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ABSTRACT: Although recent articles state that jellyfish populations are increasing, most available 
evidence shows that jellyfish abundances fluctuate w ith climatic cycles. Reports of increasing prob
lems w ith jellyfish, especially in East Asia, are too recent to exclude decadal climate cycles. Jellyfish 
are infamous for their direct negative effects on hum an enterprise; specifically, they interfere with 
tourism by stinging swimmers, fishing by clogging nets, aquaculture by killing fish in net-pens and 
pow er plants by clogging cooling-water intake screens. They also have indirect effects on fisheries by 
feeding on Zooplankton and ichthyoplankton, and, therefore, are predators and potential competitors 
of fish. Ironically, many hum an activities may contribute to increases in jellyfish populations in coastal 
waters. Increased jellyfish and ctenophore populations often are associated w ith w arm ing caused by 
climate changes and possibly pow er plant therm al effluents. Jellyfish may benefit from eutrophication, 
which can increase small-zooplankton abundance, turbidity and hypoxia, all conditions that may favor 
jellyfish over fish. Fishing activities can rem ove predators of jellyfish and zooplanktivorous fish com 
petitors as well as cause large-scale ecosystem changes that improve conditions for jellyfish. A quacul
ture releases millions of jellyfish into Asian coastal w aters yearly to enhance the jellyfish fishery. 
Aquaculture and other m arine structures provide favorable habitat for the benthic stages of jellyfish. 
Changes in the hydrological regim e due to dams and other construction can change the salinity to 
favor jellyfish. Accidental introductions of non-native gelatinous species into disturbed ecosystems 
have led to blooms with serious consequences. In m any coastal areas, most of these environm ental 
changes occur simultaneously. We summarize cases of problem  jellyfish blooms and the evidence for 
anthropogenic habitat disruptions that may have caused them. Rapid developm ent in East Asia m akes 
that region especially vulnerable to escalating problems. We conclude that hum an effects on coastal 
environm ents are certain to increase, and jellyfish blooms may increase as a consequence.
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INTRODUCTION

Recent concerns that jellyfish populations are 
increasing have stim ulated speculation about possible 
causes including climate change, eutrophication, over 
fishing and invasions (e.g. Arai 2001, Mills 2001, Oguz 
2005a,b, Purcell 2005, Hay 2006, G raham  & Bayha 
2007). While speculation is abundant, evidence for sus
tained increases is lacking. Analyses of several long

term  (8 to 100 yr) trends in jellyfish populations 
dem onstrate that their abundances vary with climate, 
often at decadal scales (reviewed in Purcell 2005). 
Some evidence suggests continued upw ard trends 
(Attrill et al. 2007); however, recent time series are still 
too short to exclude circa-decadal climate cycles. Even 
though blooms of newly introduced species also vary 
over time, the invaders may spread into new  areas 
(reviewed in G raham  & Bayha 2007). Reports of hum an
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problem s with jellyfish have increased and have cap 
tured public attention (e.g. W hiteman 2002, Carpenter 
2004, de Pastino 2006, 2007, O wen 2006). Such p rob
lems come mainly from jellyfish stinging swimmers 
and interfering w ith fishing, aquaculture and power 
plant operations.

Generally, only a relatively few coastal species of 
large scyphom edusan jellyfish are responsible for the 
reported problems. These large species are conspicu
ous; however, they are only a portion of the diverse 
gelatinous fauna. Approximately 190 species of scy
phom edusae (Arai 1997), 20 species of cubom edusae 
(Mianzan & Cornelius 1999), 840 species of hydrom e
dusae (Boullion & Boero 2000), 200 species of sipho- 
nophores (Pugh 1999) and 150 species of ctenophores 
(Mianzan 1999) are now recognized. Therefore, the 
potential for further problem s w ith jellyfish may be 
very great. In the present review, we discuss only the 
zooplanktivorous gelatinous taxa m entioned above. 
We refer to scypho-, cubo-, and hydrom edusae as 
'jellyfish' for the sake of simplicity.

The ability of gelatinous species to occur in large 
num bers (i.e. to bloom) is due to the cnidarians 
(Scyphozoa, Cubozoa, Hydrozoa) having both asexual 
and sexual reproduction. Most coastal jellyfish are 
asexually budded from an attached stage in the life 
cycle, a scyphistoma for scyphozoans, and a hydroid 
(often colonial) for hydrom edusae. We will refer to 
the benthic stages as 'polyps'. Polyps bud more 
polyps, and many jellyfish can be budded  from a sin
gle polyp; cubozoan polyps are an exception, trans
forming into individual jellyfish w ithout budding. 
Swimming jellyfish reproduce sexually, often have 
great fecundity and may brood the larvae, w hich set
tle to become polyps. Tem perate species typically 
have an annual cycle, w ith small jellyfish (1 to 2 mm 
ephyrae for scyphozoans) being produced in fall or 
spring, and the jellyfish grow ing to sexual maturity 
over the summer; in the tropics, jellyfish production 
can occur all year (reviewed in Lucas 2001). By con
trast, siphonophores (also cnidarians) and cteno
phores lack an attached stage in the life cycle (i.e. 
holoplanktonic). The siphonophores also have asexual 
multiplication of reproductive individuals, followed 
by sexual reproduction. Most ctenophores are herm a
phroditic, and have direct developm ent and great 
fecundity. Therefore, siphonophores and ctenophores 
are not constrained to o n e l generation per year, in 
contrast to many species in the other taxa. Although 
this represents a general picture of the life cycles, 
cnidarians, especially the hydrozoans, are renow ned 
for reproductive variety (Boero et al. 2002). M any 
hydrom edusae are holoplanktonic (holoplanktonic 
species indicated by an asterisk in our tables), while 
this is rare in scyphozoans, and some hydrom edusan

jellyfish reproduce asexually (Boero et al. 2002). Thus, 
the ability of pelagic cnidarians and ctenophores to 
bloom in good conditions is intrinsic.

Gelatinous predators have im portant ecological 
effects that are considered to be detrim ental to hum an 
interests. They eat Zooplankton and can reduce and 
change Zooplankton populations; therefore, they can 
reduce the food available to fish. They eat ichthyo- 
plankton (eggs and larvae of fish) as well as juvenile 
fish, and, thus, directly reduce fish populations. These 
potential effects of jellyfish on fish have been  review ed 
previously (Purcell 1985, Arai 1988, Bailey & Houde 
1989, Purcell & Arai 2001) and will not be considered 
in detail in this review. Studies showing negative 
effects of jellyfish on fish recruitm ent are almost non
existent (but see Lynam et al. 2005).

In this review, we exam ine recent cases w here jelly
fish blooms have increased, describe the problem s je l
lyfish directly cause for hum ans, and show how a num 
ber of hum an activities may increase pelagic cnidarian 
and ctenophore populations. We focus on species for 
which factors contributing to the blooms have been 
analyzed or inferred. Concern about blooms of jellyfish 
and ctenophores has stim ulated several m eetings and 
special volumes that contain more detailed inform a
tion. The first 2 m eetings regarded  blooms of Pelagia 
noctiluca scyphom edusae in the M editerranean Sea 
(UNEP 1984, 1991). Several m eetings focused on the 
outbreak and spread of M nem iopsis leidyi ctenophores 
(e.g. GESAMP 1997, Dumont et al. 2004). M eetings 
and publications that w ere not targeted  on any specific 
species include Purcell et al. (2001a), CIESM (2001), 
and JMBA (2005). Various authors have suggested 
anthropogenic causes for changes in jellyfish popula
tions (e.g. Mills 1995, 2001, Benovic et al. 2000, Arai 
2001, Graham  2001, Parsons & Lalli 2002, Oguz 2005b). 
We review  these topics on a global scale and present 
information that is as com prehensive as possible. 
We present data from East Asia w here blooms have 
increased recently.

ARE JELLYFISH POPULATIONS INCREASING?

The paucity of long-term  data m akes it difficult to 
draw  definitive conclusions on the status of jellyfish 
populations. Most analyzed data sets show variations 
in jellyfish population size w ith climatic regim e shifts 
at decadal scales (reviewed in Purcell 2005). Even the 
dram atic increase of Chrysaora m elanaster  during the 
1990s in the Bering Sea ended abruptly in 2000, pos
sibly because of exceptionally w arm  conditions after 
2000 (Brodeur et al. in press). Persistent increases of 
jellyfish unrelated  to climate variation have not yet 
been  dem onstrated.
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Perhaps the best indications that jellyfish blooms 
have increased are from the reports of problem s 
caused by jellyfish. In the Seto Inland Sea, Japan, A u 
relia aurita (sensu lato, s. 1.) populations have appar
ently increased since the 1980s, and most dramatically 
in the last 10 yr; 65% of fisherm en surveyed believed 
that jellyfish had  increased during the last 20 yr, while 
35% thought they had  not (Uye & Ueta 2004). Blooms 
of the giant Nomura's jellyfish N em opilem a nomurai 
(up to 2 m diam eter and 200 kg biomass) have created 
serious problem s in Japanese waters. Before 2000, 
blooms of N. nomurai had  been  reported only in 1920, 
1958 and 1995 in Asian waters; however, beginning 
in 2002, blooms have occurred every year, except for 
2004 (Uye in press). Problems reported  w ith jellyfish 
(stinging people and interfering w ith fishing and 
power plants) in Japan  certainly have increased in 
recent years (Fig. 1, Tables 1 to 4).

