compounds, have affected

domestic animals, humans, and aquatic organisms, such

as zooplankton and fish worldwide (Codd et al. 2005;

Zurawell et al. 2005). Various methods have been

applied to control cyanobacterial blooms in the field

and through laboratory experiments, such as reducing

nutrient loading (Hamilton et al. 2016), applying

inorganic chemicals such as copper sulfate (Le Jeune

et al. 2006), ultrasonic irradiation (Lee et al. 2001),

allelopathy of aquatic plants (Hu and Hong 2008), and

biomanipulation by increasing herbivorous zooplank-

ton by reducing predation pressure of higher trophic

levels (Shapiro et al. 1975; Hansson et al. 1998).

Although chemical and mechanical approaches can

efficiently eliminate target cyanobacteria species, they

can result in negative effects on non-target species

(Jančula and Maršálek 2011; Matthijs et al. 2016).

Moreover, approaches to reduce the influx of nutrients

are generally unfeasible due to high costs, risks of being

largely ineffective, and producing unexpected effects

(Mackay et al. 2014). Therefore, many recent studies

have attempted to increase abundances of herbivorous
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organisms, especially Daphnia, by removing planktiv-

orous fish (Horppila et al. 1998; Olin et al. 2006;

Søndergaard et al. 2008) or addition of piscivorous fish

(Søndergaard et al. 1997; Drenner et al. 2002). In

addition, other studies have used various kinds of

organisms, such as protozoa (Pajdak-Stós et al. 2001),

zooplankton (Ha et al. 2013), zebra mussels (Dionisio-

Pires et al. 2005), and filter-feeding fish (Xie and Liu

2001) to directly consume cyanobacteria in a form of

biological control. When consumers of phytoplankton

are added to blooms in water, they encounter resistance

of harmful cyanobacteria to their grazing by means

including toxicity, inedible size, high density, and

insufficient nutrient compositions (Visser et al. 2005).

Therefore, numerous indoor feeding experiments have

focused on growth rate, grazing ability, and survival

rates of control organisms on toxic cyanobacterial

strains, which contain cyanotoxins such as microcystin

and anatoxin at various concentrations and forms,

especiallyMicrocystis aeruginosa (DeMott et al. 1991;

Dionisio-Pires et al. 2005; Wilson et al. 2006; Ger et al.

2010a, b). Among zooplankton, the large cladoceran

Daphnia was primarily tested for feeding experiments

due to its high mass-specific grazing rate as compared

with other common zooplankton, such as copepods and

smaller cladocerans, and ease of use in both laboratory

and field experiments (Ger et al. 2016).

The fairy shrimp, a large freshwater branchiopod,

can be compared its grazing ability to Daphnia among

the consumers of phytoplankton.Most fairy shrimps are

known as non-selective filter feeders feeding on algal

and detrital diets by particle filtration using thoracic

appendages, except some raptorial species, such as

Branchinecta gigas (Brendonck 1993a; Munuswamy

et al. 1997). Ingestion of Daphnia and fairy shrimps is

restricted by morphological conditions, such as filter

mesh size and body size along with environmental

factors (i.e., temperature) as well as prey toxicity

(Lampert 1987a; Brendonck 1993b; Kurmayer and

Jüttner 1999). Maximum size of ingested particles are

reported to be similar between Daphnia and fairy

shrimp up to around 70–75 lm depending on body size

in feeding experiments using artificial particles for diets

(Burns 1968; Brendonck 1993a).

Daphnia species have been tested to measure

filtration rate and survival rate on various algal

species, as well as Microcystis in many studies

(Lampert 1987a, b; DeMott et al. 1991; Reinikainen

et al. 1994). However, only few studies have been

conducted in fairy shrimps regarding grazing rates and

survival rates on cyanobacteria (Kurmayer and Jüttner

1999), although several feeding experiments were

performed on green algae, zooplankton prey, and

bacteria (Mertens et al. 1990; Brendonck 1993a, b; Ali

et al. 1996; Dierckens et al. 1997). According to

previous studies, ingestion rates and clearance rates of

fairy shrimps on Cryptomonas (Cryptophyceae),

Fragilaria (Diatomophyceae), natural bacteria, and

Planktothrix (Cyanobacteria) were lower than those of

Daphnia (Kurmayer and Jüttner 1999; Bertilsson et al.

