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Abstract: The polyp stage is an important part of the Aurelia aurita s.l. life cycle, because polyp clones are able to

increase their population size by budding, providing the opportunity to increase the medusa population by the produc-

tion of many ephyrae through strobilation. We investigated asexual reproduction of A. aurita polyps on an individual

basis at 4 different temperatures (i.e. 18, 22, 26 and 28oC) and at 5 different food levels (i.e. 1.7, 3.3, 6.6, 10 and 13.3 mg

C polyp�1 d�1) in the laboratory. Three types of asexual reproduction were observed: polyps directly budded from the

parent stalk (DBP), polyps budded from the parent pedal stolon (SBP), and podocysts (PC). DBP was the major repro-

ductive method (94% of the total) and SBP and PC accounted for only 5 and 1%, respectively. PC were produced by the

polyps kept under low food supply (�3.3 mg C polyp�1 d�1) and high temperature (�26°C). Production of new polyps

by DBP and SBP significantly increased with increasing food and temperature. The somatic growth of parent polyps

significantly increased with more food and cooler temperatures. We conclude that both increases in water temperature

through global warming and increases in abundances of zooplankton prey because of eutrophication may be responsible

for the prominent blooms of A. aurita medusae in East Asian coastal waters in recent times.
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Introduction

There is concern that large gelatinous zooplankton such

as cnidarians and ctenophores have become more prevalent

in many regions around the world and are causing serious

socio-economic problems (Arai 2001, Graham 2001,

Brodeur et al. 2002, Kawahara et al. 2006, Purcell et al.

2007). Since these gelatinous carnivores are both competi-

tors and predators of fish (reviewed by Arai 1988, Purcell &

Arai 2001), the increase of jellyfish populations may be a

potential threat for sustainable fisheries (Lynam et al. 2005,

Uye 2008, Pauly et al. 2009). Hence, it is important not

only to elucidate the mechanisms causing the jellyfish

blooms that have become increasingly frequent and promi-

nent recently, but also to predict future blooms and to iden-

tify appropriate countermeasures.

In many coastal waters, the moon jellyfish Aurelia aurita

(Linnaeus) s.l. (see Dawson & Martin 2001, Dawson 2003,

Ki et al. 2008, for sibling species of this genus) is the most

common scyphozoan species and often blooms to cause

detrimental effects on human enterprises (Yasuda 2003,

Purcell et al. 2007). Particularly, in East Asian coastal 

waters the blooms of A. aurita have been associated with

problems of operating power plants and commercial fish-

eries. For instance in Japan, the first noticeable increase 

of the A. aurita population took place in Tokyo Bay during

the 1960s, when the bay was heavily eutrophicated by 

increased industrial and civil sewage discharge (Unoki &

Kishino 1977) and aggregated medusae often clogged the

screens of cooling water intakes of coastal power plants

(Kuwabara et al. 1969). The A. aurita medusa population

has since become one of the predominant zooplankton

components in Tokyo Bay (Omori et al. 1995, Toyokawa et

al. 2000, Ishii 2001). Since the 1980s, the A. aurita popula-

tion has significantly increased in the Inland Sea of Japan

(Seto Inland Sea), as revealed by an extensive poll of fisher-

men in regard to recent increases of jellyfish and associated

nuisances to fisheries (Uye & Ueta 2004). In Korea, the first

shut down of a nuclear power plant due to the outbreak of

A. aurita medusae took place in 1996 (Korean Nuclear

Power Plant Operational Performance Information System,

http://opis.kins.re.kr/). Since then, the power plant shut*Corresponding author: Shin-ichi Uye; E-mail, suye@hiroshima-u.ac.jp



downs caused by aggregated A. aurita medusae have 

become more frequent and serious, and at the same time the

nuisance to fisheries has also become increasingly signifi-

cant (Lee et al. 2006, Korean National Fisheries Research

and Development Institution, http://nfrdi.re.kr/). In addi-

tion, chronic blooming of this species has now become

common in eutrophicated bays and inlets, such as Masan

Bay and Shiwha Lake (personal communication with 

researchers in Korean National Fisheries Research and 

Development Institute).

The increase in the A. aurita population in East Asia may

not be attributed to a climate cycle or regime shift, which

may have been responsible for jellyfish biomass fluctuation

in the Bering Sea (Brodeur et al. 2002) and the North Sea

(Lynam et al. 2004), but rather to regional environmental

changes (Purcell et al. 2007). Although many authors have

speculated about causes of the recent outbreaks of jellyfish,

including increased ocean temperature by global warming,

increased zooplankton prey by eutrophication, increased

polyp attachment sites by marine construction, and decreased

zooplanktivorous fish stocks by over-fishing (e.g. Arai

2001, Graham 2001, Lynam et al. 2006, Purcell 2005, Pur-

cell et al. 2007, Richardson et al. 2009), little direct evi-

dence exists.