Reports of blooms and resulting problems have in 
creased elsew here in the world as well (Tables 1 to 4). 
Since the mid-1990s jellyfish have become a problem for 
fisheries in the East China and Yellow seas, and are asso
ciated w ith decreased fish catches (Cheng et al. 2005). 
Yan et al. (2004) showed inverse correlations betw een 
fish and jellyfish, w ith greater biomass of Cyanea spp. 
and Stomolophus spp. in 1998 to 2003 than in 1990 to 
1997. In the northern Benguela C urrent off Namibia, 
catches of anchovy and sardines have been reduced d ra
matically after 1988 com pared with those during 1975 to 
1988, and large populations of 2 jellyfishes, Chrysaora 
hysoscella and Aequorea forskalea, now predom inate 
(Lynam et al. 2006). In addition to interfering in fisheries 
there, jellyfish have blocked w ater intakes of power
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Fig. 1. P e rcen tag es of y ears in  each  d ecad e  h a v in g  rep o rts  
of h u m an  p ro b lem s w ith  jellyfish  in  Ja p a n . D a ta  a re  from  
T ables 1 to 4; fisheries a n d  aq u acu ltu re  p ro b lem s a re  com 
b ined . P roblem s can  occur every  y ear in  e ach  of th e  3 c a te 
gories (stinging, p o w er sta tion , fisheries); th e re fo re , a  p e rfec t 
score is 300% . R eports from  th e  cu rre n t d ecad e  in c lu d ed  2000 
to 2005; thus, p e rce n ta g e s  w e re  ca lcu la ted  for 6 yr ra th e r  th a n  

10 yr d e ca d e -1

plants and diam ond m ining operations (Lynam et al.
2006). Jellyfish populations have bloomed in coastal 
lagoons along the M editerranean coasts of Spain and 
France since the 1990s (Pagés 2001, Anonymous 2006). 
Pelagia noctiluca periodically blooms in the M edi
terranean  Sea (UNEP 1981, 1984, Goy et al. 1989) and 
caused problems there in the 1990s (Molinero et al. 
2005). In coastal waters of the Middle East, blooms of the 
rhizostome scyphozoan Crambionella orsini have been 
associated w ith power- and desalination-plant in ter
ruptions since 2000 (Daryanabard & Dawson in press).

It is too soon to know w hether these recent jellyfish 
increases will be sustained or the populations will fluc
tuate w ith climate as seen for other species. If envi
ronm ental deterioration, including ocean warm ing, is 
responsible for the blooms, high jellyfish populations 
may persist.

HUM AN PROBLEMS RESULTING FROM 
JELLYFISH BLOOMS

Stings from pelagic cnidarians cause discomfort and 
sometimes medical em ergencies for swimmers and 
w aders primarily in w arm  marine w aters worldwide 
(reviewed in Fenner & Williamson 1996, Burnett 2001). 
Severe stings result especially from cubom edusae and 
from Physalia spp. W hen pelagic cnidarians occur in 
great abundance, stinging can occur at epidem ic levels 
(Table 1). In m any coastal tourist areas, monitoring and 
w arning systems are used to alert swimmers to po ten
tial encounters with jellyfish (e.g. Bernard et al. 1988, 
Decker et al. 2007). As hum an populations and recre
ational activities continue to increase along the coasts, 
stinging is projected to become an increasing problem 
(Macrokanis et al. 2004). Beaches infested w ith jelly
fish undoubtedly are detrim ental to tourist appeal. 
Jellyfish also present stinging hazards to fisherm en as 
they pull fishing gear on board and to aquaculturists 
(Sharp 2001).

Interference w ith fishing operations is the most fre
quently reported  problem  occurring w ith great abun
dances of jellyfish (Table 2). Large catches of jellyfish 
can split the fishing nets and ruin the quality of the 
catch (Fig. 2). Such problems have been  particularly 
acute for Japan  since 1990 w hen Aurelia aurita 
increased in the Seto Inland Sea, and since 2002 in 
coastal w aters w here Nomura's jellyfish has bloomed 
annually and severely interfered with set-net fisheries. 
Such problem s apparently are more w idespread than 
reported  in the literature, as suggested by the many 
jellyfish-exclusion devices used w ith fishing gear (e.g. 
Mohr & Rauck 1978, Broadhurst & Kennelly 1996, 
Anonymous 1997b, W ienbeck 1998, Van M arlen et al. 
2001, M atsushita & H onda 2006).
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T able  1. P u b lish ed  rep o rts  of sev e re  stin g in g  even ts by  jellyfish  a ro u n d  th e  w orld. Species in d ic a te d  w ith  a sterisk  (*) a re  h o lo 
p lankton ic; all o thers h av e  a  b en th ic  s tag e. Pref. = P re fec tu re

Species Y ear (m onths) Location S tin g in g  effects Source

A sia
G onionem us oshoro 1961-63 H okkaido , 175 sw im m ers (88 severe) Y asuda  (1988)

(Ju l-A u g ) Ja p a n
Physalia physalis* 1961 (June) K an ag aw a  Pref., J a p a n 15000 sw im m ers Y asuda  (1988)
Chrysaora m e la n a ster 1961-63 H okkaido , 175 sw im m ers (88 severe) Y asuda  (1988)

(Ju l-A u g ) Ja p a n
C. m e la n a ster 1976 Kyoto Pref., 300 sw im m ers (20 severe) Y asuda  (1988)

(Ju l-A u g ) Ja p a n
C. m e la n a ster 1979 F u ku i Pref., Several ten s  of sw im m ers an d Y asuda  (1988)

(Ju l-A u g ) Ja p a n fish e rm en  (5 sev ere , 1 dead)
C. m e la n a ster 1999 S ea  of J a p a n  coast Several h u n d re d  sw im m ers Y asuda  (2003)

(A pr-A ug) a n d  fish e rm en
C arybdea rastoni, 1978 (Jul) H yogo Pref., Several ten s  of sw im m ers Y asuda  (1988)

G onionem us vertens Ja p a n
O lindias form osa 1979 (Jul) N a g asak i Pref., Several ten s  of sw im m ers Y asuda  (1988)

Ja p a n (3 severe , 1 dead)
C hiropsa lm us quadriga tus  1981 O k in aw a  Pref., 1 sev ere Y am aguchi (1982)

(Ju l-S ep ) Ja p a n
A g a lm a  o k e n i* 1995 F u ku i Pref., J a p a n Several ten s  of sw im m ers Y asuda  (2003)

(Ju l-A u g ) (3 severe)
E uphysora b igelow i 2000 F u ku i Pref., Several ten s  of sw im m ers Y asuda  (2003)

(Ju l-A u g ) Ja p a n
N em o p ilem a  nom urai 1991-96 Q ingdao , C hina 8 dea th s F en n e r &

W illiam son (1996)
N . nom ura i 2002 a n d  after S ea  of J a p a n  coast Several h u n d re d  fish e rm en K aw ah ara  et al. (2007),

S. Uye (pers. obs.)
Porpita porpita  * 2002 a n d  after N o rth e rn  Sea  of J a p a n Sw im m ers Oiso e t al. (2005)
A ustralia/Indo-Pacific
C hironex  fleckeri A n n u a l A ustralia , 67 dea th s F en n e r & W illiam son

M alaysia, 2 - 3  d ea th s y r 1; (1996), B ailey e t al.
Ph ilipp ines 2 0 -4 0  d ea th s y r-1 (1884-1996) (2003)

C arukia barnesi an d 2002, p e a k Tropical A ustralia; Iru k an d ji syndrom e Bailey et al. (2003),
o ther species (Jan -A p r) NW  A ustralia Increasing , 88 in  2001-03 M acrokanis et al. (2004)

Physalia  sp. * A nnual, T ropical w a ters 10 000 annually , 30 000 in Ferm er & W illiam son
200 5 -0 7 2006, 1200 in  1 w e e k e n d (1996), de  Pastino

in  2007 (2007)
Europe
Pelagia n o c tilu ca * 1984-87 , F ren ch  Riviera, 2500 trea te d , B e rn ard  et al. (1988)

2004, sum m er M onaco 45 000 tre a te d
P. n o c tilu ca * 2006, (Aug) Spain , eas t & >14 000 tre a te d P in g ree  & A b en d

so u th  coasts (2006)
C otylorhiza tuberculata, A nnual, C oasta l lagoon , Spain C o n cern P ag és (2001)

R hizostom a p u lm o after 1993
R hopilem a nom adica A fter 1980 E as te rn  M ed ite rran e a n L otan  e t al. (1993),

G usm ani et al. (1997)
North Am erica
Chrysaora qu inquecirrha A nnual, C h e sa p ea k e  Bay C o n sid e red  painfu l B urne tt (2001)
C h irodrop ids B efore 1996 G ulf coast of Texas, 1 d eath , Ferm er & W illiam son

USA; Puerto  Rico serious stings (1996)
L in u ch e  unguicula ta A n n u a l S ou th east coast USA, S eab a th e rs  e ru p tio n S eg u ra -P u erta s  et al.