2003). However, the cyanobacteria ingestion of

Daphnia and fairy shrimp might be influenced also

by consumer’s background such as exposure to

cyanobacteria. Zooplankton species coexisting with

toxic cyanobacteria tend to have tolerance on toxic

cyanobacterial diets (Kurmayer and Jüttner 1999;

Chislock et al. 2013).

Branchinella kugenumaensis is widespread in Asia,

including Korea, India, China, and Japan (Yoon 1993;

Brendonck and Belk 1997). The fairy shrimp usually

inhabits ephemeral pools, such as vernal ponds, and

especially rice paddy fields in Korea. The fairy shrimp

and other coexisting zooplankton, such as Moina and

Daphnia, which hatch from dormant eggs, occurred in

irrigated paddy fields in South Korea generally from

May to July due to farming methods (Han et al. 2013).

Branchinella and other zooplankton appear with

cyanobacteria, one of the main microbiota and graze

it during the irrigation period in rice paddy fields

(Kimura 2005; Wu and Xue 2009).

To compare the grazing rates of the fairy shrimp

and Daphnia on single celled and colonial Microcys-

tis, we conducted indoor feeding experiments using B.

kugenumaensis andD. magna that were fed unicellular

toxic and non-toxic strains of M. aeruginosa in

addition to natural colonial forms of Microcystis.

Further, we measured filtration rates, survivorships,

and feeding ranges of the two consumer species.

Materials and methods

Phytoplankton cultures

A chlorophyte species, Selenastrum capricornutum,

and two different strains of cyanobacteriaMicrocystis

aeruginosa were obtained from the Culture Collection

of Algae at the University of Texas at Austin, USA
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(UTEX). While Selenastrum capricornutum (UTEX

1648) was cultured with the synthetic medium L16

(Lindström 1983), ‘toxic’ strain of M. aeruginosa

(UTEX 2385) known to produce microcystins (MCs)

and ‘non-toxic’ strain (UTEX 2386) known not to

produce MCs were cultured using modified L16

medium with enriched nitrogen (912 NaNO3) for

optimizing M. aeruginosa growth. All three algal

strains were grown in 2-L glass flask containing 1 L of

the medium in semicontinuous batch cultures main-

tained in exponential growth phase by weekly subcul-

turing at 25 �C under fluorescent light at 40 lmol

photons m-2 s-2 in a light/dark cycle of 16 h:8 h.

Flasks were capped with sterile cotton balls and gently

shaken two times a day. MCs (microcystin-LR and

microcystin-RR) in both Microcystis strains were

measured by an Agilent Series 1100 high-performance

liquid chromatography coupled to a Waters Micro-

mass ZQ 2000 mass spectrometry with electrospray

ionization (HPLC–ESI–MS). The UTEX 2385 strain

(MC?) contained only MC-LR, whereas both MC-LR

and MC-RR were not detected in the UTEX 2386

strain (MC-).

Animal cultures

Daphnia magna was obtained from stock cultures

under laboratory conditions at the Han-River Envi-

ronment Research Center. Daphnia magna was

maintained in a state of clonal replication in 2-L

experimental glass aquarium containing 1 L of the

L16 medium refreshed weekly in triplicate. On the

other hand, Branchinella kugenumaensis was

obtained from dormant eggs in soil collected from

rice paddy fields under organic farming practice in

Jangseong, Korea. B. kugenumaensis were separated

by hatching time into different 2-L experimental

glass aquariums and maintained lower than 10

individuals in each aquarium containing 1 L of the

L16 medium refreshed weekly. Selenastrum capri-

cornutum (kept more than 0.5 mg C L-1) was sup-

plied to the animals by daily additions. Algal carbon

biomass (mg C L-1) was determined by estimated

equation of correlation with total carbon biomass and

light absorbance at 800 nm for both green algae and

cyanobacteria strains. The animals were maintained

in a growth chamber at 25 �C under fluorescent light

at 40 lmol photons m-2 s-2 in a light/dark cycle of

16 h:8 h.