One of the characteristic life stages of cnidarian jellyfish

is the benthic polyp stage, during which clonal polyps can

increase their abundance by asexual reproduction so that

more ephyrae are released through strobilation. Hence, it is

essential to investigate the dynamics during the polyp stage

in order to understand the causes of medusa outbreaks. Pre-

vious studies have shown that temperature, salinity, light,

oxygen concentration, food supply, etc. influence the polyp

asexual reproduction of the genus Aurelia (Coyne 1973,

Keen & Gong 1989, Ishii & Watanabe 2003, Ishii et al.

2008, Purcell 2007, Willcox et al. 2007, Liu et al. 2009).

Most of these works examined the responses of polyps at

the whole colony level, in particular how the colony size

changes with environmental conditions. However, investi-

gation at the individual polyp level (Purcell 2007, Liu et al.

2009) is needed to understand the asexual reproduction in

detail. Because of recent environmental changes in East

Asian coastal waters where global warming and eutrophica-

tion are remarkable (Yan et al. 2003, Gilbert et al. 2005,

Wang 2006), we studied the effects of combinations of tem-

perature and food supply on asexual reproduction and 

somatic growth of A. aurita polyps at the individual level.

Materials and methods

Polyps of Aurelia aurita s.l. used in this experiment were

derived from our stock culture population maintained in

seawater of 25 salinity at 20oC in the dark. The stock cul-

ture originated from medusae that had been collected in

October 2005 from brackish-water Honjo District (part of

Lake Nakaumi), Shimane Prefecture, Japan (Han et al.

2009). A hundred polyps of 2–3 weeks since budding were

carefully removed from the wall of culture containers with

forceps, and 5 of them were transferred to each of 20

square polystyrene dishes (92�92�20 mm, containing 

filtered seawater of salinity 25). After 3 days at 20oC in the

dark without food when most polyps had attached to the

dish bottom, 3 healthy individuals with unshrinking body or

tentacles, and being separated from each other by at least

2 cm, were selected per dish and the others were removed.

These dishes were placed at 4 different temperatures (i.e.

18, 22, 26 and 28oC�0.3oC) maintained by an incubator

(Nihon-ika Co.). At each temperature, polyps were individ-

ually fed with 3, 6, 12, 18 and 24 newly hatched Artemia

sp. (Utah, USA) nauplii (body length: ca. 200 mm, carbon

weight: 0.83 mg, Uye & Kayano 1994) at every 1.5-d inter-

val (or 1.7, 3.3, 6.6, 10 and 13.3 mg C d�1). Prior to feeding,

a short silicon tube (inner diameter: 25 mm, height: 20 mm)

was positioned to enclose a polyp and given numbers of

Artemia nauplii were added using a pipette inside the tub-

ing. After consuming all foods (�15 min), the tubes were

removed.

At each 1.5-d interval, all polyps were inspected under a

dissecting microscope to examine the formation of new

polyps, budded either from the parent stalk or pedal stolon,

and podocysts. When the budded polyps separated from the

parent polyps, they were excised with forceps. Podocysts

were not removed. The calyx diameter, as the average of the

maximum and minimum dimensions if the calyx was not

round, of each parent polyp was measured with a microme-

ter on the first and last days of the experiment to examine

somatic growth. The water in the dishes was replaced with

freshly prepared and aerated (ca. 8 O2 mg L�1) water every

third day. The experiment ran for 35 days in the dark, ex-

cept for the time of periodic feeding and microscopic ob-

servation, which took less than 20 min.

To examine the combined effects of food supply and

temperature on asexual reproduction (i.e. production of new

polyps) and somatic growth of the parent polyps, two-way

ANOVA was used after testing for normality and equality

in variance of the data (SPSS 10.0). If the overall ANOVA

results were significant, Bonferroni pair-wise comparisons

were performed to test among experimental combinations.

To examine the relationship between food supply and tem-

perature on asexual reproduction and somatic growth of the

parent polyps, multiple linear regression was used.

Results

Type of asexual reproduction

Aurelia aurita s.l. polyps asexually produced new polyps

by budding in addition to podocysts. Two types of budding

were distinguished depending on where the new polyps

formed. The most common type (94% of the total, Table 1)

was the directly budded polyp (DBP) off the parental stalk

(Fig. 1A). Newly formed DBP attached to the substrate, and

when the calyx diameter grew to 400–600 mm, it separated

from the parent to develop independently. Another type was
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the stolonic budded polyp (SBP) formed at the end of pedal

stolon (Fig. 1B); the calyx diameter of recently independent

SBP was 100–500 mm. The SBP were observed in high

food regimes (10.0 and 13.3 mg C polyp�1 d�1) at warm

temperatures (�22°C) and in all food regimes at 18°C, but

they accounted for only 5% of the total polyps produced

(Table 1).

