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Introduction 

Scientific awareness of gelatinous zooplankton, which includes medusae, siphonophores, cteno
phores, salps, and larvaceans, has increased markedly in the past three decades. At the forefront 
of this research field is the possibility that ecological change, forced by a variety of factors, 
may be enhancing gelatinous zooplankton populations in estuarine and marine environments. 
To address ecological and societal issues of jellyfish blooms around the world, the International 
Conference on Jellyfish Blooms was held in Gulf Shores, Alabama, on the coast of the northern 
Gulf of Mexico, in January 2000. This conference convened many of the world's current and 
future investigators of gelatinous zooplankton ecology to discuss the past, present and future 
of our field. The Conference was hugely successful in assembling scholars that ranged from 
patriarchs and matriarchs in the field to graduate and undergraduate students. In total, more 
than 70 scientists representing 13 countries from 5 continents attended the three-day conference 
hosted by the Dauphin Island Sea Lab. and the Mississippi-Alabama Sea Grant Consortium. 
This group of scientists represents the majority of jellyfish researchers worldwide. A total of 53 
oral and poster presentations were contributed. 

The International Conference on Jellyfish Blooms was a natural progression in the lineage 
of jellyfish ecology across scales of understanding. We can even link historical events to major 
transitions in how scientists have approached ecological studies of jellyfish. The first major 
transition occurred in the late 1960s following the United States' passage of a legislative bill 
entitled 'The Jellyfish Act', which released the single largest research allocation at that time to 
study the regulation of jellyfish populations, primarily Ch,ysaora quinquecirrha (Desor) in the 
Chesapeake Bay. The 'Jellyfish Act' served as a significant transition of emphasis from the or
ganism to the. population. We would like to especially acknowledge the important contributions 
of Mr David Cargo (e.g., Cargo & Schultz, 1966, 1967; Cargo & King, 1990), who, regrettably, 
passed away before the Gulf Shores conference. The anticipated product of the Jellyfish Act, 
which was the ability for humans to regulate jellyfish populations, never materialized. Never
theless, Jellyfish Act-funded research produced a wealth of information on feeding, growth, 
reproduction, development, and behavior of jellyfish. 

The next transition in jellyfish ecology research was from the population level to the eco
system level in the 1970s and 1980s. A major factor contributing to this transition was the 
development of an action plan to address pollution issues in the Mediterranean Sea. As part of 
the Mediterranean Action Plan (MAP), workshops were held in 1983 (Athens, Greece) and in 
1986 and 1987 (Trieste, Italy) to understand the possible linkages between environmental pollu
tion and jellyfish blooms, principa11y of Pelagia noctiluca (Forsskal), in the Mediterranean Sea. 
These workshops and their subsequent scientific reports (UNEP 1984, 1991) highlighted the 
complex relationships between jellyfish blooms, environmental variability, and human activity. 

It was not until the late 1980s that the 'human dimension' to jellyfish blooms could be fully 
appreciated. It was at this transition point when ecosystem level research was linked to socio
economics and politics as a consequence of the major ecological shift that took place in the 
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Black Sea. As discussed in this volume, the introduction of the ctenophore Mnemiopsis leidyi A. 
Agassiz in the Black Sea following extreme environmental changes (including over-harvesting 
of fish, cultural eutrophication and freshwater diversion) was implicated in the collapse of the 
valuable Black Sea anchovy fishery (e.g., GESAMP, 1997). In the wake of the Black Sea 'envir
onmental disaster', the scientific community has made significant advances into understanding 
the complex nature of the relationships of coastal marine ecosystems and the functional role of 
gelatinous zooplankton. The nai've belief in the 1960s that jellyfish were the 'problem' has been 
replaced today with the sobering realization that jellyfish blooms more likely are symptoms 
of environmental problems such as cultural eutrophication and associated effects like hypoxia, 
commercial over-harvesting of fish and invertebrates, habitat modification, freshwater diversion, 
species introductions, and global climate change. 