Feeding experiments and filtration rate

To investigate grazing ability of B. kugenumaensis on

toxic and colonial form of Microcystis, three differ-

ent laboratorial feeding experiments were conducted.

In first feeding experiment, 30 individuals of B.

kugenumaensis were selected for covering a wide

range of animal sizes and separated into two groups

fed with MC? and MC- strains (body length, MC?

strain group: 5.30–13.65 mm, 9.48 ± 3.07 mm,

n = 15; MC- strain group: 5.15–13.05 mm,

9.33 ± 2.94 mm, n = 15, mean ± SD). Length of

animals and colonies were measured using a micro-

scope (SMZ 800, Nikon) and a microruler before the

experiment. Thirty-two individuals of D. magna

selected for covering a wide range of animal sizes

and separated into two groups (body length, MC?

strain group: 1.5–3 mm, 2.26 ± 0.50 mm, n = 16;

MC- strain group: 1.35–2.75 mm, 2.06 ± 0.50 mm,

n = 16). One individual animal regardless of species

was used in a 250-mL beaker with 100 mL of mixed

L16 medium and diet at 8.08 ± 0.04 9 107 -

cells L-1 and 8.34 ± 0.03 9 107 cells L-1 for

MC? and MC- strain group, respectively, in a

growth chamber at 25 �C under a dark condition for

12 h. To obtain cell density of Microcysits, we

converted concentration of chlorophyll a to the

number of cells using equations of Sun et al.

(2012). Control in triplicate without animals of each

group was used for calculating filtration rates. Each

beaker was gently shaken once to prevent food

settling during the experiment. After feeding, ani-

mals were removed and dried in an oven at 60 �C.
Dried individual animals were weighed using a

microbalance (PerkinElmer, AD 6000 Ultra

Microbalance). The medium with cyanobacteria

were filtered using GF/C filters (Whatman, USA).

The filters were kept in a refrigerator at -20 �C
before chlorophyll a measurements.

We repeated a similar feeding experiment adding

the colonial treatment in the second experiment. Seven

animals for each species were used in the MC? strain,

MC- strain, and colonial treatment. In this time, large

animals were selected compared to the first experi-

ment (B. kugenumaensis: 10.86 ± 2.10 mm, n = 21,

D. magna: 2.39 ± 0.32 mm, n = 20). The colonial

forms of cyanobacteria were collected from surface of

the Seoho Reservoir in Suwon, Korea, in September

2008 during a cyanobacterial bloom. The Seoho
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Reservoir is a eutrophic reservoir dominated with

Microcystis when the cyanobacterial bloom occurred

(Yang et al. 2016). A relative abundance of Micro-

cystis spp. is regarded as more than 99% of total

phytoplankton biomass during the cyanobacterial

bloom on the surface of the Seoho Reservoir based

on unpublished data. Collected colonies were filtered

with a 368-lm mesh screen before the second feeding

experiment. Initial cyanobacterial densities were

8.82 ± 0.18 9 107 cells L-1, 9.07 ± 0.02 9 107 -

cells L-1, and 7.05 ± 0.70 9 107 cells L-1 for

MC?, MC- strain and colonial form, respectively.

Culture conditions and procedure to calculate filtration

rates of the second experiment were same as the first

experiment. A 20 mL aliquot of each sample was fixed

with Lugol’s iodine solution for counting segmental-

ized colonies in the colonial treatment. Three samples

each among initial, control, and treatments were used

for counting. The medium left were filtered using GF/

C filters (Whatman, USA). The filters were refriger-

ated at -20 �C before chlorophyll a measurements.