A podocyst (PC) is a cyst covered with a hard cuticle,

which is formed at the pedal disc (Fig. 1C). Podocysits

were produced least frequently (1% of the total) only in

combinations of low food (1.7 and 3.3 mg C polyp�1 d�1)

and high temperatures (�26°C,) (Table 1). The diameter of

PC ranged from 200 to 300 mm. All PC remained encysted

during the experiment.

Effects of food and temperature on asexual reproduction

Our preliminary experiment at lower temperatures (i.e.

10 and 14°C) revealed that although A. aurita polyps kept

at 14°C produced new polyps by budding at extremely low

rates (data not shown), most of them stopped feeding and

then strobilated; at 10°C the polyps did not bud but strobi-

lated more quickly than those at 14°C (data not shown).

Hence, we performed the experiments at temperatures 

between 18 and 28°C, at which no strobilation took place.

In a given experimental condition, the production rate of

new polyps was constant over 35 days, showing a linear 

relationship between cumulative numbers of new polyps

and duration (Fig. 2). The total numbers of new polyps pro-

duced by budding (i.e. DBP�SBP) in each combination of

food and temperature are compared in Fig. 3. The maxi-

mum production (mean: 40.3 buds) was recorded at the

combination of 13.3 mg C polyp�1 d�1 and 26°C; the mini-

mum production (3.0 buds) was found at the combination

of 1.7 mg C polyp�1 d�1 and 18°C (Table 1, Fig. 3). The

number of buds differed significantly with food supply

(F	79.3, df	4, 19, p�0.01), temperature (F	50.1, df	3,

19, p�0.01, and their interaction: F	4.59, df	12, 19,

p�0.01) (Table 1). The multiple regression analysis 

revealed that the number of buds (N) increased significantly

with temperature (T, °C) as well as food supply (F, mg

C d�1), being expressed by N	�35.3�1.7T�2.1F (r2
	

0.83, Table 2).

Effect of food supply and temperature on somatic

growth of polyps

The initial calyx diameters of parent polyps ranged from

1.1 to 1.4 mm. After 35 d, the parent polyps increased in

calyx diameter to the largest at 18°C and smallest at 28°C

in all food regimes (Fig. 4). The two-way ANOVA showed

significant effects of food supply (F	10.7, df	4, 19, p�

0.01), temperature (F	76.8, df	3, 19, p�0.01, and their

interaction: F	5.07, df	12, 19, p�0.01) on somatic growth

of the parent polyps; however, the somatic growth did not

differ significantly at food levels higher than 6.6 mg C

polyp�1 d�1 (Bonferroni pair-wise comparisons). The multi-

ple regression analysis showed that the calyx diameter 

increase (G, mm) was positively correlated to food supply

but negatively to temperature, as expressed by G	1.33�
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Table 1. Mean incidents of three asexual reproduction types of Aurelia aurita s.l. (i.e. DBP, SBP and PC) under various combinations of

food regimes and temperatures during a 35-d experiment. SD is given in parenthesis. DBP: directly budded polyp, SBP: stolonic budded

polyp, PC: podocyst.

Temperature Reproduction
Food regime (mg C polyp�1 d�1)

Test statistics p
(°C) type

1.7 3.3 6.6 10.0 13.3

Food, 

18 DBP 2.7 (0.6) 5.0 (1.0) 8.7 (1.2) 10.3 (0.6) 16.0 (�0.1) F	79.3 df	4, 19 �0.01

SBP 0.3 (0.6) 0.7 (0.6) 0.3 (0.6) 0.3 (0.6) 0.7 (0.6)

PC 0 0 0 0 0 Temp, 

F	50.1, df	3, 19 �0.01

22 DBP 5.3 (1.5) 12.3 (3.1) 14.7 (2.1) 22.3 (0.6) 27.0 (7.2) Food�Temp, 

SBP 0 0 0 1.7 (0.6) 1.7 (0.6) F	4.59, df	12, 19 �0.01

PC 0 0 0 0 0

26 DBP 5.3 (1.2) 9.0 (1.7) 19.0 (5.3) 27.0 (3.6) 37.0 (6.6)

SBP 0 0 0 3.0 (�0.1) 3.3 (3.5)

PC 2.3 (2.1) 1.3 (2.3) 0 0 0

28 DBP 4.3 (3.8) 14.0 (4.2) 30.0 (2.6) 31.3 (7.0) 38.3 (4.9)

SBP 0 0 2.0 (1.7) 2.3 (0.6) 1.3 (1.2)

PC 0.3 (0.6) 0.3 (0.6) 0 0 0
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Fig. 1. Three types of asexual reproduction of Aurelia aurita s.l. polyps. (A) A directly budded polyp (DBP) from parent

polyp’s stalk, (B) a stolonic budded polyp (SBP) at the end of the pedal stolon, (C) three podocysts (PC) formed at the pedal disc.