Brazil (2001)
Physalia p h y sa lis* B efore 1996 Florida  & 3 dea th s Ferm er & W illiam son

N o rth  C arolina , USA (1996)

Jellyfish kill fish in aquaculture pens, w ith problem s 
reported especially in Japan  and Scotland (Table 3). 
Small jellyfish and tentacles of large species enter the 
fish pens and irritate the fish gills resulting in hem or

rhage and subsequent suffocation (Johnston et al. 
2005). Decapod culture also has been  reported  to be 
affected adversely by jellyfish blooms in India and the 
USA (Table 3).
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T able  2. P u b lish ed  rep o rts  of j ellyfish in te rfe rin g  w ith  fisheries operations a ro u n d  th e  w orld. Pref. = P re fec tu re , n d  = no  d a ta  ava il
able , s. 1. = sen su  lato. Locations a re  in  J a p a n  u n less  o therw ise  s ta ted

Species Y ear (months) Location D am age to  fisheries Source

Asia
N em o p ilem a  nom urai 1920 S ea  of J a p a n  coast, C au g h t in  se t net, K ishinouye (1922),

(O ct-D ec) H o kuriku  and  
T ohoku Districts

b e a c h  seine, se ine  n e t Y asuda (1988)

N . nom urai 1922 (Nov) H o kuriku  District Set ne t K ishinouye (1922)
N . nom urai 1938 S ea  of J a p a n  coast n d Y asuda (2003)
N . nom urai 1958

(A ug-D ee)
S ea  of J a p a n  coast, 

T su g aru  Strait, Pacific 
coast of n o rth e rn  Ja p a n

Set, traw l, gili an d  dip ne ts Shim om ura (1959), 
N ish im ura (1959, 1961)

N . nom urai 1995 (Sep-D ee) S ea  of J a p a n  coast Set ne t K uroda et al. (2000)
N . nom urai 2002-06

(A ug-D ee)
S ea  of J a p a n  coast, 
T su g aru  Strait, Pacific 

coast of n o rth e rn  Ja p a n  
(worst in  Fukui an d  
S him ane Pref.)

Set, traw l, gili an d  dip ne ts Y asuda (2003), 
K aw ah ara  et al. (2006)

A urelia  aurita (s. 1.) 1952 (Ju l-S ep ) Kyoto, Fuku i Prefs. Set ne t Y asuda (1988)
A . aurita (s. 1.) 1976-77

(A pr-Ju l)
Kyoto Pref. Traw l n e t Y asuda (1988)

A . aurita (s. 1.) 1981 
(M ar-A ug)

Y atsushiro Bay, 
K um am oto Pref.

Set ne t, gili n e t Y asuda (1988)

A . aurita (s. 1.) 1997 (M ar-Ju n ) S ea  of J a p a n  coast Set, traw l a n d  gili n e ts K uroda et al. (2000)
A . aurita (s. 1.) 2000-02  

(M ay-O ct)
Seto In lan d  Sea Set, traw l a n d  gili n e ts Uye & U eta  (2004)

Chrysaora m e la n a ster 1981 (M ay-A ug) Fuku i Pref. Gili n e t Y asuda (1988)
C. m e la n a ster 1997 (M ar-Ju n ) S ea  of J a p a n  coast Set, traw l a n d  gili n e ts K uroda et al. (2000)
C. m e la n a ster 2000-02  

(M ay-O ct)
Seto In land  Sea Set, traw l a n d  gili n e ts Uye & U eta  (2004)

A eq u o rea  sp., C yanea  sp. Since m id- 
to la te  1990s

Yellow an d  East 
C h ina  seas, C hina

Traw l n e ts D ing & C h en g  (2005), 
C h en g  e t al. (2005), 
X ian et al. (2005)

Sanderia m alayensis 2004 Y angtze River estuary, 
C hina

Traw l n e ts X ian et al. (2005)

C hiropsalm us quadrigatus  1981
(M ay-A ug)

O k o n aw a  Pref. Set ne t Y am aguchi (1982)

A eq u o rea  coeru lescens 1999
(M ay-Jun)

Fuku i Pref. Set ne t K uroda et al. (2000)

B olinopsis m ika d o 1989
(Ju n -A u g )

H iroshim a Pref. Seine n e t S. Uye (pers. comm, 
from  local fisherm en)

B. m ika d o

Australia/Indo-Pacific

2000-02  
(M ay-O ct)

Seto In lan d  Sea Set, traw l a n d  gili n e ts Uye & U eta  (2004)

U niden tified

Africa

Sporadic N o rth e rn  A ustra lia Fill an d  split p raw n  traw ls R aw linson & B rew er 
(1995)

Chrysaora hysoscella , 
A eq u o rea  forkalea  

E urope/M iddle East

Since 1988 N o rth e rn  B enguela  
C u rren t off N am ibia

R educed  a n d  spo iled  catches, 
d a m a g ed  gear

Lynam  et al. (2006)

Pelagia noctiluca Cyclic M e d ite rran ean  Sea C log fish ing  ne ts B ern ard  e t al. (1988)
Rhopilem a nom adica A fter 1980 E aste rn  M ed ite rran ean  

Sea
C log fish ing  ne ts Lotan  et al. (1993)

Cram bionella orsini 2002 G ulf of O m an, 
Persian  Gulf

D ecreased  catch , d am age  
to g ear

D a ry an ab a rd  & 
D aw son (in press)

A urelia  aurita, 
Rhizostom a pu lm o, 
M nem io p sis  le id y i 

North A m erica

2006 C oastal lagoons, France Fouled  fish ing  g ear A nonym ous (2006)

Phyllorhiza puncta ta 2000 (M ay-Sep) N o rth e rn  Gulf of 
M exico, USA

Fouled  shrim p gear, re d u ce d  
harv est, US$10 m illion loss, 
p re d a tio n  on  b ivalve  larvae

G raham  et al. (2003)

Jellyfish also clog seaw ater intake screens of power 
and desalination plants causing pow er reductions and 
shutdowns (Table 4). This has been  a long-standing 
problem  in Japan  w here large near-shore populations

of Aurelia aurita (s. 1.) jellyfish occur. Similar problems 
have been reported  from other countries. Jellyfish 
clogging requires ongoing m aintenance; one power 
plant in Jap an  has m aintained records of the jellyfish
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T able  3. P u b lish ed  rep o rts  of jellyfish  in te rfe rin g  w ith  aq u acu ltu re  operations a ro u n d  th e  w orld. Species in d ica ted  w ith  asterisk  
(*) a re  ho lop lankton ic; all o thers h av e  a  b en th ic  stage. Pref. = Ja p a n e se  p re fec tu re

Species Y ear (m onths) Location A q u acu ltu re  d am ag e Source

A sia
A urelia  aurita (s. 1.) 1950 

(Ju l-S ep )
L ake H ach irogata , 

A k ita  Pref.
M ass m orta lity  of fish 

an d  b ivales
Y asuda  (1988)

Porpita porpita  * 2000 (A ug-O ct) Kyoto, Fuku i Prefs. M orta lity  of p e n n e d  fish Y asuda  (2003)
Pelagia n o c tilu ca * 

A ustralia/Indo-Pacific

2004 (Apr) E him e Pref. M orta lity  of p e n n e d  fish S. Uye (pers. comm, 
from  local fisherm an)

U niden tified B efore 1995 India G ian t tig e r  p raw n s R ajagopal e t al. (1995)
R hizostom e scyphozoan  

Europe

2006 G oa, India Shrim p R. A. S re e p ad a  (pers. 
comm.)

Pelagia n o c tilu ca * 1994 Brittany, F rance S alm on an d  tro u t M ercero n  et al. (1995)
C yanea capillata 1996 Loch Fyne, Scotland T ho u san d s of sa lm on killed, 

GB £ 2 5 0  000 loss
A nonym ous (1996)

Solm aris corona* 1997, sum m er S h e tlan d S alm on k illed A nonym ous (1997a)
Solm aris corona, 
P hialid ium  sp., 
Leuckartiara  octona, 
C atablem a vesicarium

200 1 -0 2  (Aug) Isle of Lewis in  th e  
O u te r H ebrides, 
Scotland

2 747 680 salm on k illed  in  
11 inciden ts ,
GB £ 5 m illion  loss

Jo h n so n  (2002)

A p o lem ia  uvaria* 

N orth Am erica

1997-98  
(N ov-Feb); 2003

W est coast of N orw ay Killed salm on; 600 tons k illed B âm sted t et al. (1998), 
H eck m an n  (2004)

M oerisia  lyonsi 1970s;
1994-97

(M ay-O ct)

M esocosm s, L ouisiana & 
M ary land , USA

Killed decapods; 
<13.6 m ed u sae  T 1

Sandlifer e t al. (1974) 
Purcell et al. (1999a)

biomass cleaned daily from the intake screens, p ro 
viding a decade-long record of jellyfish abundance 
(Kaneda et al. 2007). Clogging incidents can cause 
em ergency situations at nuclear pow er plants (NPPs) 
and can result in significant pow er loss and economic 
dam age to affected cities. To prevent clogging events, 
studies on potential threats of jellyfish and on m ethods 
to detect and deflect them  from the intakes have been

investigated (Marks & Cargo 1974, M arks 1975, Toda 
et al. 1995, Azis et al. 2000, Lee et al. 2006).