The third feeding experiment was conducted to test

persistence of the fairy shrimp with the MC? strain at

high densities. The animals were assigned into three

size groups (group I: 5.64 ± 0.62 mm, group II:

8.34 ± 0.34 mm, and group III: 12.02 ± 0.96 mm;

each group had five animals for replications). One

individual B. kugenumaensis was fed on the MC?

strain in 250-mL beaker with 100 mL of mixed L16

medium and diet at about 129 higher density

(1.09 ± 0.14 9 109 cells L-1) than first and second

experiments at 25 �C under a light/dark cycle of

12 h:12 h for 4 days. Medium with food were

refreshed and collected every 12 h during the exper-

iment. Collected mediums were filtered using GF/C

filters (Whatman, USA) and kept at -20 �C in a

refrigerator before chlorophyll a measurements.

Chlorophyll a concentrations were measured with a

fluorometer (Trilogy, Turner designs, USA) following

the EPA Method 445.0, except for the acidification

step.

Filtration rate (F, in mL ind-1 h-1) was calculated

as following equation:

F ¼ V b�að Þ
N

Peters 1984ð Þ

b ¼ lnCCt� lnCC0

t
; a ¼ lnCt�lnC0

t
;

where V is test volume in a beaker in mL, t is the length

of time for feeding, N is the number of animals in the

beaker, a growth rate constant (b) is calculated with

the initial (CC0) and final (CCt) concentrations in the

control, changes in the experimental container yields

(a) is calculated with the initial (C0) and the final (Ct)

concentration in the treatment. Chlorophyll a concen-

tration (lg L-1) was used for cell concentration in the

experiments. The initial and control had three repli-

cates each, and we used averages of those concentra-

tions for calculation except first day on the third

experiment. Same initial concentrations were used for

calculation of filtering rates for both controls (CC0)

and treatments (C0).

Survivorship on the MC? strain

To investigate survivorship on the MC? strain, two

consecutive experiments were conducted using

cohorts with different ages. Neonates of B. kugenu-

maensis and D. magna hatched and born in distilled

water within 24 h were used for the first experiment. In

the second experiment, animals cultured by feeding

the S. capricornutum (0.5 mg C L-1 day-1) with L16

medium for a week after hatching were used. Ten

individuals of each species were used for the exper-

iments. One individual animal was incubated in

100 mL of the L16 medium with MC? strain at

0.5 mg C L-1 in 250 mL beaker in the growth

chamber at 25 �C under 16 h light/8 h dark photope-

riod during experiments. On each day, the survivors

were recorded and transferred to fresh medium.

Statistical analysis

Variations in filtration rates, survival times on toxic

strain, and ability of grazing colonies between species

were analyzed by standard t test and analysis of

variance (ANOVA) using S-Plus 6 for Windows

(Insightful Corp., USA).

Results

In the first feeding experiment, filtration rates of B.

kugenumaensis were significantly higher than those of

D. magna on both of MC? and MC- strains (B.

kugenumaensis: 4.66 ± 2.88 mL ind-1 h-1 and
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1.97 ± 1.44 mL ind-1 h-1;D. magna: 0.16 ± 0.25 mL

ind-1 h-1 and 0.49 ± 0.64 mL ind-1 h-1 on MC?

stain and MC- strain, respectively, p\0.001) (Fig. 1a).

In particular, B. kugenumaensis appeared to filter the

MC? strain much more than theMC- strain (p\0.01),

whereas D. magna appeared to filter the MC- strain

Fig. 1 Mean (±SD)

filtration rates

(mL ind-1 h-1) for B.

kugenumaensis and D.