Unfortunately, not since the MAP workshops (UNEP 1984, 1991) has the international 
community of gelatinous zooplankton scientists come together with the specific intent to ad
dress jellyfish blooms (but see GESAMP, 1997). The International Conference on Jellyfish 
Blooms clearly reaffirmed the high degree of collegiality and devotion among the scientists 
of this research community. It is this international collegiality that will ultimately foster the 
next major advances in understanding global dynamics of jellyfish blooms. The Conference 
also recognized a unified voice that wi11 give direction to this rapidly expanding field. The 
attendees realized that a greater impact could be achieved with a co11ective voice, and called 
for future meetings to be held every 5-6 years. It was recommended that increased efforts be 
made to globalize our research, and discussions on specific mechanisms to accomplish this 
resulted in the conceptual foundation of the 'JellyWatch' network of global jel1yfish bloom 
dynamics. The research community also called for increased public awareness, expansion of 
interdisciplinary activities, larger scale studies, and increased funding potential. This volume 
serves as an extension of the Conference as a message to the larger sci en ti fie community and to 
the world. 

While this volume was being compiled, the northern Gulf of Mexico provided striking ex
amples of the socio-economic effects of jellyfish and our lack of understanding of most jellyfish 
populations. During the summer of 2000, public attention was drawn to 'invasions' of two 
large, previously unseen jellyfish species. The first was identified as Phyllorhiza punctata (von 
Lendenfeld), which is native to the tropical western Pacific Ocean. Millions of these large 
medusae (50-60 cm bell diameter) accumulated in the coastal waters of the northern Gulf. 
An immediate economic impact on shrimp harvesting was felt in the region due to fouling 
of nets, however, longer-term ecological effects due to predation are unknown. The second 
highly unusual species, the large cyaneid medusa, Drymonema dalmatinum (Haeckel), occurred 
over a large area of the northern Gulf from Florida to Louisiana. Individuals measuring up to 
75 cm in bell diameter, with tentacles of 20 m in length were observed preying heavily on local 
populations of Aurelia aurita medusae. Whether these species will persist in the northern Gulf 
of Mexico is unknown at this time. This example illustrates that we need to better understand 
why jellyfish often suddenly appear in profusion, and their effects on the coastal ecosystems. 

This volume is comprised of a subset of papers from the Conference, including both reviews 
and research papers. The Conference was designed to integrate various aspects of jellyfish 
blooms as they impact societies around the world. In the first section, Jellyfish and Human 
Enterprise: Fisheries and Tourism, topics range from the medical aspects of jel1yfish stings (Bur-
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nett), jellyfish as food (Hsieh et al.) and jellyfish fisheries (Omori & Nakano), to interactions 
between jellies and fish (Purcell & Arai; Mianzan et al.). In the second section, Jellyfish and 
Changing Ecosystems, papers consider whether jellyfish blooms have increased in recent years 
(Mills; Arai; Graham; Sullivan et al.), the effects of environmental factors such as dissolved 
oxygen, temperature and salinity on jellyfish population size (Condon et al.; Graham; Sullivan 
et al.; Raskoff; Dawson et al.), and the effects of introductions of ctenophores in the Black 
Sea region (Purcell et al.; Finenko et al.; Shiganova et al.). The third section, Physical and 
Hydrodynamic Interactions with Jellyfish, pertains to the role that physical processes play in 
mediating aggregations and distributions of jellyfish (Graham et al.; Johnson & PeITy) and 
feeding (D' Ambra et al.). The fourth section comprises a review of reproduction and life history 
strategies (Lucas), asexual reproduction rates (Watanabe & Ishii), and molecular phylogenetics 
(Dawson & Martin). The final section encompasses a variety of topics related to morphology 
(Moss et al.), epibionts and parasites of jellies (Moss et al.; Martorelli), and feeding (Ishii & 
Tanaka; Youngbluth & Bamstedt). All papers were subjected to the full peer review procedure 
of the journal Hydrobiologia, in which these manuscripts also are published. 