Scale bars: 1 mm.

Fig. 2. Cumulative number of new polyps of Aurelia aurita s.l. produced under 5 food regimes at 18 (A), 22 (B), 26 (C) and

28°C (D) during a 35-d experiment. The polyp number increased linearly (r2

0.9, p�0.01 in all experiments). Vertical lines: SD.



0.044T�0.017F (r2
	0.53, Table 2).

Relationship between asexual reproduction and somatic

growth of polyps

The numbers of budded polyps produced at 5 different

food regimes were averaged at respective temperatures;

similarly, the increases in calyx diameter of the parent

polyps at different food regimes were averaged at respective

temperatures (Fig. 5). The averages of these parameters

were significantly negatively correlated (r2
	0.97).

Discussion

Unlike most previous studies conducted at the whole

colony level, our experiment of the asexual reproduction of

Aurelia aurita s.l. polyps was carried out at the individual

level using triplicate parent polyps in each of 20 combina-

tions of food supply and temperature. In our experiment,

newly formed polyps were excised immediately after they

separated from the parents. The merits of our method were

to provide a precise amount of food to each polyp and to

avoid the inhibitive effects on budding, stolon extension,

and somatic growth by over-crowding within polyp colonies.

Hence, the budding rate was constant over the experimental

period, indicating that the asexual reproduction and somatic

growth observed here might be maximal for a given combi-

nation of food and temperature.

Among the various methods of polyp asexual reproduc-

tion, e.g. direct budding, longitudinal fission, stolonic bud-

ding, planuloid budding, podocyst formation (c.f. Arai

1997, 2009, Vagelli 2007), only direct budding, stolonic
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Fig. 3. Means of total new polyps (DBP�SBP) of Aurelia au-

rita s.l. produced under each combination of 5 food regimes and 4

temperatures during a 35-d experiment. Vertical lines: SD.

Fig. 4. Means of calyx diameter increase of Aurelia aurita s.l.

parent polyps under each combination of 5 food regimes and 4

temperatures during a 35-d experiment. Vertical lines: SD.

Table 2. Multiple regression analysis between the number of budded polyps or calyx diameter increase of Aurelia aurita s.l. polyps dur-

ing a 35-d experiment, food supply and temperature.  Regression equations are given in text.

Number of new polyps Calyx diameter increase

Variables Coefficients t p r2 Coefficients t p r2

Intercept �35.3 �8.3 �0.01 1.33 8.7 �0.01

Temperature 1.7 9.6 �0.01 0.83 �0.044 �7.4 �0.01 0.53

Food 2.1 13.6 �0.01 0.017 3.1 �0.01

Fig. 5. Relationship between asexual reproduction (i.e. means

of total new polyps) and somatic growth of parent polyps (i.e.

means of calyx diameter increase) of Aurelia aurita s.l. at 18, 22,

26 and 28°C during a 35-d experiment. Vertical and horizontal

lines: SD.



budding, and podocyst formation occurred in our study.

The most common reproductive method shown by our A.

aurita polyps was direct budding as already reported by

Coyne (1973) and Keen & Gong (1989). Stolonic budding

was rare and restricted to certain food and temperature

combinations. Podocysts were never produced by well-fed

polyps, only by poorly-fed ones, suggesting that scarce

food supply is an environmental cue for induction of this

resting stage, as had already been speculated by Chapman

(1970). The podocysts can endure through prolonged 

adverse environmental conditions and develop into polyps

through excystment to build new polyp colonies (Arai

1997, 2009).