POSSIBLE CAUSES OF JELLYFISH INCREASES

M any changes that have occurred in coastal w aters 
due to hum an activities could benefit pelagic cnidarian

Fig. 2. Left: A u re lia  aurita  (s. 1.) je lly fish  clog  fish in g  n e ts  in  th e  Seto In lan d  Sea, J a p a n  (from  U ye & U e ta  2004). Right: 
N e m o p ile m a  n o m u ra i  je lly fish  (m axim um  d iam e te r 2 m; b io m ass u p  to 200 kg) collect in  fish  se t n e ts  in  coasta l w a te rs  of J a p a n

(courtesy  of th e  C h u g o k u  N ew sp ap er)
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T able  4. P u b lish ed  rep o rts  of jellyfish  in te rfe rin g  w ith  p o w er sta tio n  operations a ro u n d  th e  w orld. Locations in  J a p a n  u n less
o therw ise  sta ted . Pref. = P re fec tu re

Species Y ear (m onths) Location Effects Source

A sia
A urelia  aurita (s. 1.) 1960-67 O sak a  Bay,

H arim a  N ada, Seto 
In lan d  Sea

Pow er red u ctio n , shu td o w n M atsu ed a  (1969)

A . aurita (s. 1.) 1962-66 Tokyo Bay Pow er red u ctio n , ro tary Y asuda  (1988),
(A pr-S ep) sc ree n  d am ag e K u w ab ara  et al. (1969)

A . aurita (s. 1.) 1964-68
(A pr-S ep)

O sak a  Bay Pow er red u ctio n , ro tary  
sc ree n  d am ag e

Y asuda  (1988)

A . aurita (s. 1.) 1971-73
(Ju n -Ju l)

A ichi Pref. Pow er red u ctio n , ro tary  
sc ree n  d am ag e

Y asuda  (1988)

A . aurita (s. 1.) 1971-75
(M ay-O ct)

F u k u i Pref. Pow er red u ctio n , ro tary  
sc ree n  d am ag e

Y asuda  (1988)

A . aurita (s. 1.) 1972, (Jul) Tokyo Bay Pow er sh u td o w n  in  Tokyo a rea Y asuda  (1988)
A . aurita (s. 1.) 1997-2000

(Ju n -S ep )
F u k u i Pref. Pow er red u ctio n Y asuda  (2003)

A . aurita (s. 1.) m o n ito red W asaka  Bay M atsu m u ra  et al. 
(2005)

A . aurita (s. 1.) 1998-2000 N iig a ta  Pref. Pow er red u ctio n A oki (pers. comm.)
A . aurita (s. 1.) 1998-2002

(A pr-N ov)
E him e Pref. Pow er red u ctio n H. T ak eo k a  

(pers. comm.)
A . aurita (s. 1.) 1999 P hilippines H alf of country  lost p ow er A nonym ous (1999)
A . aurita (s. 1.) O ften C hina U ljin N u c lea r Pow er P lant 

in ta k e  sc ree n  c logged
Lee et al. (2006)

R hopilem a asam ushi 1973 (Aug) J a p a n Pow er red u ctio n Y asuda  (2003)
C yanea n o za k ii 1983-84

(A ug-N ov)
H arim a  N ada, 

Seto In lan d  Sea
Pow er red u ctio n Y asuda  (2003)

Chrysaora m e la n a ster 1997-2000
(Ju n -S ep )

F u k u i Pref. Pow er red u ctio n Y asuda  (2003)

E urope/M iddle East/India
A . aurita U nknow n Baltic Sea B locking M öller (1984)
A . aurita 1988 India M ad ras A tom ic Pow er S tation, 

block ing , sta tio n  c losure
R ajagopal e t al. (1989), 

M asilam oni e t al. 
(2000)

C ram bionella  orsini 2002 Gulf of O m an, D am ag e  to se a w ate r  in tak e D a ry an a b a rd  &
P ersian  Gulf system s of desa lin a tio n  an d  

p o w er p lan ts
D aw son  (in press)

C. orsini 2003 (Apr) Q u atar D am ag e  to se a w ate r  in tak e  
system s of liq u id  n a tu ra l gas p lan t

V aidya (2005)

U niden tified 2006 (May) A rab ian  Gulf B locked in ta k e  screen s Azis e t al. (2000)
North Am erica
Chrysaora 1960s; 2006 C h e sa p ea k e  Bay, C alvert Cliffs N u c lea r P ow er Plant, D elano (2006)

quinquecirrha (Jul) USA C h alk  Point G en era tin g  S tation, 
c logged  in ta k e  pu m p s a n d  n e ts

and ctenophore populations over fish. Several authors 
have speculated how some of these factors may con
tribute to jellyfish blooms (e.g. reviews by Arai 2001, 
Mills 2001, Purcell et al. 2001b, Parsons & Lalli 2002, 
Oguz 2005a,b, Purcell 2005, G raham  & Bayha 2007). 
We do not believe it is necessary to detail the cases 
previously reviewed, and refer the reader to the appro
priate reviews and discuss additional information. We 
will consider how climate change, eutrophication, fish
ing, aquaculture, construction, species invasions and 
the co-occurrence of m any of these factors may 
enhance populations of gelatinous species. We em pha
size that these possible anthropogenic contributions to 
blooms of gelatinous species have not actually been 
dem onstrated to cause any blooms; the inferences are 
from apparent correlations.

Clim ate change

Existing long-term  data have shown fluctuations of 
pelagic cnidarian and ctenophore abundance that are 
correlated w ith environm ental variables (reviewed 
Purcell 2005). The majority of m oderate-tem perature 
species studied (18 of 24) have been  reported to 
increase in warm  tem peratures (Table 5). A bundance 
data for Aurelia aurita (s. 1.) and N em opilem a nomurai 
in Asia have not been  analyzed against climatic vari
ables; however, tem peratures in the Seto Inland Sea 
(A. aurita) and in the Yellow Sea, w here blooms of 
N. nomurai may originate, have increased in recent 
decades (Uye & Ueta 2004, Uye in press). Climate 
indices, such as the North Atlantic Oscillation (NAO) 
Index, have been correlated w ith jellyfish abundances
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instead of, or in addition to, environm ental m easure
m ents (e.g. Lynam et al. 2004, 2005, Molinero et al. 
2005). Global tem peratures are expected to rise 0.2°C 
during the next 2 decades (IPCC 2007). W arming of the 
oceans may increase m any populations of gelatinous 
species and also shift the population distributions pole
ward, as seems to be occurring for the ctenophore 
M nem iopsis leidyi (Sullivan et al. 2001, Faase & Bayha 
2006, Hansson 2006). By contrast, w arm ing may be 
detrim ental to species living near their therm al m axi
ma, as for M astigias sp. in Palau (Dawson et al. 2001). 
In addition to changes in population size and distribu
tion, warm ing will alter the timing and duration of the 
pelagic stages.

Only 7 species have been reported  not to increase 
their num bers w ith w arm ing (Table 5). The population 
of tropical M astigias aurita jellyfish (but not Aurelia 
sp. [s. 1.] jellyfish) in the very stable environm ent of 
Jellyfish Lake, Palau, was nearly elim inated during 
high tem perature and salinity conditions of an El Niño 
(Dawson et al. 2001). While one m eroplanktonic hy- 
drom edusan species increased during an El Niño, 
a holoplanktonic species did not (Raskoff 2001). 
Chrysaora fuscescens  w ere most abundant at stations 
having cold (8 to 10°C), saline w ater (>33.8) along the 
US North Pacific coast, although they w ere sampled 
over w ide ranges of tem perature (7.7 to 14°C) and 
salinity (30.1 to 34) (Suchman & Brodeur 2005). Jelly
fish of another species, C. melanaster, increased in the 
Bering Sea w ith w arm ing from the shift to a positive 
Pacific Decadal Oscillation (PDO) in 1976 to 1977, 
increasing most dram atically in the 1990s, but then 
decreasing with further w arm ing since 2000 (Brodeur 
et al. in press); C. m elanaster  jellyfish in the Gulf 
of Alaska also increased after 1976 to 1977, but have 
not decreased recently (Litzow 2006). The climate shift 
in 1998 to 1999 did not return  the PDO to a negative 
state (Litzow 2006).

Climate effects on jellyfish in the North Sea also con
trast w ith the general trend  of more jellyfish and cteno
phores in w arm  conditions. Lynam et al. (2004) stated 
the jellyfishes, Aurelia aurita, Cyanea capillata and 
Cyanea lamarckii, w ere negatively correlated with the 
NAO Index (no tem perature data  provided) during 
1971 to 1986 in the North Sea. A cold event occurred 
betw een 1978 and 1982 that was related  to decreased 
inflow of w arm  Atlantic water, increased inflow of cold, 
deep Norwegian w ater and arctic-boreal plankton, 
and abundant A. aurita and C. lamarckii jellyfish. 
Lynam et al. (2005) analyzed the same data by region 
and showed that the NAO correlations switched sign 
in northern parts of the study area, but high jellyfish 
abundance was consistently associated w ith cool con
ditions. A different study used Continuous Plankton 
Recorder (CPR) data on nematocyst occurrence as an

index of jellyfish abundance in the North Sea during 
1958 to 2000 (Attrill et al. 2007); nematocysts w ere pos
itively correlated w ith the NAO Index, but not with 
tem perature, and the Lynam et al. (2004) data fit into 
the longer-term  positive NAO Index trend. Both stud
ies discuss the fact that the trends depend  on the 
region of the North Sea and on the current regime. 
With continued climate warm ing, the NAO is p re 
dicted to move into a stronger positive phase (Osborn
2004), w hich according to Attrill et al. (2007) would 
lead to a g reater abundance of jellyfish. Further study 
of jellyfish in the North Sea and clarification of the 
sources of nematocysts in CPR samples seem neces
sary to resolve these apparently conflicting results.