To those of us at the Conference, the importance of jellies is obvious, but to most other 
aquatic scientists, their importance often goes unnoticed. We believe that this volume wi11 be a 
key reference for the experts in our field. We hope that it also will stimulate the interest of other 
scientists and provide valuable references to those who may enter the field. 
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Abstract 

With larger human population numbers and their need for recreation, contact between humans and jellyfish is 
increasing. The pathogenesis of cnidarian stings is discussed here and some of the factors influencing the variability 
in adverse reactions they produce are mentioned. The pharmakinetics of venom delivery determines the organ 
site of damage and the extent of abnormality. Since venoms can injure man by allergic or toxic reactions, the 
differences between these processes is elucidated. Toxic reactions predominate and allergic ones are unusual. A 
more complete list of disease entities caused by jellyfish stings has been compiled. These sting reactions may be 
local, systemic, chronic or fatal. Most follow cutaneous stinging but some occur after stings to the eye or following 
ingestion. Increased case loads and experience has also lead to a more comprehensive understanding of sting 
pathogenesis and treatment. Accordingly, the principles of prevention and first aid therapy are outlined. Finally, 
some recommendations for more complete recording of adverse stings are suggested. 

The purpose of this paper is to increase the understand
ing of marine biologists about the medical aspects of 
jellyfish stingings by: (I) stressing the importance of 
pathogenesis including the process of envenomation, 
the pharmokinetics of the stinging, the role of allergy 
and toxicity in the disease state, and the importance 
of prior exposure to other animal venoms, (II) sug
gesting a scheme for adequate history taking and case 
recording, (III) cataloguing the jellyfish envenomation 
syndromes, and (IV) outlining the best therapeutic and 
prevention techniques. 

Pathogenesis of envenomation 

Process of envenomation 

Jellyfish are pelagic cnidarians found worldwide. 
Some have a stinging apparatus injurious to humans. 
Many species are cited as nuisances or health haz
ards and can appear individually or in swarms. Each 
species has a distinctive armamentarium of cnido
cytes, cells with cytoplasmic nematocysts containing 
a coiled, toxin-delivering tubule (Halstead, 1965). 

These cnidocytes are arranged in clustered batteries 
along the surfaces of the tentacles. In some jellyfish, 
the nematocysts are located in the outermost layer 
when in the 'fire ready' position or are withdrawn 
by a fibrillar network to an unexposed position (Ri
fkin & Endean, 1988). Nematocyst firing is triggered 
by combined chemical and tactile stimuli produced 
by the victim. The movement of nearby prey is an 
important factor in controlling jellyfish nematocyst 
discharge (Watson & Hessinger, 1989). Discharge of 
the nematocyst into human tissues involves the ever
sion of the tubule into our epidermis and its subjacent 
vascular and nerve-rich dermis. 

Pharmacokinetics of the sting 

Along their trajectory into the tissue, the nemato
cyst threads cross the epidermis, penetrate the dermis 
and enter, transfix or penetrate lymphatics, nerves 
and capillaries. Venom present on the outside of the 
thread is deposited in all these areas of skin. Thus, 
some venom has been injected intraepidermally, in
tradermally, intravascularly and probably in some 
cases subcutaneously. Each of these injection routes 
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has an established circulation time, which is also influ
enced by the molecular size of the venom, the health 
of the patient, the movement of the injured part, the 
perfusion ability of the patient and the location of the 
injury. 

While venom dose will depend upon the number 
of nematocysts fired, the rapidity of the symptoms and 
their duration will vary with each case depending upon 
several factors that control the circulation time and the 
interval lapse between injection and the onset of symp
toms. To make the problem more complicated, each 
injurious molecule attaches to different receptor sites 
at different organ systems. All these require a variation 
in reaction time before the pathogenic episodes appear. 
Thus, a spectrum of time interval or 'incubation' is 
necessary before disease is established. 

The role of allergy/toxicity in the disease state 

It is important, now, to emphasize that most of the 
bathers' disease from envenomation is due to a toxic 
reaction to the venom rather than an allergic one (al
lergy can be defined as an exaggeration of either of the 
body's immune systems, see below next paragraph). 
This critical distinction means that the bather has little 
chance of exacerbating his reaction with succeeding 
stings. Toxic reactions imply that all stung people are 
injured and that both supersensitivity and resistance do 
not occur. The fact that a jellyfish sting is a toxic reac
tion is usually overlooked because the rash is red and 
may contain lesions with hive-like components. Even 
very skilled emergency care workers will diagnose 
this type of rash as allergy-induced when it is asso
ciated with hypotension, difficult breathing and cold 
clammy skin. Unfortunately, they forget that many 
toxins produce the same clinical picture. 