In Honjo District, a shallow (average depth: 5.1 m)

brackish-water lake, where the medusae of our polyp speci-

mens were derived, the wild polyp population is exposed to

a wide temperature range from ca. 5 to ca. 30°C annually

(Han et al. 2009). Whereas, our experiment was confined

only to warm temperatures (i.e. 18–28°C), because at cold

temperatures (i.e. below 14°C) the polyps ceased feeding

and subsequently strobilated, as observed in our prelimi-

nary experiment. This fact indicates that some physiologi-

cal changes, perhaps in preparation for metamorphosis into

strobila occur in polyps at intermediate temperatures be-

tween 14 and 18°C (Kakinuma 1962). Since our SCUBA

diving searches failed to find polyp colonies in the Honjo

District, the actual timing of strobilation of the wild polyps

remain unknown. However, a recent survey revealed that

many ephyrae were collected in zooplankton samples taken

between December and April (Makabe & Uye unpubl),

demonstrating that strobilation and subsequent ephyra lib-

eration take place primarily in winter and spring in the

Honjo District, basically the same seasonality as observed

in many Japanese waters such as Tokyo Bay (Toyokawa 

et al. 2000, Watanabe & Ishii 2001), Inland Sea of Japan

(Uye & Shimauchi 2005) and Kagoshima Bay (Miyake 

et al. 2002). Since Yasuda (1975) found the direct develop-

ment of planulae to ephyrae without regular strobilation for

A. aurita in Urazoko Bay, Fukui Prefecture, the occurrence

of this unusual reproductive process remains to be studied

in the Honjo District.

Aurelia aurita s.l. polyps are essentially carnivorous,

feeding primarily on meso- and microzooplankton (Arai

1997). Although the Honjo District harbors an extremely

high biomass of both meso- and microzooplankton (annual

mean: 78.4 mg C m�3) compared to, for example, the Inland

Sea of Japan (24.0 mg C m�3, Uye et al. 1996, Uye & Shi-

mazu 1997), its seasonal fluctuation is extremely wide,

from ca. 10 to ca. 390 mg C m�3 (Raman & Uye 2003, Uye

et al. 2004). Under such conditions, it is difficult to estimate

the actual amount of food ingested by a wild polyp. In May

2007 when the water temperature was 18.7°C, we sus-

pended laboratory-cultured 40 polyps on polystyrene plates

at 0.8 m depth in the Honjo District for 24 h, and then 

retrieved them to investigate their gastric contents. A 

cyclopoid copepod Oithona davisae Ferrari & Orsi was the

most dominant prey (79% of total prey numbers), and the

maximum ingestion rate of a polyp was 16 O. davisae

polyp�1 d�1 or 4.0 mg C polyp�1 d�1, based on separately

determined digestion time (i.e. 3 h at 18°C, Han 2009).

Therefore, we assume that the wild polyps probably hardly

even attain the highest ingestion rate observed in our exper-

iment (i.e. 13.3 mg C polyp�1 d�1), although the laboratory

cultured polyps are capable of ingesting as much as ca.

80 mg C polyp�1 d�1 or ca. 100 Artemia nauplii polyp�1 d�1

(Uye unpubl).

As schematically represented in Fig. 6, the rate of asex-

ual reproduction (i.e. production of new polyps) increased

with increased food supply as well as increased tempera-

ture. On the other hand, the somatic growth of parent

polyps increased with increased food and decreased tem-

perature, showing a reciprocal relationship between the 

somatic growth and production of offspring (Fig. 5). This

fact also meant that the allocation of ingested energy by

polyps to somata or reproduction varied depending on tem-

perature. If a substantial amount of food were available,

lower asexual reproduction at cooler temperatures would

never be disadvantageous, since polyps of a larger size

would metamorphose to strobilae with more discs and 

release more ephyrae (Spangenberg 1964, Ishii & Watanabe

2003).

Due to accelerated anthropogenic activities, both water

temperature elevation and eutrophication are pronounced in

many East Asian coastal waters. The increase of water tem-

perature over the recent decades (i.e. 0.02 to 0.06°C per

year, Takahashi & Seki 2004, Uye & Ueta 2004, Lin et al.

2005) is one of the highest in the world. This warming 

effect also increases the duration of warm seasons (e.g.

�18°C). Eutrophication is also very serious particularly in
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Fig. 6. Schematic representation of asexual reproduction by

budding and somatic growth of parent polyps of Aurelia aurita s.l.

in relation to temperature and food supply. Strobilation was in-

duced at temperatures below 14°C. Podocyst formation occurred

only under low food supply and high temperature combinations.

Food supply scale is arbitrary.



Chinese and Korean waters (Yan et al. 2003, Wang 2006) in

addition to some Japanese bays near populated cities like

Tokyo Bay, Ise Bay and Osaka Bay and brackish-water

lakes like Honjo District and Lake Nakaumi. Eutrophica-

tion enhances phytoplankton production, which would intu-

itively increase the production of metazoan zooplankton

such as copepods (e.g. the genus Oithona, in Zaitsev 1992,

Uye 1994, Ishii 2001) and protozoan microzooplankton

(Sanders et al. 1992, Kamiyama 1994, Uye et al. l999). In

eutrophicated waters, protozoan foods are augmented in 

addition to metazoan foods.