magna on MC? and MC-

strains of M. aeruginosa in

the first feeding experiment

(a). Relationship between

filtration rates

(mL mg-1 h-1) which is

standardized to 1 mg dry

mass on the MC? and MC-

strains ofM. aeruginosa and

length for B. kugenumaensis

(b) and D. magna (c). SD
standard deviation. Asterisk

indicates statistical

differences (t test,
***p\ 0.001)
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more than the MC? strain (p\0.05). In the experiment,

we used various sizes of animals. So, we compared

relationships with lengths of animals and mass-specific

filtration rates on different strains in B. kugenumaensis

(Fig. 1b) and D. magna (Fig. 1c). The mass-specific

filtration rates were higher in small B. kugenumaensis

than those in large individuals on both strains, especially

in animals in the range of 6 and 8 mm in the MC? strain

(Fig. 1b). The filtration rates of D. magna were not

distinguished among sizes, although variance in their

filtration rates was higher on the MC- strain than on

MC? strain (Fig. 1c). The mass-specific filtration rates

were not different between species on MC- strain;

however, B. kugenumaensis filtered much more than D.

magna on the MC? strain (p\0.001).

In the second feeding experiment, filtration rates ofB.

kugenumaensis were significantly higher than those of

D. magna for unicellular and colonial form of Micro-

cystis (B. kugenumaensis: 16.97 ± 3.27, 4.84 ± 1.45

and 2.46 ± 1.39 mL ind-1 h-1; D. magna: 0.25 ±

0.44,-0.08 ± 0.19 and-1.09 ± 10.63 mL ind-1 h-1

on MC? strain, MC- strain and colonial form,

respectively, p\0.001, Fig. 2a). The filtration rate of

B. kugenumaensis on MC? strain was significantly

higher than that on other treatment (p\0.001), whereas

D. magna on the colonial form was much lower than

others (p\0.001). We used larger animals in the

second feeding experiment than in the first feeding

experiment, so filtration rates onMC? andMC- strains

in the second experiment were higher than those in the

first experiment. Relationships between the mass-

specific filtration rates and animal sizes on the unicel-

lular strain in the second experiment were similar to

those of the first experiment. Feeding on the colonial

form was not dependent on sizes of B. kugenumaensis

(Fig. 2b). It is notable that small-sized D. magna rather

augmented cyanobacterial concentration (Fig. 2c). In

the feeding experiment on the colonial form, only B.

kugenumaensis decreased the number of colonies

(Fig. 3a). In detail, B. kugenumaensis decreased the

number of colonies smaller than 100 lm. Daphnia

magna decreased number of colonies, smaller than

75 lm and increased lager than 75 lm (Fig. 3b).

Consequently, both B. kugenumaensis and D. magna

increased the proportion of colonies larger than 75 lm
(Fig. 3c). In the final feeding experiment, the higher cell

density (about 12 times higher) of MC? strain than

those of the previous experiments, the filtration rates of

B. kugenumaensis were lower than that of the previous

experiment. In addition, the filtration rates decreased

with sustained exposure to MC? strain in all of groups

(Fig. 4). Light conditions did not affect filtration rates.

The middle-sized group (8.34 ± 0.34 mm) showed

higher filtration rates than the other groups during the

experiment except at the light condition on day 2. Both

survival experiments showed thatB. kugenumaensis and

D. magna had similar survivorship and survival times

(Fig. 5). However, survival times of animals depended

on the age at the beginning of the experiments (B.

kugenumaensis: 3.9 ± 1.10 and 7.5 ± 2.07 days,

p\0.001, D. magna: 3.8 ± 1.08 and 8 ± 2.5 days,

p\0.001, at newborn and 7 days old, respectively, not

significant between species). In particular, survival

times of B. kugenumaensis at 7 days had relationships

with its initial size (correlation coefficient, r = 0.55).