O ther studies have shown that blooms of pelagic 
cnidarians often are associated w ith changes in current 
patterns, which may cause incursions or retention of 
pelagic cnidarians, as for Pelagia noctiluca in the Adri
atic Sea (UNEP 1984, 1991, Purcell et al. 1996b) and 
the siphonophores, M uggiaea atlantica in the Germ an 
Bight and Apolem ia uvaria off Norway, as discussed by 
Mills (2001). High abundances of gelatinous species in 
the M editerranean Sea also have been  associated with 
variations in w ater mass and high salinity as well as 
warm  tem perature (UNEP 1984, 1991, Goy et al. 1989, 
Buecher 1999, Molinero et al. 2005) (Table 5). A large 
bloom of the scyphomedusa, Phyllorhiza punctata, in 
the northern Gulf of Mexico in 2000 (Graham et al. 
2003) may have resulted from advection of jellyfish 
from the C aribbean Sea by the northerly Loop C urrent 
(Johnson et al. 2005). Some blooms resulting from 
current intrusions have been  single events (e.g. as for 
M. atlantica, A. uvaria, P. punctata), while others occur 
repeatedly and persist for years w ith clim ate-driven 
current variations (as for P. noctiluca and the North Sea 
species discussed previously). With changing climate, 
current patterns also are expected to change (IPCC 
2007), w hich may result in blooms in new  locations. 
Concentrations of jellyfish may occur nearshore due to 
interactions betw een w ater flow and jellyfish behavior 
(reviewed by G raham  et al. 2001, see also Suchman & 
Brodeur 2005).

Environm ental factors may directly affect the size 
and timing of jellyfish populations. For Pelagia noc
tiluca, a scyphom edusan lacking a benthic stage, 
ephyrae did not develop at 4.5°C and took twice as 
long to develop at 13.5 than at 19°C (Avian 1986). In 
tem perate scyphozoans and hydrozoans, w arm  tem 
peratures increased the asexual production of buds 
and new  jellyfish, and the ratio of jellyfish to polyps 
in the 3 species studied (Aurelia labiata, Chrysaora 
quinquecirrha  and Moerisia lyonsi; review ed in Pur
cell 2005). Both tem perature and salinity had  signifi
cant effects and strong interaction (Purcell 2007). 
Substantial increases w ere calculated in the num bers
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of jellyfish produced by the benthic polyps (up to 24 % 
per 1°C increase and 28% per ppt salinity change) and 
in the acceleration of jellyfish production (up to 6.6 d 
per 1°C increase and 2.0 d per ppt salinity change) 
(Table 6). We know of no similar published studies on 
arctic or tropical species, or on ctenophores or siphono
phores.

Increased light also accelerated strobilation in Chry
saora quinquecirrha and Aurelia labiata (in Loeb 1973, 
Purcell in press), but to our knowledge has been  tested 
only for these scyphozoans. Synchronized production 
with seasonally changing factors, such as tem perature 
and light, possibly is universal am ong pelagic cnidari
ans, but few species have been tested.

C hanges in tem perature and salinity also can affect 
pelagic cnidarian and ctenophore populations by 
changes in ocean productivity (Behrenfeld et al. 2006), 
but the results of such changes are difficult to predict 
since they must translate up through the food w eb and 
will differ by location. Various authors have suggested 
that increased stratification related  to warm ing and the 
resulting recycled production might favorably affect 
jellyfish populations. Reduced jellyfish populations 
occurred during years w ith low productivity in unusu 
ally w arm  conditions in the Bering Sea (Brodeur et al. 
in press). High nematocyst occurrences in CPR sam 
ples w ere correlated w ith high productivity (as indi
cated by the Phytoplankton Colour Index) in the North 
Sea (Attrill et al. 2007). Clearly, abundant food is 
advantageous for all gelatinous species.

One major repercussion of increasing C 0 2 concen
trations in the atm osphere is decreasing pH of ocean 
waters, w hich has been  reported widely (e.g. Caldeira 
& W ickett 2003). Optimal pH for Rhopilema esculenta  
jellyfish was 7.9 to 8.5, w ith some reduction in swim
ming and feeding at 9.0 < pH < 7.4, and a m arked 
reduction at 9.5 < pH < 6.5 (Gu et al. 2005), w hich sug
gests considerable tolerance for changes in pH; how 
ever, pH effects have rarely been  tested  on gelatinous 
species. Attrill et al. (2007) showed a significant posi
tive correlation of nematocyst occurrence in CPR sam 
ples w ith decreasing pH (range 8.0 to 8.3) during 1971 
to 1995, and speculated that non-calcifying gelatinous 
organism s might benefit from detrim ental effects of 
low pH on calcifying organisms. O cean acidification 
could have serious consequences for organisms 
that build skeletons or shells of calcium carbonate 
(C aC 03) such as pteropods (Orr et al. 2005). M any 
jellyfish have microscopic calcium statoliths that serve 
in orientation; in scyphom edusae and cubom edusae, 
the statoliths are composed of calcium sulfate hemi- 
hydrate (C aS04 x V2 H20), and in the hydrom edusae 
the statoliths (absent in Anthom edusae) are calcium 
m agnesium  phosphate (reviewed in Becker et al. 2005, 
Tiem ann et al. 2006). Ctenophores have M gC aP 04 
concretions (Chapman 1985). O cean pH is predicted to 
decrease by 0.3 during the 21st century (IPCC 2007); 
however, the effects of decreasing pH on statolith 
secretion by jellyfish are unknow n (V. J. Fabry pers. 
comm.).

T able  6. A urelia  labiata, Chrysaora qu inquecirrha  a n d  M o 
erisia lyonsi. P e rc en tag e  in c reases  in  no. of jellyfish  p ro d u c ed  
(Incr.) a n d  no. of days p ro d u c tio n  w ou ld  b e  acce le ra ted  
(Accel.) p e r  1°C tem p e ra tu re  in c re ase  a n d  p e r  1 p p t salin ity  
in c rease  (m odified from  P urcell in  p ress), n a  = no t availab le

Species a n d  ex p erim en t 
(salinity or tem p era tu re)

R ange
te s te d

(°C/ppt)

Incr.
(%)

Accel.
(d)

Tem perature
A . labiata  (20-34) 7-15 11.3 4.24
A . labiata  (27) 10-15 8.8 6.57
A . labiata  (27) 15 -2 0 0.4 0.30
C. quinquecirrha  (5-20) 15-25 5.3 1.40
C. quinquecirrha  (20-35) 15 -2 0 18.4 1.40
C. quinquecirrha  (20-35) 2 0 -2 5 0.7 1.40
Aí. lyonsi  (5-25) 2 0 -2 9 24.4 1.15

Salinity
A . labiata  (7-15°C) 2 0 -2 7 3.2 1.95
A . labiata  (7-15°C) 3 4 -2 7 3.7 0.81
C. quinquecirrha  (15-25°C ) 5 -2 0 6.7 n a
C. quinquecirrha  (15-25°C ) 3 5 -2 0 5.7 n a
Aí. lyonsi 1 5 -5 0.7 0.08
Aí. lyonsi  (20-29°C ) 2 5 -1 5 28.2 0.82

Cultural eutrophication

Eutrophication is considered to be one of the major 
global pollution problem s (e.g. Howarth 2002). Eutro
phication is associated w ith increased nutrients, 
altered nutrient ratios and increased turbidity w here 
hum ans develop coastal areas. Most simply, increased 
nutrients often lead to greater biomass at all trophic 
levels (e.g. Daskalov 2002). M ore food for polyps and 
jellyfish increases asexual production of jellyfish (e.g. 
Purcell et al. 1999a, Stibor & Tokle 2003) and sexual 
reproduction (Lucas 2001). In her review, Arai (2001) 
could not positively identify the cause of jellyfish 
blooms to be nutrient increases, w hich co-occurred 
w ith several other environm ental changes.

Since Arai's (2001) review  increases in jellyfish pop
ulations have been attributed to excessive nutrient 
additions from hum an sources in additional areas. 
N utrients in the Yangtze River estuary have increased 
(Zhang et al. 1999) w ith greatly increased uses of 
nitrogen fertilizers after the 1970s (Glibert et al. 2005) 
and may be related  to recent jellyfish blooms there. 
Agriculture and developm ent increased nitrate levels
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10-fold in the M ar Menor, Spain, while w astew ater 
treatm ent decreased phosphate by one-tenth; these 
conditions w ere associated w ith annual blooms of 2 
rhizostome scyphom edusae, Cotylorhiza tuberculata 
and Rhizostoma pulmo, since 1993 (Pérez-Ruzafa et al.
2002). These exam ples suggest that high nitrogen 
ratios may favor jellyfish blooms. O ther modifications 
of these coastal environm ents have also occurred, and 
are discussed below in 'Construction'.