Although the growth of the benthic polyp population in

situ may be influenced by many other factors, such as salin-

ity, light, availability of attachment site, space competition

with benthic organisms, predators, etc. (Watanabe & Ishii

2001, Miyake et al. 2002, Purcell 2007, Purcell et al. 2009,

Willcox et al. 2008), we suggest that at least two other fac-

tors, viz. global warming and cultural eutrophication, can

be responsible for the recently more prominent blooms of

A. aurita medusae in East Asian coastal waters.

Acknowledgements

We thank M. Kawahara and H. Ikeda for their help in

field trips and laboratory works. This study was partially

supported by a research grant from the Japan Society for

Promotion of Science (JSPS, no. 16405001) and the Agri-

culture, Forestry and Fisheries Research Council (POMAL-

STOPJELLY Project).

References

Arai MN (1988) Interactions of fish and pelagic coelenterates.

Can J Zool 66: 1913–1927.

Arai MN (1997) A Functional Biology of Scyphozoa. Chapman &

Hall, London, 316 pp.

Arai MN (2001) Pelagic coelenterates and eutrophication: a 

review. Hydrobiologia 451: 68–87.

Arai MN (2009) The potential importance of podocysts to the for-

mation of scyphozoan blooms: a review. Hydrobiologia 616:

241–246.

Brodeur R D, Sugisaki H, Hunt GL Jr (2002) Increases in jellyfish

biomass in the Bering Sea: implications for the ecosystem. Mar

Ecol Prog Ser 233: 89–103.

Chapman D (1970) Further observations on podocyst formation. J

Mar Biol Ass UK 50: 107–111.

Coyne JA (1973) An investigation of the dynamics of population

growth and control in scyphistomae of the scyphozoan Aurelia

aurita. Chesapeake Sci 14: 55–58.

Dawson MN (2003) Macro-morphological variation among cryp-

tic species of the moon jellyfish, Aurelia (Cnidaria: Scyphozoa).

Mar Biol 143: 369–379.

Dawson MN, Martin LE (2001) Geographic variation and ecologi-

cal adaptation in Aurelia (Scyphozoa, Semaeostomeae): some

implications from molecular phylogenetics. Hydrobiologia 451:

259–273.

Gilbert M, Steizinger S, Heil CA, Burkholder JM, Parrow MW,

Codispoti LA, Kelly AV (2005) The role of eutrophication in

the global proliferation of harmful algal blooms. Oceanogr 18:

198–209.

Graham WM (2001) Numerical increases and distributional shifts

of Chrysaora quinquecirrha (Desor) (Cnidaria: Scyphozoa) in

the northern Gulf of Mexico. Hydrobiologia 451: 97–111.

Han CH (2009) Feeding ecology of the common jellyfish Aurelia

aurita s.l. in different life stages. PhD thesis, Hiroshima Univer-

sity, 99 pp.

Han CH, Kawahara M, Uye S (2009) Seasonal variations in the

trophic relationship between scyphomedusa Aurelia aurita s.l.

and mesozooplankton in a eutrophic brackish-water lake, Japan.

Plankton Benthos Res 4: 14–22.

Ishii H (2001) The influence of environmental changes upon the

coastal plankton ecosystems, with special reference to mass oc-

currence of jellyfish. Bull Plankton Soc Japan 48: 55–61. (in

Japanese with English abstract)

Ishii H, Ohba T, Kobayashi T (2008) Effects of low dissolved oxy-

gen on planula settlement, polyp growth and asexual reproduc-

tion of Aurelia aurita. Plankton Benthos Res 3 (Suppl): 107–

113.

Ishii H, Watanabe T (2003) Experimental study of growth and

asexual reproduction in Aurelia aurita polyps. Sessile Organ-

isms 20: 69-73.

Kakinuma Y (1962) On some factors for the differentiations of

Cladonema uchidai and of Aurelia aurita. Bull Mar Biol Stat

Asamushi 11: 81-85.

Kamiyama T (1994) The impact of grazing by microzooplankton

in northern Hiroshima Bay, the Seto Inland Sea, Japan. Mar

Biol 119: 77–88.

Kawahara M, Uye S, Ohtsu K, Iizumi H (2006) Unusual popula-

tion explosion of the giant jellyfish Nemopilema nomurai

(Scyphozoa: Rhizostomeae) in East Asian waters. Mar Ecol

Prog Ser 307: 161–173.