Discussion

Our results show that compared to a laboratory strain

of D. magna, a wild strain of the fairy shrimp B.

kugenumaensis had a higher mass-specific ingestion

rate of Microcystis, ingested more of the MC? strain,

and ingested larger colonies. These results suggest that

local zooplankton, as opposed to laboratory main-

tained Daphina strains, may offer more potential in

controlling toxic cyanobacteria. In two feeding exper-

iments, compared to D. magna, B. kugenumaensis

showed higher cyanobacteria filtration rates per capita

regardless of toxicity and cyanobacterial forms

(Figs. 1, 2a). However, filtration rates of zooplankton

have positive relations with body length and dry

weight (Peters and Downing 1984). Mass-specific

filtration rates also showed higher values in B.

kugenumaensis than in D. magna, especially for the

MC? strain (Figs. 1b, c, 2b, c). In terms of mass-

specific filtration rates, D. magna had consistent

feeding ability on unicellular diets over the whole

range of body length, whereas B. kugenumaensis

showed particularly higher filtering ability in smaller

sizes of animals. In other word,Daphnia species had a

linear relation between filtration rates per individual

and body length (Burns 1969), and B. kugenumaensis

exhibited a logarithmic relation similar to that by other

anostracan species (Brendonck 1993b) and a mussel

(Thompson and Bayne 1974). The fairy shrimp grows

rapidly to mature within 10 days, though there is a

difference between individuals. Therefore, immature
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fairy shrimps need more energy or nutrient to develop

stage and ingest diet more than adults as compared

with their body weight (Dumont et al. 1994).

Similarly, mass-specific ingestion rates of juvenile

Daphnia are higher than those of adults (McCauley

et al. 1990). However, body size of adult fairy shrimp

Fig. 2 Mean (±SD)

filtration rates

(mL ind-1 h-1) for B.

kugenumaensis and D.

magna on MC? and MC-

strains ofM. aeruginosa and

colonies of Microcystis in

the second feeding

experiment (a). Relationship
between filtration rates

(mL mg-1 h-1) which is

standardized to an

individual of 1 mg dry mass

on the MC? and MC-

strains and colonies of

Microcystis and lengths for

B. kugenumaensis (b) andD.
magna (c). SD standard

deviation. Asterisk indicates

statistical differences (t test,
***p\ 0.001)
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Fig. 3 Mean (±SD)

number of total dividing

cells. Initial group, control,

and treatments with B.

kugenumaensis and D.

magna on colonies of

Microcystis in the second

feeding experiment (a).
Mean (±SD) number of

dividing cells on range of

major axis length of colonies

(b). Mean (±SD) frequency

of dividing cells on range of

major axis length of colonies

(c). SD standard deviation.

Asterisk indicates statistical

differences (ANOVA,
*p\ 0.05, **p\ 0.01 and
***p\ 0.001). Bars labeled

with the same letter are not

significantly different

between treatments after

Tukey’s test
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is much larger thanDaphnia. For that reason, we think

that the small-sized fairy shrimps ingested M. aerug-

inosa strains more than the large one.

In our results, B. kugenumaensis showed signifi-

cantly higher filtering ability on MC? strain than those

on MC- strain in the first and second feeding

experiments (MC?: 34.77 ± 26.18 mL mg-1 h-1,

n = 22; MC-: 13.45 ± 9.38 mL mg-1 h-1, n = 22,

p\ 0.01) in addition to a higher filtering ability thanD.

magna. In contrast to our results, a fairy shrimp,

Thamnocephalus platyurus, showed lower ingestion

rates on a toxic fragmented cyanobacterium than did

Daphnia hyalina in a previous study (Kurmayer and

Jüttner 1999). Kurmayer and Jüttner (1999) used a

filamentous cyanobacterium Planktothrix rubescens

containing microcystins to be consumed by coexisting

species such as D. hyaline in a lake. The fairy shrimps

they used were obtained from a company and smaller in

size than the Daphnia in their experiments. Zooplank-

ton genotypes which co-occur with toxic cyanobacteria

in nature or previous exposure to the toxic cyanobac-

teria showed physiological resistance and tolerance to

the toxic cyanobacteria (Kurmayer and Jüttner 1999;

Barros et al. 2001; Gustafsson and Hansson 2004;

Chislock et al. 2013; Jiang et al. 2013). We used B.