Jellyfish stings initiate the expected immune de
fense reactions in bathers that any other foreign pro
teins produce. These are not associated with disease 
or abnormality. Accordingly, there is a stimulation of 
both serum antibody (humoral immunity) and reactive 
lymphocytes or monocytes (cell mediated immunity). 
These events can be used to test for the patient's ex
posure to that certain venom (serodiagnosis). It is now 
thought that an exaggerated stimulation of the cell me
diated system (a form of allergy) may be responsible 
for some of the later symptoms (sequellae) patients 
will experience after their stings (Burnett et al., 1986). 
These sequellae, then induced by allergy, stand in con
trast to the usual immediate response to the jellyfish 
sting which is 'toxic' in nature. The exaggerated or 

persistent immunological reactions (allergy) are rarely 
found in the envenomated population and some stung 
bathers may be even supersusceptible. No person ex
hibits these unusual allergic clinical reactions after his 
initial sting since prior exposure to the venom is neces
sary for their appearance. Modulation of the immune 
response by external agents such as drugs or ultraviolet 
light at the time of the sting should theoretically alter 
the swimmer's response to the venom, but no illustrat
ive case of this phenomenon has been reported (Miura 
et al., 1996). 

The relationship between different animal venoms 
and its importance in sting pathogenesis 

Because the clinical course of human injuries pro
duced by different animal venoms appears similar, 
some misconceptions about the deleterious or bene
ficial effect of prior exposure to diverse venoms ex
ists. The chemical and immunological relationships 
between different animal venoms have been extens
ively studied. Thus, jellyfish, bees, wasps and some 
snakes contain related components (i.e. peptidases, 
hyaluronidase) which might induce similar toxic re
actions to account for some of the local redness and 
swelling. Although immunological cross reactivity 
between proteins of different animal venoms has been 
demontrated in vitro, this relationship does not appear 
to be clinically important (Olson et al., 1985; Togias 
et al., 1985). The frequency of immunological cross 
reactivity between venoms increases as the poisonous 
animals are more closely related phylogenetically. Just 
as in jellyfish evenomations, most bee, wasp or snake 
injuries are toxic in nature (everyone is hurt with the 
first contact, no one is naturally resistant, the seYer
ity of the reaction is directly dose-related) and allergy 
(anaphylaxis) is rare. Additionally, humans do not ac
quire clinical resistance or susceptibility to bee stings 
by exposure to cnidarian venoms (or vice versa). 

Adequate history taking and case recording 

Many readers are employed at biological laboratories 
located at remote seasides or on board ship-locations 
where jellyfish stings occur but medical personnel are 
sparse. Therefore, a guide for facilitating adequate 
information collecting is offered in Table I. In addi
tion, both the offending animal and the resulting rash 
can be photographed or sketched and the skin can be 
scraped with a blade or stripped with cellulose tape 



to obtain released cells for microscopic examination 
and nematocyst identification. A good description of 
the rash would include three elements: distribution on 
the body (localized or widespread), configuration or 
arrangement of the component lesions (symmetrical, 
confluent, linear or circular) and a word about the ini
tial individual component or •spot' of the rash (macule 
= flat spot; papule = gooseflesh bump; nodule = larger 
bump; vesicle/bulla = small to large blister; pustule 
= pus filled blister). The above description should be 
only settled upon after examining the skin and hearing 
also what the bather saw as his disorder progressed. 

The compilation of this information will allow 
future scientists to know exactly which animal pro
duces what disease and geographically where the more 
serious stings occur. This information will be invalu
able as therapy becomes more advanced with species 
specific immunodiagnostic (serology) and immuno
therapeutic (antivenoms) techniques develop. 

Catalogue of syndromes 

Jellyfish envenomation syndromes can be separated 
on their temporal (delayed or immediate) and spatial 
(local or systemic) extents (Table 2). 