Eutrophication also causes complex changes in the 
food web. G reve & Parsons (1977) first hypothesized
2 parallel food paths in the oceans, a diatom -based 
path  that ends w ith large consumers having 'high 
energy ' requirem ents (e.g. whales), and a flagellate- 
based path  that ends with 'low energy ' consumers (e.g. 
jellyfish). Shifts from the diatom- to the flagellate- 
based path  could result from pollution, eutrophication 
or climate changes. This hypothesis has been  elabo
rated over time (Smayda 1993, Parsons & Lalli 2002, 
Sommer et al. 2002). Sommer et al. (2002) proposed
3 types of nutrient regimes: (1) upw elling systems, with 
high ratios of silica (Si) to nitrogen (N) and phosphate 
(P) plus diatoms and flagellates; (2) oligotrophic 
oceanic systems w ith low nutrients and predom inated 
by picoplankton (5 to 10 pm); and (3) eutrophicated 
coastal systems, w ith elevated N and P and summer 
blooms of inedible algae (often large dinoflagellates). 
High N:P ratios shift the phytoplankton community 
away from diatoms towards flagellates and jellyfish 
(Nagai 2003). Eutrophication also is connected with 
size reduction of the Zooplankton community (Uye 
1994); the Zooplankton in eutrophic Tokyo Bay is 
almost entirely very small Oithona davisae copepods, 
which primarily feed on small flagellates (Uchima 
1988). Thus, nutrient enrichm ent may change the 
lower trophic structure towards a m icroplankton- 
based food web. This size-reduction of the lower 
trophic levels is thought to be detrim ental to fish, most 
of w hich are visual predators that prefer large Zoo
plankton, thereby benefiting jellyfish, w hich are not 
visual and consum e small as well as large prey.

There are also top-down effects that determ ine the 
m icroplankton community composition. Both Smayda 
(1993) and Sommer et al. (2005) em phasize the im por
tance of selective grazing by copepods, but previous 
discussions have not fully appreciated the role of 
selective feeding by the jellyfish predators (e.g. Purcell 
1997) in modifying the m icroplankton community. 
First, Zooplankton predation by jellyfish will alter the 
grazer composition, w hich changes the microplankton 
(e.g. Behrends & Schneider 1995). Second, grazing by 
jellyfish on microzooplankton tends to be forgotten; 
however, it has been dem onstrated for young cteno
phores and jellyfish (e.g. Stoecker et al. 1987a,b, O le
sen et al. 1996), w hich ate ciliates, but not dinoflagel

lates. Major beneficiaries of eutrophic w aters appear to 
be Aurelia aurita jellyfish, whose complex surface- 
ciliary feeding m ethod w as detailed by Southward 
(1955). Recent stable isotope analyses place A. aurita 
(s. 1. ) at a slightly higher trophic level than copepods, 
confirming this jellyfish's utilization of microplanktonic 
foods (Kohama et al. 2006, R. D. Brodeur et al. un- 
publ.). Aurelia  spp. jellyfish, in particular, frequent 
highly eutrophic w aters (Ishii 2001, Mills 2001, Nagai
2003). A hydrom edusan species, Aglaura hemistoma, 
recently was found to eat protozoans (Colin at al. 
2005). The diets of related species (Proboscidactyla 
flavicirrata, small Aglantha digitale) contain mainly 
prey that swim by cilia (rotifers, veligers) (reviewed by 
Purcell & Mills 1988); both Aglaura  and Aglantha  are 
in the same family of the Suborder Trachym edusae 
and feed using ciliary currents (as in Colin et al. 2005); 
thus, related  species also may eat microplankton. 
Jellyfish also take up dissolved organics, but as 
em phasized by Arai (2001), study of such uptake has 
been neglected. We conclude that some gelatinous 
species may be particularly suited to flourish in envi
ronm ents w ith m icroplankton-based food webs.

In term s of nutrient cycling gelatinous species ex 
crete and take up dissolved organic matter. The u p 
take of dissolved organics by jellyfish or ctenophores 
seldom has been studied, but studies on nitrogen 
excretion are num erous (e.g. Schneider 1989, Pitt et al. 
2005). W hen in high abundances, gelatinous species 
may contribute significantly to nitrogen and phosphate 
budgets. The im portance of decomposition of jellyfish 
following blooms and the contribution to benthic com 
munities has only recently been  investigated (Billet et 
al. 2006, Rieman et al. 2006, Titelman et al. 2006).

Eutrophication often is associated w ith low dissolved 
oxygen levels (hypoxia), especially in the bottom 
w aters (e.g. Breitburg et al. 2003). Fish avoid, or die in, 
w aters of < 2-3  mg 0 2 P 1 (reviewed in Breitburg et al. 
2001), but m any jellyfish species are tolerant of <1 mg 
0 2 P 1 (reviewed in Purcell et al. 2001b). Subsequent 
to that review  the hypoxia tolerance of several estriar
me jellyfish, including Aurelia labiata, and cteno
phores w ere reported  to have great tolerance of low 
dissolved oxygen (Rutherford & Thuesen 2005, Thue- 
sen et al. 2005). Jellyfish polyps are also tolerant of low 
oxygen (Condon et al. 2001) and may find additional 
habitat w here other epifauna is reduced in hypoxic 
w aters (Ishii 2006). Some species of jellyfish (and 
planktonic ctenophores) lack a polyp stage, and those 
species may persist w here hypoxic bottom w aters p re 
vent others w ith vulnerable benthic stages (Arai 2001). 
Loss of species w ith a benthic stage was suggested to 
explain the reduction of hydrom edusan species from 
over 40 in 1910 to fewer than  20 since 1972 (Benovic et 
al. 2000).
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Pelagic cnidarian and ctenophore predation on Zoo
plankton may reduce grazing on phytoplankton, which 
in turn  could increase the flux of ungrazed phyto- 
plankton to the benthos and reinforce hypoxia. This 
was tested in C hesapeake Bay in 1987 to 1990 w hen 
scyphom edusae predom inated, but predation was 
insufficient to reduce Zooplankton (Purcell et al. 1994); 
the same area was exam ined from 1996 to 2000 w hen 
ctenophores predom inated and their predation did 
reduce Zooplankton densities during that period 
(Purcell & Decker 2005). The positive reinforcem ent of 
hypoxia by gelatinous species may be im portant in 
coastal w aters (see also Moller & Riisgârd 2007).

Eutrophication and developm ent reduce w ater clar
ity and light penetration, which may alter the feeding 
environm ent to benefit gelatinous predators over fish. 
Epipelagic fish are visual feeders, while jellyfish are 
non-visual; turbid w ater could reduce feeding by fish, 
but not affect jellyfish. Eiane et al. (1997, 1999) com 
pared  the optical properties of w ater in Norwegian 
fjords; jellyfish (i.e. Periphylla periphylla) predom inate 
in Lurefjorden, w hich has much g reater light absor
bance than other fjords with fish. The reduced light 
penetration in Lurefjorden was due to coastal w ater 
influence, not to eutrophication or developm ent. To 
our know ledge this study is the only test of a possible 
advantage of reduced visibility to jellyfish.

Fishing

Fishing may positively affect pelagic cnidarian and 
ctenophore populations by rem oving predators of the 
gelatinous species (reviewed in Purcell & Arai 2001, 
Arai 2005). Gelatinous species are eaten  by many spe
cies of fish, some of which are commercially important, 
such as chum salmon Onorhynchus keta, butterfish 
Peprilus triacanthus, and spiny dogfish Squalus acan
thias (Arai 1988, 2005, Purcell & Arai 2001). The occur
rence of ctenophores in spiny dogfish stomachs was 
used to infer a major increase in ctenophore popula
tions betw een 1981 and 2000 along the northw est 
Atlantic shelf (Link & Ford 2006). Populations of other 
predators have been  reduced at least in part because 
of fishing activities. Leatherback turtles Dermochelys 
coriacea have decreased  dram atically in the Pacific 
Ocean (Spotila et al. 2000) and are believed to eat 
primarily gelatinous prey (see Arai 2005, Houghton 
et al. 2006); other sea turtle species also eat jellyfish 
to some degree and also are at risk.

Fishing for zooplanktivorous forage fish species 
removes potential competitors of gelatinous predators. 
Diets of forage fishes and gelatinous species over
lap (Purcell & Sturdevant 2001, R. D. Brodeur et al. 
unpubl.); therefore, reduction of forage fish can pro

vide additional food for gelatinous predators. Mills 
(2001) suggested that increases in the siphonophore 
Nanomia cara in the Gulf of M aine could be due to 
reduction of zooplanktivorous fish species there. 
Reduction of zooplanktivorous fish populations was 
im plicated w hen ctenophores and jellyfish replaced 
fish in the Black Sea and the Benguela C urrent 
(Shiganova 1998, Daskalov 2002, Oguz 2005b, Lynam 
et al. 2006). O verharvest of mollusks and crustaceans 
also can lead to dram atic changes in ecosystems (in 
Jackson et al. 2001). Overfishing is considered to be a 
severe problem  (e.g. Pauly & W atson 2003). Jackson et 
al. (2001) and Daskalov et al. (2007) discuss how over
fishing of one resource after another, in combination 
with other ecosystem dam age, may lead to greater 
jellyfish and ctenophore populations.