kugenumaensis which has been exposed to cyanobac-

teria in the rice paddy fields where we obtained their

dormant eggs. The results showing higher ingestion on

both MC? and MC- strains in B. kugenumaensis

compared to D. magna could be attributed to their

exposure to cyanobacteria and their relatively large

body size. Based on our results from the first and second

feeding experiments, we assumed that B. kugenumaen-

sis used in our experiments had specific grazing ability

on MC? strain. Although toxic concentration and

toxicity onM. aeruginosa can be influenced by culture

conditions (Watanabe and Oishi 1985; Kardinaal and

Visser 2005), the MC? strain used in this study, known

to produce microcystin (Ouahid et al. 2005; Ouellette

et al. 2006), also produced microcystin-LR in our

laboratory conditions. Of course, microcystins might

not influence grazers (Wilson et al. 2006) and other

secondary metabolites in Microcystis could affect the

consumer’s grazing on the MC- strain (Codd et al.

2005). However, mass-specific filtration rates on the

MC- strain were not significantly different between

species in the first feeding experiment by using wide

size distribution of animals (p = 0.381). Therefore, we

suppose that B. kugenumaensis has better grazing

ability on MC producing M. aeruginosa based on our

results.

The mass-specific filtration rates of D. magna were

higher on the MC- strain than on the MC? strain

(MC?: 2.42 ± 6.44 mL mg-1 h-1, n = 23; MC-:

Fig. 4 Mean (±SD)

filtration rates

(mL ind-1 h-1) for

different size groups of B.

kugenumaensis on MC?

strain of M. aeruginosa in

dark and light switched

conditions for four days. SD

standard deviation. Asterisk

indicates statistical

differences (ANOVA,
*p\ 0.05, **p\ 0.01 and
***p\ 0.001). Bars labeled

with the same letter are not

significantly different

between treatments after

Tukey’s test
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5.81 ± 10.68 mL mg-1 h-1, n = 22), although it

was not significantly different (p = 0.208). Because

the filtration rate was influenced by algal concentra-

tion, as well as toxicity and morphological type (Peters

and Downing 1984), it is not appropriate to compare

our present results to previous studies with different

experimental conditions, such as body size of animals

and exposure time. Nonetheless, filtration rates of D.

magna in our study support the results of other studies

showing higher filtration rates of Daphnia sp. on non-

toxic strain than on toxic strain (DeMott et al. 1991;

Blanchette and Haney 2002). Some studies showed

higher filtration rates of D. magna than those in the

present study. We think that such results are related to

the diet concentration, because our study was con-

ducted at a high cell density (MC? strain

8.45 ± 0.42 9 107 cells L-1, n = 6; MC- strain:

8.70 ± 0.40 9 107 cells L-1, n = 6). Some studies

showed that Daphnia exhibited a type II functional

response (DeMott 1982; McCauley et al. 1990).

The fairy shrimp showed the ability to graze small-

sized colonial forms of cyanobacteria, whereas D.

magna showed limited ability to forage colonies

(Figs. 2a, 3a, respectively). In particular, small Daph-

nia presented highly negative filtration rate (Fig. 2c).

Earlier studies showed similar results that daphnids

appeared to have higher filtration rates on single cells

than on colonial or filamentous forms of green alga

and cyanobacteria, such as M. aeruginosa and Plank-

tothrix agardhii, due to selectively feed on small

phytoplankton (Dionisio-Pires et al. 2007). Edible diet

sizes of filter-feeding herbivores would be determined

by the size of their filtration appendages and mouth.

Daphnia magna can feed on diet up to a size of around

75 lm in diameter (Burns 1968), while a fairy shrimp

Streptocephalus proboscideus can take particles less

Fig. 5 Survivorships of populations of B. kugenumaensis and D. magna in the MC? strain of M. aeruginosa in the first survival

experiment (a, b) and the second survival experiment (c, d)
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than around 70 lm of artificial particles (Brendonck

1993a), although this species could consume small

cladocerans such as Bosmina longirostris and rotifers

at low abundance in a feeding experiment (Ali et al.