Fatal reactions 

Death produced by jellyfish stings may occur by either 
toxic or allergic mechanisms. Anaphylaxis, the most 
serious allergic reaction, rarely occurs from jellyfish 
stings (Togais et al., 1985). This type of reaction, 
which occurs within a few minutes to an hour, is 
characterized by cardiovascular collapse, fainting, hy
potension, tachycardia, cold, clammy skin and res
piratory distress with varying degrees of severity. 
There has been no known fatality from anaphylaxis or 
allergy-induced disease following a jellyfish sting. 

A similar, rapidly progressive syndrome produced 
by a toxic reaction to the sting is more common. 
Death can occur from toxic reactions to the jellyfish by 
four different mechanisms depending upon the dose of 
absorbed venom. Large doses affect the heart by pro
ducing varying degrees of cardiac block, ventricular 
arrhythmia, disturbance to the Purkinje fiber network 
and coronary artery vasoconstriction (Kleinhaus et al., 
1973; Burnett & Calton, 1987; Lin et al., 1988). This 
cardiotoxic action is thought to be mediated by altera
tions in calcium and/or sodium ionic transfer (Burnett 
& Calton, 1977, 1983, 1987; Cobbs et al., 1983; 
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Dubois et al., 1983 ). Moderate doses of venom depress 
respiration by a central nervous system effect several 
minutes to hours after the sting. Thus, if the patient 
survives the cardiotoxic action of the venom, death 
can occur by respiratory toxicity (Burnell & Calton, 
1987). Finally, still lower doses of venom may prove 
fatal later by producing acute renal failure with acute 
tubular necrosis (Guess et al., 1982) or by inducing 
cellular necrosis leading to liver failure (Garcia et al., 
1994). 

Systemic reactions 

The systemic reactions produced by jellyfish enven
omation include nausea, vomiting, muscle cramps, 
diarrhea, dizziness, diaphoresis, fainting, coma, con
vulsions, muscular spasms and (if the sting is on 
the thorax) respiratory acidosis (Kizer & Piel, 1982). 
A specific symptom complex, the 'Irukandji' reac
tion, occurs after envenomation by Physalia physalis 
(Linnaeus) (Portuguese man-o'war) or any of sev
eral carybdeids, especially Carukia barnesi Southcott 
(Irukandji boxjellyfish). This reaction usually follows 
a minor painful sting, which may be anywhere on the 
body and is either unnoticed or its symptoms disappear 
within minutes. After a latent period ranging from 5 to 
40 min, a deep pain begins on the sacrum or abdomen 
and spreads quickly into the chest and thighs. Inter
costal tightness and waves of excruciatingly severe 
muscle pain intensify over a few minutes before fading 
then recurring cyclically. There are increased 'sighing' 
respirations, restlessness, tremor, anxiety, headache, 
localized or generalized piloerection, sweating, pal
lor, cyanosis, low urine output, tachycardia, nausea, 
hypertension, pulmonary edema with left ventricular 
dilatation and feelings of imminent death. Fortunately 
this syndrome, which lasts 1-2 days, is self resolving 
(Fenner et al., 1988; Gunawardane & Murtha, 1988). 

Stings by other jellyfish have been accompan
ied by symptoms in other body regions. Psychiat
ric symptoms have followed Stomolophus nomurai 
(Kishinoouye) stings with psychosis, convulsions, 
coma and stupor (Zhang & Li, I 988). Fever and 
muscle spasms can occur after Clu:vsaora quinque
ci rrha (Desor) (sea nettle), Physalia physalis and 
box-jellyfish envenomations. 

Local reactions 

Local reactions produced by jellyfish envenomation 
include painful, linear, red, hive-like lesions. Pain 
is perceived instantly, is maximal within 5 min and 
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Table I. Pertinent historical questions and observations recommended for jellyfish 
sting patients 

Details of the sting 
Date, time, precise geographical location 

Patient activity at the time (entering water. swimming, sunbathng) 

Weather, tide, water conditions. amount of sun exposure 

Jellyfish species-drawing, photograph 

Length of tentacle contact with skin 

How long did adherent tentacles persist? 