Aquaculture

A quaculture may unintentionally benefit jellyfish 
populations in several ways. First, if additional feed is 
provided, eutrophication of the w aters can result in 
those consequences previously discussed. Second, the 
culture structures provide additional substrate on 
w hich the benthic stages may live and produce more 
jellyfish. The effects of aquaculture on an Aurelia  
aurita population w ere illustrated in Tapong Bay, Tai
wan, w here oysters and fish w ere extensively cultured 
before Jan  2003 (Fig. 3). Jellyfish w ere abundant du r
ing sam pling betw een Apr 1999 and M ay 2002; how 
ever, they w ere absent after removal of the culture 
rafts (Fig. 4). Analysis suggested that the aquaculture 
structures had  provided shaded substrate for the
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Fig. 3. T ap o n g  Bay in  so u th w este rn  T aiw an  w ith  su rro u n d in g  
fish  cu ltu re  p o n d s (light gray) a n d  oyster cu ltu re  rafts (black 
a rea s in  bay) b e fo re  2003. All oyster rafts w e re  rem o v ed  by  

2003. Solid sq u a res  (■) m ark  3 sam p lin g  stations
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polyps and retention in the lagoon (Lo et al. in press). 
Another unintended benefit for gelatinous predators is 
that forage fish (e.g. anchovies, sardines and m en
haden) are harvested for fish meal for aquaculture feed 
(e.g. Kristofersson & Anderson 2006) and removal of 
zooplanktivorous fish may provide opportunities for 
their gelatinous competitors' population growth, as 
discussed in the previous section.

Aquaculture also intentionally enhances jellyfish 
populations. In response to a dram atic decline in 
catches of the preferred  edible jellyfish, Rhopilema 
esculentum, China initiated an aquaculture program  in 
1983 (Xu et al. 1997, Liu & Bi 2006). One hundred  m il
lion 1 cm jellyfish are released annually in February 
and M arch, and by August they reach 50 cm in length. 
The cost:benefit ratio ranged from 1:2 to 1:4. Because 
of the success of Chinese jellyfish aquaculture and the 
resultant fishery, M alaysia began  a similar program  in 
2004 and plans another center (Anonymous 2004). 
Such jellyfish enhancem ent program s seem  certain to 
have ecological repercussions that are unstudied.

Construction

We use the term  'construction' for a variety of hum an 
disturbances to aquatic habitats that have either added 
structures to or altered the characteristics of coastal 
waters. In addition to aquaculture (as discussed in the 
last section), hum ans add m any other structures to 
coastal waters including docks, marinas, breakwaters, oil 
platforms and artificial reefs, all of w hich provide sur
faces for polyps, but the im portance of this is unknown.

Most reported  jellyfish blooms have occurred in 
heavily populated areas surrounding semi-enclosed 
w ater bodies. Such areas often have extensive con
struction in addition to eutrophication and fishing, and

the effects are impossible to separate (Arai 2001). In 
China the Three Gorges Dam on the Yangtze River 
becam e operational in 2003; dow nstream  changes in 
the estuary have included an earlier seasonal influx of 
high salinity w ater and jellyfish blooms, including one 
of a newly introduced species (Xian et al. 2005). Eutro
phication also is a serious problem  in China (Zhang et 
al. 1999). These hydrological alterations may affect the 
Yellow Sea, w here N em opilem a nomurai blooms may 
originate. C hanges in w ater flow to the Black Sea w ere 
suggested to contribute to changes favoring jellyfish 
and ctenophores (e.g. Oguz 2005b). Jellyfish blooms 
have becom e problem atic in the M ar Menor, Spain, 
w here the inlets to the lagoon w ere enlarged, reducing 
salinities from 50-52 to 43-47; in addition, extensive 
developm ent (including dredging and beach construc
tion) changed 42 % of the shoreline, and eutrophi
cation (discussed previously) has been  extensive 
(Pagés 2001).

Nuclear and therm al pow er plants often use coastal 
w aters for cooling and discharge the heated  w ater 
back into the marine environm ent. The plum e from the 
Daya Bay NPP, China, extends 8 to 10 km and 
increases tem peratures by 1 to 1.5°C (Tang et al. 2003). 
China and Korea have 4 NPPs in or near the Yellow 
Sea, a possible source of N em opilem a nomurai blooms. 
The Q uinshan NPP started commercial operation in 
1994 (INSC 2007); problem  jellyfish blooms (Aequorea  
sp, Cyanea sp., Sanderia sp., Stomolophus meleagris) 
in that region (Yangtze River plume) began  in the mid 
1990s and have been  increasing (Cheng et al. 2005). 
The Q uinshan NPP has 1 operational reactor, w ith 2 
more under construction (INSC 2007); hence, addi
tional changes may be anticipated.

A lien invasions

Several species of jellyfish have been  accidentally 
introduced in many locations around the world 
(Table 7); some have been  introduced in many places 
(Dawson et al. 2005), and some have caused trem en
dous ecosystem disruptions and economic losses 
(reviewed in G raham  & Bayha 2007). The transport 
betw een locations has mostly been via ballast water, 
and sometimes from the aquarium  trade (Bolton & G ra
ham  2006). Newly introduced species often display 
large initial blooms that becom e less intense; however, 
the stage is set for subsequent large blooms w hen 
fortuitous conditions prevail, and for expansion of the 
population into new  areas. Rhopilema nomadica  first 
appeared  in the M editerranean in the mid-1970s and 
now is found along all coastlines of the eastern  M edi
terranean  Sea (reviewed in Graham  & Bayha 2007). In 
the early 1980s, the infamous ctenophore, M nem iopsis
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T able  7. S pecies of jellyfish  a n d  c ten o p h o res k n o w n  to h a v e  b e e n  in ad v e rten tly  
in tro d u ced  to  n o n -n a tiv e  h ab ita ts . Species in d ica ted  w ith  a sterisk  (*) a re  h o lo 

p lankton ic; all o thers h av e  a b en th ic  s tage

Invading species A reas of invasion Source

Scyphom edusae
Aurelia  spp. M ultiple invasions D aw son et al. (2005)
Rhopilem a nom adica E astern  M ed ite rranean R eview ed in  G raham

Sea & Bayha (2007)
Phyllorhiza puncta ta W estern  A ustralia, R eview ed in  G raham

H aw aii & San Diego, USA, et al. (2003), Bolton &
C aribbean  an d G raham  (2004),
M ed ite rranean  seas, G raham  & Bayha
Gulf of M exico (2007)

Cassiopea androm eda H aw aii an d R eview ed in  G raham
M ed ite rranean  Sea & Bayha (2007)

Sanderia m alayensis Yangtze River estuary X ian et al. (2005)

Hydrom edusae
Craspidacusta sow erbii Fresh  w ater, all continents 

except A ntarctica
D um ont (1994)

M oerisia lyonsi C h esap eak e  an d  San R eview ed in
Francisco bays, a n d  L ake 
Ponchatrain, USA

Purcell et al. (1999a)

Blackfoidia virginica San Francisco Bay Mills & Som m er (1995)
M aeotias inexspectata San Francisco Bay Mills & Som m er (1995)

Ctenophores
M nem iopsis le id y i* Black, Azov, C aspian, R eview ed in  G raham

M ed ite rranean  an d  
N orth  seas

& Bayha (2007)

Beroe ovata* Black Sea R eview ed in  G raham  
& Bayha (2007)

leidyi, first invaded the Black Sea, 
w here it spread to the Sea of Azov and 
the M editerranean and Caspian seas 
(e.g. Purcell et al. 2001c, G raham  & 
Bayha 2007); recent appearance of M. 
leidyi in the North Sea appears to be a 
separate introduction and has spread to 
the Baltic Sea (Faasse & Bayha 2006, 
Hansson 2006). Thus, blooms may 
occur in areas w here the species did 
not previously occur.

M ultiple interacting factors

Most of the problem  jellyfish blooms 
have several probable contributing 
causes (Table 8). For example, in Chi
nese w aters jellyfish blooms have fol
lowed warming, extensive eutrophica
tion, fishing, construction and invasion. 
Jellyfish blooms followed extensive 
habitat modification in the M ar Menor, 
Spain, w here in addition to eutrophica
tion and construction (discussed previ
ously), the bottom habitat changed from 
sand to mud, the algal invader Caulerpa 
prolifera replaced sea grasses, oysters 
w ere introduced providing additional

T able  8. S um m ary  of possib le  co n tribu ting  factors to m ajor jellyfish  bloom s a ro u n d  th e  w orld. Species in d ic a te d  w ith  a sterisk  ( 
a re  ho lop lankton ic; all o thers h a v e  a b en th ic  stage. + = p ro b ab le , ? = u n k n o w n  or no t exam ined , -  = un like ly

Bloom location SourceMain species russiuie laciuis cuiiuiuuuiiy tu uiuuin
C lim ate  E utroph- Fishing Aqua Construe- Invasion

ication culture tion

Tokyo Bay, A urelia  aurita (s. 1.) + + + + + + Ishii (2001), Uye & Ueta
Seto Sea (2004)

E ast A sian N em o p ilem a + + + ? + - Uye (in press)
m arg in a l seas nom ura i

Y angtze  River A eq u o rea  sp., + + + ? + + Ding & Cheng (2005),
estu ary C yanea  sp.,

Sanderia
m a layensis

Cheng et al. (2005), 
Xian et al. (2005)

Black Sea M n em io p sis  le id y i* + + + - + + Oguz (2005a,b)
M ar M enor Cotylorhiza,

R hizostom a
2 + + + + + Pagés (2001)

M e d ite rran e a n Pelagia n o c tilu ca* + - + - - Goy et al. (1989),
an d  A dria tic  seas Purcell et al. (1999b)

B en g u ela  C u rren t Chrysaora
hysoscella ,

2 - + - -  - Lynam et al. (2006)