1996). The present results show that B. kugenumaensis

could consume up to 100 lm of colony size, whereas

D. magna fed on colonies less than 75 lm, mainly

50 lm (Fig. 3b). When Burns (1968) equation was

applied to D. magna on the colonial form feeding, to

estimate maximum particle ingested, the result

obtained was similar to our result of

57.89 ± 4.78 lm. Additionally, D. magna increased

number of colonies larger than 75 lm (Fig. 3b).

Coexistence of animals such as a mixotrophic chrys-

ophyte and Daphnia appeared to alter size distribu-

tions and morphology of the colonial form of

cyanobacteria and a green alga due to their feeding

activities and infochemicals (Fig. 3b, c) (Lürling et al.

1997; Van Donk et al. 2009).

In continuous feeding experiment at high concen-

trations, filtration rates of B. kugenumaensis decreased

along with exposure time (Fig. 4). Increased exposure

time under toxic conditions would influence the

feeding ability of grazers negatively (DeMott et al.

1991). Nevertheless, the filtration rates in all size

groups were maintained at positive values until day 3

in this study. Particularly, the middle size group

(Group II: 8.34 ± 0.34 mm) showed higher filtration

rates than did the other groups and maintained positive

rates during the experiment. Previous studies showed

comparable results as logarithmic curves in relation-

ship between clearance rates of fairy shrimps on green

algae and body length (Mertens et al. 1990; Brendonck

1993b).

To control cyanobacterial bloom in nature, it is

important to survive in concentrated toxic conditions

for long times. Survival rates on toxic cyanobacteria in

laboratorial experiments vary according to cell den-

sity, consumer species, and age at beginning experi-

ments (DeMott et al. 1991; Reinikainen et al. 1994;

Ger et al. 2010b). Young individuals (1-day-old) of a

fairy shrimp showed lower survival rates on extracts of

toxic cyanobacterium and fragmented cyanobacteria

such as Planktothrix and Anabaena than did Daphnia

previously exposed to cyanobacteria in a referenced

study (Kurmayer and Jüttner 1999). Our results

showed that survival times on MC? strain were not

significantly different between B. kugenumaensis and

D. magna regardless of the age at the beginning of

experiments (Fig. 5). However, the age of animals and

size at the beginning experiments were important in

their survival time in all species (p\ 0.001). Sur-

vivorship as well as population growth rates of

animals fed on cyanobacteria would be affected by

toxicity and low food quality (Wilson et al. 2006). In

addition, the survivorships could be affected by

nutritive conditions of animals. Animals fed green

alga for seven days prior to the experiment could

survive longer than newborn zooplankton fed without

prior diet. Our results supported the finding of

previous studies that used different age of consumers

for grazing toxic cyanobacteria (Lampert 1987b;

Reinikainen et al. 1994).

In conclusion, locally adapted B. kugenumaensis

had higher feeding ability on MC producing M.

aeruginosa and ability to small-sized Microcystis

colonies compared to Daphnia. Prior to determine the

specific feeding ability, further study would be needed

to know whether results of specific grazing on MC?

strain by the fairy shrimp were attributed to local

adaptation of cyanobacteria in this study. In the future,

we will do further study to evaluate ingestion rates of

naı̈ve fairy shrimp and other coexisting zooplankton in

paddy fields. Despite insufficient evidence of adapta-

tion to toxic cyanobacteria, locally abundant grazers

like Branchinella may offer a better potential for

bloom control than Daphnia based on our results.
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M, Strand J (1998) Biomanipulation as an application of

food-chain theory: constraints, synthesis, and recommen-

dations for temperate lakes. Ecosystems 1:558–574

Horppila J, Peltonen H, Malinen T, Luokkanen E, Kairesalo T

(1998) Top-down or bottom-up effects by fish: issues of

concern in biomanipulation of lakes. Restor Ecol 6:20–28

Hu H, Hong Y (2008) Algal-bloom control by allelopathy of

aquatic macrophytes—a review. Front Environ Sci Eng

2:421–438
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