Description of marks on the skin from tentacles 

Part of body stung 

Symptoms 
Dizziness 

Fever 

Nausea 

Faintness 

Vomiting 

Coma 

Local or generalized sweating Shortness of breath 

Muscle spasms Piloerection ('gooseflcsh') 

1 ncrcascd heart rate 

Past medical history 
Significant medical diseases 

Drugs taken at the time of the sting 

Alle1·gy history - asthma, hay fever, eczema 

Treatment 

First aid 
Time of arrival at hospital 

Condition of the patient 

Initial hospital treatment 

Microscopy of skin scrapings for nemaocyst identification 

Skin biopsy 

dissipates over the next few hours. In some patients, 
the cutaneous eruptions may be dramatically swollen, 
may be delayed for several hours, may persist up to 
several months or be recurrent without further stings 
(Mansson et al., 1985; Maretic, 1986; Burnett & 
Calton, 1987). During the recurrences, some patients 
have significant diarrhea. The recurrent reactions may 
be similar in severity but will be accompanied by itch
ing, not pain. The recurrent eruption can appear at 
any interval between 4 and 30 days and can last any
where between 1 and 7 days. Red, swollen, hive-like 
eruptions may also develop distant to the site of sting 
(Matusow, 1980). Two patients with papular urticaria) 
lesions located on the body away from the enven
omation site have been reported (Burnett & Calton, 
1987). Contact dermatitis to jellyfish tentacles has also 
been recorded in humans (Yaffee, 1968; Kokelj et al., 
1995). 

Ophthalmological complications of jellyfish stings 
can occur. Corneal ulcerations follow tentacle-orbital 
contact (Rapoza et al., 1986). Additional more seri
ous local reactions were reported with cases of eye 
pain, blurred or diminished vision and sensitivity to 
bright light (Burnett & Burnett, 1990, Glasser et 
al., 1992). One of the patients with inflammation of 
the anterior eye chamber developed spontaneously re
mitting increased ophthalmic pressure and persistant 
glaucoma-requiring local therapy for over 4 years. 
Presumably, local skin damage from stings can trigger 
injury to nearby or underlying tissues. Symptoms in 
these patients were delayed 24 h for unknown reasons. 

Other examples of injury to tissues adjacent to 
sting areas include the following. A patient with an 
inflamed superficial chest wall vein (Mondor's dis
ease) after a local sting was noted as has a patient 
with a deep venous clotting inflammation of the leg 



Table 2. Syndromes resulting from jellyfish envenomations 

Jellyfish envenomation syndromes 

Fatal Reactions 
Toxin-induced 

Immediate cardiac arrest 
Rapid respiratory arrest 
Delayed renal failure 
Liver destruction* 

Allergy-induced 
Anaphylaxis** 

Systemic Reactions 
Toxin-induced 
lrukandji reaction 
Respiratory acidosis 
Pulmonary edema 
Arthritis* 

Local Reactions 
Toxin-induced to skin, mucosa. and cornea 
Exaggerated local reaction (angiocdcma) 
Recurrent reactions up to four episodes 
Delayed persistent reactions up to several months 
Distant site reactions 
Local lymphadenopathy 
Seabathers· dermatitis 

Chronic Reactions 
Keloicls 
Pigmentation 
Fat atrophy* 
Contractions 
Gangrene 
Ulceration 
Vascular spasm 
Mononeuritis 
Autonomic nerve paralysis* 
Ataxia 
Increased ocular pressure 
Mondor's disease (thrombophlebitis)* 
Gullian Barre* 
Limb bluing 
Deep venous thrombosis 
Blurred vision 
Acquired cold urticaria* 
Facial swelling 

Post-episode Dermatitis 
Herpes simplex 
Granuloma annulare 

Reactions from .Jellyfish Ingestion 
Gastrointestinal symptoms 
Urticaria 
Ciguatera* 