A eq u o rea  forskalea
C h e sa p ea k e  Bay Chrysaora  

quinquecirrha, 
M n em io p sis  le id y i

+ + + Purcell & Decker (2005)

B ering  Sea Chrysaora
m e la n a ster

+ - + - — — Brodeur et al. (in press)

Lurefj o rd en P eriphylla  
p eriphylla  *

2 ? Eaine et al. (1999)
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substrate for the jellyfish polyps, bottom w aters becam e 
hypoxic, and once vigorous fisheries declined (Pagés
2001). The great success of the introduced ctenophore, 
M nem iopsis leidyi, in the Black Sea was probably due 
to m any factors, including previous ecosystem dam age 
(reviewed in Oguz 2005a,b), overfishing (e.g. Shiga- 
nova 1998, Daskalov 2002), climate variations (e.g. 
Oguz 2005a) and the initial absence of a controlling 
predator (Purcell et al. 2001c). Subsequently, the M. 
leidyi population was controlled by the invasion of a 
predator, the ctenophore, Beroe ovata (e.g. Oguz 
2005a). In the Bering Sea a general additive m odeling 
(GAM) analysis of the increase in the 1980s and 1990s 
and abrupt decrease after 2000 of Chrysaora m elan
aster jellyfish revealed that abiotic factors (moderate 
tem perature, low to m oderate ice cover, low spring 
mixing, low current flow) and biotic factors (high jelly
fish biomass the previous year, low to m oderate abun
dance of w alleye pollock Theragra chalcogranmia) all 
favored high jellyfish biomass (Brodeur et al. in press). 
D egraded habitats may promote persistent blooms 
of gelatinous species.

DISCUSSION  

Potential for problem s w ith jellyfish  to increase  
in the future

Long-term changes in climate have been  docu
m ented, such as increased tem peratures and d e 
creased ice in the Arctic, changes in precipitation, 
ocean salinity, w ind patterns and extrem e w eather fre
quency and intensity; it is considered 'virtually certain ' 
that these changes will continue in the 21st century 
(IPCC 2007). Global w arm ing is predicted to cause a 
tem perature increase of 0.1 to 0.2°C per decade and 
ocean surface tem peratures will rise nearly every
w here (IPCC 2007). The century long pattern  of 
increasing cloud cover and decreasing light before the 
1990s seems to have reversed recently (Wild et al.
2005). There is a high degree of uncertainty in pred ict
ing specific changes in many im portant factors (e.g. 
precipitation, salinity, currents, cloudiness, production, 
pH) and the consequences for organisms, because of 
hydrographic and seasonal variation, and of in ter
actions and feedbacks am ong the multiple factors, as 
well as m any direct hum an effects (e.g. Harley et al. 
2006, IPCC 2007). For example, the food available to 
pelagic cnidarians and ctenophores would depend  on 
their competitors and predators (e.g. fish) as well 
as production. Nonetheless, changes in tem perature, 
salinity, currents and light are very likely to cause 
changes in the population sizes, distributions and 
timing of gelatinous species.

To understand how climate variables affect the vari
ous species, predictive equations and models using 
environm ental data and climate indices need  to be 
developed, as for Pelagia noctiluca, Chrysaora quin
quecirrha, C. m elanaster and Aurelia labiata (Goy et 
al. 1989, Cargo & King 1990, Lynam et al. 2004, Attrill 
et al. 2007, Decker et al. 2007, Brodeur et al. in press, 
Purcell in press). Combinations of field and laboratory 
studies also are necessary. It is im portant to rem em ber 
that environm ental changes will affect both the b en 
thic and pelagic stages of the cnidarians. Even less 
is known about the benthic stages than  the pelagic 
jellyfish. Basic information, such as polyp habitat, is 
unknow n for most species. To understand the factors 
affecting jellyfish blooms, it is essential to learn more 
about the ecology of the benthic stages.

The current world hum an population is projected 
to increase 46%  by 2050 (US Census Bureau 2006). 
H um an influences and dem ands on the ocean will 
increase along w ith population. Increased dem ands 
for energy will drive more dam  and pow er plant 
construction with associated w arm ing and salinity 
changes in coastal waters. For exam ple, China has 3 
operative nuclear pow er stations and 4 are under 
construction (INSC 2007). Increased fertilizer use, 
particularly in Asia, may cause dissolved inorganic 
nitrogen exports to the coastal oceans to more than 
double by 2050 (Seitzinger et al. 2002). Zhang et al. 
(1999) indicated that the N:P ratio in the Yangtze 
River would be 300 to 400:1 by 2010, although the 
'norm al' Redfield N:P ratio is 16:1. Studies on the 
effects of eutrophication and hypoxia on jellyfish and 
ctenophores are needed. W hether gelatinous species 
actually do best in stratified w aters w ith recycled 
nutrients and small planktonic foods needs to be 
determ ined. Global fish production is projected to 
double betw een 1997 and  2020, w ith especially large 
increases occurring in developing nations and in 
aquaculture (Delgado et al. 2003). M uch of the 
extrem ely valuable long-term  data on jellyfish popu
lations are from fisheries. Q uantification of jellyfish 
live catch volume and num bers should becom e stan 
dard  protocol in fisheries surveys. Contrary to nearly 
all past research in w hich jellyfish and fish are stud
ied separately, future work should consider them  
together (e.g. Brodeur et al. in press, Suchm ann & 
Brodeur 2005).

A larger hum an population brings increased coastal 
developm ent, aquaculture and commerce, w ith e n 
hanced opportunities for polyp settlem ent and alien 
species introduction. Global bivalve (mussels, oysters, 
scallops) and m arine fish aquaculture have increased 
dram atically in recent decades, especially in Asia 
(Fig. 5) (FAO 2007), and can provide favorable habitat 
for jellyfish polyps. Research to determ ine m aterials
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that reduce polyp recruitm ent (e.g. Hoover 2005) 
should be conducted. G reater care should be taken  to 
prevent transport of gelatinous species to different 
environm ents. Transport of pelagic stages (e.g. M n e
m iopsis le idy i) and polyp stages is possible (e.g. Cas
siopea spp., Bolton & Graham  2006). M any species 
may easily survive transport because the benthic 
stages enter a dorm ant stage (cyst or stolon) in 
response to stressful conditions in which they can 
survive extended periods (e.g. Arai 1997, Boero et al.
2002). Given the many trends of m arine ecosystem 
modification, increases in jellyfish populations and 
blooms seem likely.

Benefits of jellyfish  to humans

Although the preceding discussion presents hum an 
problem s with pelagic cnidarians and ctenophores, 
these organism s also provide ecological and com m er
cial benefits for some hum an interests. Jellyfish may 
indirectly and directly benefit fish prey populations. 
Large jellyfish species often eat smaller species, 
which may be more voracious consumers (reviewed 
most recently in Arai 2005). In C hesapeake Bay, for 
example, Chrysaora quinquecirrha  scyphom edusae 
can control the population of M nem iopsis leidyi 
ctenophores thus reducing predation on bivalve 
veligers (Purcell et al. 1991) and on copepods (Pur
cell & Decker 2005). Juveniles of several com m er
cially im portant species also associate w ith large 
jellyfish (>80 known species pairs; review ed in Pur
cell & Arai 2001). The benefit for the fish has been 
assum ed to be shelter and food, and recently positive 
correlations betw een juvenile w hiting M erlangius 
m erlangus survival and jellyfish abundance w ere 
shown in the North Sea (Lynam & Brierley 2006).

Aurelia aurita m edusae and catches of associated 
butterfish dram atically increased in the 1990s, while 
other fish species declined in the Seto Inland Sea, 
Japan  (Uye & Ueta 2004) w here butterfish are h ar
vested commercially.

Furtherm ore, although jellyfish often are considered 
to be 'dead-ends' in the food web, they provide food for 
many vertebrates including commercially im portant 
fishes, sea turtles, and hum ans (Hsieh et al. 2001, 
Omori & Nakano 2001, Purcell & Arai 2001, Arai 2005). 
The global production of jellyfish for hum an consum p
tion has increased dram atically since the 1980s (Fig. 6) 
(FAO 2007). Most (99.9%) of the jellyfish fisheries 
are in Asia, although recently Australia (1997), the 
USA (1999), Europe, Africa (2000) and South America 
(2005) began small fisheries (FAO 2007). The economic 
value of jellyfish production in 2005 was estim ated at 
US$121 million (FAO 2007). In addition to commercial 
jellyfish fishing and processing, communities harvest 
jellyfish for local consumption. For example, aboriginal 
people in Taitung, Taiwan eat cubom edusae and scy
phom edusae (J. E. Purcell & W. T. Lo pers. obs.). Jelly
fish historically w ere believed to have health  benefits 
(Hsieh et al. 2001), and recently clinical benefits are 
being dem onstrated for arthritis and immunostimula- 
tion (Hsieh et al. 2001, Sugahara et al. 2006). G reen 
fluorescent protein (GFP), w hich was originally iso
lated from the hydrom edusan, Aequorea victoria, is 
known universally am ong molecular biologists and has 
led to a 'revolution in biotechnology' of inestim able 
value to hum ankind (Zimmer 2005). Finally, jellyfish 
are now exhibited in aquarium s around the world pro
viding recreational and educational benefits to mil
lions of people annually. Perhaps the best hum an strat
egy for the future regard ing  jellyfish is to develop new 
jellyfish products for food and m edicine (e.g. Webb
2007).
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