Keen SL, Gong AJ (1989) Genotype and feeding frequency affect

clone formation in a marine cnidarian (Aurelia aurita Lamarck

1816). Funct Ecol 3: 735–745.

Ki JS, Hwang DS, Shin K, Yoon WD, Lim D, Kang YS, Lee Y,

Lee JS (2008) Recent moon jelly (Aurelia sp.) blooms. I. 

Korean coastal waters suggest global expansion: examples 

inferred from mitochondrial COI and nuclear ITS-5.85 rDNA

sequences. ICES J Mar Sci 65: 443–452.

Korean National Fisheries Research and Development Institution

(2009) Jellyfish information. Available at: http://nfrdi.re.kr/ (ac-

cessed on 8 August 2009)

Korean Nuclear Power Plant Operational Performance Informa-

tion System (2009) Annual report. Available at: http://opis.kins.

re.kr/ (accessed on 8 August 2009)

Kuwabara R, Sato S, Noguchi N (1969) Ecological studies on the

medusa, Aurelia aurita. 1. Distribution of Aurelia patches in the

north-eastern region of Tokyo Bay in summer of 1966 and

1967. Bull Jpn Soc Sci Fish 35: 156–162. (in Japanese with

English abstract)

Lee JH, Choi HW, Chae J, Kim DS, Lee SB (2006) Performance

analysis of intake screens in power plants on mass impingement

of marine organisms. Ocean Polar Res 28: 385–393.

Lin C, Ning J, Su J, Lin Y, Xu B (2005) Environmental changes

and the responses of the ecosystem of the Yellow Sea during

1976–2000. J Mar Systems 55: 223–234.

Liu WC, Lo WT, Purcell JE, Chang HH (2009) Effect of tempera-

104 C.-H. HAN & S. UYE



ture and light intensity on asexual reproduction of the scypho-

zoan, Aurelia aurita (L.) in Taiwan. Hydrobiologia 616: 247–

258.

Lynam CP, Hay SJ, Brierley AS (2004) Interannual variability in

abundance of North Sea jellyfish and links to the North Atlantic

Oscillation. Limnol Oceanogr 49: 637–643.

Lynam CP., Heath MR, Hay SJ, Brierley AS (2005) Evidence for

impacts by jellyfish on North Sea herring recruitment. Mar Ecol

Prog Ser 298: 157–167.

Lynam CP, Gibbon MJ, Axelsen BE, Sparks CAJ, Coetzee J, Hey-

wood BG, Brierley AS (2006) Jellyfish overtake fish in a heav-

ily fished ecosystem. Curr Biol 16: 492–493.

Miyake H, Terazaki M, Kakinuma Y (2002) On the polyps of the

common jellyfish Aurelia aurita in Kagoshima Bay. J Oceanogr

58: 451–459.

Omori M, Ishii H, Fujinaga A (1995) Life history strategy of 

Aurelia aurita (Cnidaria, Scyphomedusa) and its impact on the

zooplankton community of Tokyo Bay. ICES J Mar Sci 52:

597–603.

Pauly D, Graham WM, Libralato S, Morissette L, Den Palomares

ML (2009) Jellyfish in ecosystems, online databases, and

ecosystem models. Hydrobiologia 616: 67–85.

Purcell JE (2005) Climate effects on jellyfish and ctenophore

blooms: a review. J Mar Bio Ass UK 85: 461–476.

Purcell JE (2007) Environmental effects on asexual reproduction

rates of the scyphozoan Aurelia labiata. Mar Ecol Prog Ser 348:

183–196.

Purcell JE, Arai MN (2001) Interactions of pelagic cnidarians and

ctenophores with fishes: a review. Hydrobiologia 451: 27–44.

Purcell JE, Uye S, Lo WT (2007) Anthropogenic causes of jelly-

fish blooms and direct consequences for humans. Mar Ecol

Prog Ser 350: 153–174.

Purcell E, Hoover RA, Schwarck NT (2009) Interannual variation

of strobilation by the scyphozoan Aurelia labiata in relation to

polyp density, temperature, salinity, and light conditions in situ.

Mar Ecol Prog Ser 375: 139–149.

Raman N, Uye S (2003) Geographical and seasonal variations in

taxonomic composition, abundance and biomass of microzoo-

plankton across a brackish-water lagoonal system of Japan. J

Plankton Res 35: 465–482.

Richardson AJ, Bakun A, Hays GC, Bibbons MJ (2009) The jelly-

fish joyride: causes, consequences and management responses

to a more gelatinous future. Trends Ecol Evol 24: 312–322.

Sanders RW, Caron DA, Berninger UG (1992) Relationship be-

tween bacteria and heterotrophic nanoplankton in marine and

fresh waters: An inter-ecosystem comparison. Mar Ecol Prog

Ser 86: 1–14.