Causative species 

CF,P 
CF 
p 

A 

CQ,CC, P,CF 
CB, P,CF 
p 

CB 
p 

CQ. P, CF, PN, CC 
A 
P,L,CO 
PN,CA 
p 
p 

L 

CF 
PN 

P,CF 
CF 

P,CQ,CF 
P,CQ,CF 
unknown box jellyfish 
unknown box jellyfish 
CQ 

PN 

CQ,L 
p 

A 

CQ 
P,CH 

R,P,L 
R 

Key: A-anemone; CA-Carybdea alata: CF-Chimnex jleckeri Southcott: CQ
Chry.mora q11i11q11ecirrha (sea nettle); CB-Car11kia bamesi (lrukandji jellyfish): 
CC-Cycmea capillata (lion's mane jellyfish): CO-Corals; CH-Chrysoaora hyso
cellll, E-.;chsclwlt::.: L-Limtche 1mg11iculaw (thimble jellyfish); P-Phy.wlia phy.wlis 
(Portuguese man-o·war): PN-A•lagia 11octiluca (Mauve baubler); R-Rhizo.,·rm,w: 
S-Stomolop/ms 1101,mrai; **=theoretical, no case verified. *-only I case reportcd
uncorroborated. 
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(Ingram et al., 1992; Al-ibrahim et al., 1995). Dif
fuse facial swelling, and acquired cold urticaria (long 
lasting propensity to hives following exposure to cold) 
have been reported in others (Mathelier-Fusade & 
Leynadier, 1993). Another patient, in whom an at
tack of Guillian-Barre syndrome (an unknown ascend
ing spinal cord paralysis) (Pang & Schwartz, 1993) 
was observed, dated the onset of that disorder from 
exposure to Pelagia noctiluca (mauve baubler). 

The clinical syndrome occurring from the sting of 
Linuche unguiculata Schwartz (thimble jellyfish) (all 
life stages) is known as seabather's eruption (Segura
Puertas et al., 200 I). Four to 24 h after exposure, a 
prickling sensation may or may not be accompanied 
by local urticaria) or macular lesions under the swim
suit from entrapped larvae or on open skin if large 
ephyrae or medusae are the culprits. The eruptions 
persist for 7-12 days but secondary recurrences or 
persistent hives can occur. Therapy is not effective so 
sedation and topical menthol aimed only at symptom 
relief is recommended (Wong et al., 1994). An in
dentical clinical syndrome caused by anemone larvae 
has occurred off Long Island waters (Freudenthal & 
Joseph, 1993). 

Chronic reactions 

Chronic reactions at the envenomated site include per
sistent nodules (Reed et al., 1984), hyperpigmentation 
(Kokelj & Burnett, 1990), keloids, contractions, fat 
atrophy and vasospasm with gangrene (Gunn, 1947; 
Adiga, 1984; Williamson et al., 1988). Local neuro
logical complications may be seen. Several cases of 
damage to one or two peripheral nerves have been re
ported subsequent to cnidarian envenomations (Filing
Katz, 1984; Moats, 1992). The affected nerves were 
near the stung area. Another patient had autonomic 
nerve paralysis with an extended abdomen and urinary 
bladder. Impotency, and inability to lacrimate or urin
ate were noted. This patient had electrocardiographic 
abnormalities unaffected by breathing or cartoid sinus 
massage (Chand & Sellah, 1984). A similar patient 
had 48 h of low grade fever, bladder atony, diplopia 
and ataxia (Burnett & Calton, 1987). Monoarticular 
arthraligia and reactive arthritis can postdate Physalia 
physalis stings (Weinberg, 1988). 

Post-episode dermatitis 

Local stings may be followed by recurrent herpes 
simplex or granuloma annulare ( dermal necrosis with 
hard circular nodules of unknown cause) at the site of 

wounds induced by Chrysaora quinquecirrha and the 
unitentacular form of Physalia physalis, respecti\ely 
(Burnett & Calton, 1987; Mandojana, 1990). 

Disorders following ingestion 

In certain areas of the world, ingestion of jellyfish as 
condiments or hors d'oeuvres is common (Hsieh et 
al., 200 I). Occasional gastrointestinal complaints such 
as cramping and abdominal pain can be produced by 
these delicacies. One woman developed gastrointest
inal symptoms and persistent urticaria after inges
tion of dry jellyfish (Yaffee, 1968), and another 
had a ciguatera-like outbreak after eating recon!-tit
uted frozen jellyfish products flown from the Orient 
(Zlotnick et al., 1993 ). 