Spangenberg D (1964) New observations on Aurelia. Trans Am

Microsc Soc 83: 448–455.

Takahashi S, Seiki S (2004) Long-term change of water tempera-

ture in the Seto Inland Sea. Sea Sky 80: 11–16. (in Japanese

with English abstract)

Toyokawa M, Furota T, Terazaki M (2000) Life history and sea-

sonal abundance of Aurelia aurita medusae in Tokyo Bay,

Japan. Plankton Biol Ecol 47: 48–58.

Unoki S, Kishino M (1977) Average ocean condition and water

exchange in Tokyo Bay. Tech Rep Phys Oceanogr Lab, Inst

Phys Chem Res 1: 1–89. (in Japanese with English abstract)

Uye S (1994) Replacement of large copepods by small ones with

eutrophication of embayments: cause and consequence. Hydro-

biologia 292/293: 513–519

Uye S (2008) Blooms of the giant jellyfish Nemopilema nomurai:

a threat to the fisheries sustainability of the East Asian Marginal

Seas. Plankton Benthos Res 3 (Suppl): 125–131.

Uye S & Kayano Y (1994) Predatory feeding of the planktonic

copepod Tortanus forcipatus on three different prey. Bull Plank-

ton Soc Japan 40: 173–176.

Uye S, Nagano N, Tamaki H (1996) Geographical and seasonal

variations in abundance, biomass and estimated production

rates of microzooplankton in the Inland Sea of Japan. J

Oceanogr 52: 689–703.

Uye S, Shimazu T (1997) Geographical and seasonal variations in

abundance, biomass and estimated production rates of meso-

and macrozooplankton in the Inland Sea of Japan. J Oceanogr

53: 529–538.

Uye S, Iwamoto N, Ueda T, Tamaki H, Nakahira K (1999) Geo-

graphical variations in the trophic structure of the plankton

community along a eutrophic-mesotrophic-oligotrophic tran-

sect. Fish Oceanogr 8: 227–237.

Uye S, Ueta Y (2004) Recent increase of jellyfish populations and

their nuisance to fisheries in the Inland Sea of Japan. Bull Jpn

Soc Fish Oceanogr 68: 9–19. (in Japanese with English ab-

stract)

Uye S, Nakai S, Aizaki M (2004) Potential use of extremely high

biomass and production of copepods in an enclosed brackish

water body in Lake Nakaumi, Japan, for the mass seed produc-

tion of fishes. Zool Stud 43: 165–172.

Uye S, Shimauchi T (2005) Population biomass, feeding, respira-

tion and growth rates, ad carbon budget of the scyphomedusae

Aurelia aurita in the Inland Sea of Japan. J Plankton Res 27:

237–248.

Vagelli AA (2007) New observations on the asexual reproduction

of Aurelia aurita (Cnidaria, Scyphozoa) with comments on its

life cycle and adaptive significance. Invertebr Zool 4: 111–127.

Wang B (2006) Cultural eutrophication in the Changjiang (Yangze

River) plume: History and perspective. Estuar Coast Shelf Sci

69: 471–477.

Watanabe T, Ishii H (2001) An in situ estimation of the number of

ephyrae liberated from polyps of Aurelia aurita on settling

plates in Tokyo Bay. Hydrobiologia 451: 247–258.

Willcox S, Moltschaniwskyj NA, Crawford C (2007) Asexual 

reproduction in scyphistoma of Aurelia sp.: Effects of tempera-

ture and salinity in an experimental study. J Exp Biol Ecol 353:

107–114.

Willcox S, Moltschaniwskyj NA, Crawford C (2008) Population

dynamics of natural colonies of Aurelia sp. scyphistomae in

Tasmania, Australia. Mar Biol 154: 661–670.

Yan W, Zhang S, Sun P, Steizinger SP (2003) How do nitrogen in-

puts to the Changjiang basin impact the Changjiang River 

nitrate: A temporal analysis for 1978–1997. Global Bio-

geochem Cycles 17: 1091–1099.

Yasuda T (1975) Ecological studies on the jelly-fish, Aurelia 

aurita (Linne), in Urazoko Bay, Fukui Predecture-XI. An obser-

vation on ephyra formation. Publ Seto Mar Biol Lab 22: 75–80.

Yausda T (2003) Jellyfish: UFO of the sea. Koseisha-koseikaku,

Tokyo. 206 pp. (in Japanese)

Zaitsev YP (1992) Recent changes in the trophic structure of the

Black Sea. Fish Oceanogr 1: 180–189

Asexual reproduction of Aurelia aurita 105