Therapy and prevention of stings 

Therapy 

Knowledge of the chronological symptoms and their 
pathogenesis (toxic vs. allergic) should dictate first aid 
therapy. As in all injuries, maintenance of the vital 
signs (pulse, respiration and blood pressure) is the es
sential initial maneuver (Williamson et al., 1996). The 
stung subject should be reassured, kept warm, quiet 
and recumbent. 

Analgesia should be provided once the patient is 
stabilized. This therapy has to be systemic ( oral or par
enterally) because the topical route of drug-containing 
ointment penetrating the skin is too slow or ineffect
ive. The painful stimulus caused by the venom coated 
nematocyst thread was delivered instantly through 
the epidermis into the dermis. Topically administered 
agents such as anti-inflammatory, anesthetics or cor
ticosteroids penetrate down to that site too slowly and 
are not effective-even when mixed with penetrants 
(dimethylsulfoxide) or occluded under plastic wrap. 
The type of analgesic and its route of administration 
depends upon the clinical situation but oral agents 
(ibuprofen, acetylsalicylic aid) are sufficient for most 
American jellyfish injuries. 

Consideration can now be given to removing 
tentacle debris, presumably containing unfired nemao
cysts, from the bather's skin. With the possible excep
tion of Carukia barnesi and Irukandji, it is doubtful 
that removal of unfired nematocysts will reduce the 
pain of the sting already in progress. However, if 
properly performed, this maneuver cannot be dam
aging to the patient. Thus, dousing the skin with 



copious amounts of various solutions for over 30 s 
has been advocated. In the U.S., vinegar (a weak 
acid) has been found to be useful for all jellyfish 
forms except Cyanea capillata (Linnaeus)(lion's mane 
jellyfish) and Chry.mora quinquecirrha (Burnett et al., 
1983; Fenner & Fitzpatrick, 1986). For the latter 
species, a 50:50 baking soda: sea water slurry (an al
kali) has been recommended. Once adherent tentacles 
with unfired nematocysts have been removed, addi
tional pain relief can be achieved by cold packs or 
warm compresses. Cold appears to alleviate Physalia 
physalis and Australian box-jellyfish stings (Exton, 
1988) whereas warmth aids Hawaiian Carybdea alata 
Reynaud injuries and either temperature change can 
alleviate American Chrysaora quinquecirrha injuries. 
Care must be taken not to over-chill a small patient 
nor to apply sufficient heat that vasodilatation opens 
extra avenues for venom entry to the core of the body. 
Additionally, pain relief can be accomplished non
specifically in many cases with placebos or counter 
irritation from an abraident. The latter is often used 
against human cancer pain with transepidermal nerve 
stimulation (TENS) units which non-specifically stim
ulate one cutaneous region to 'offset' pain reception 
from other areas. The efficacy of placebos and counter 
irritation are mentioned to suggest an explanation for 
reported anecdotal remedies such as meat tenderizer, 
sand and papain. 

Specific antivenom serum therapy is in its infancy. 
None are available for jellyfish in American waters. 
An antivenom is manufactured for stings delivered by 
one Australian species, but its efficacy and standardiz
ation are questioned (Endean & Sizemore, 1988; Suth
erland, 1994). Experimental intravenous L verapamil 
is effective in animals against the cardiotoxicity of 
several jellyfish venoms but no human data have been 
obtained (Burnett & Calton, 1983). 

Treatment for the long term complications of cnid
arian stings is difficult. Special surgery may be re
quired for fat atrophy, gangrene, contractions, ulcer
ation or vascular spasm. Keloids may require cor
ticosteroid injections and pigmentation, topical hy
droquinone. The neurological disorders usually re
mit spontaneously after many months. Irkuandji pa
tients receive narcotics and alpha adrenergic block
ers (phentolamine) parenterally. Swelling and venous 
thrombosis are aided by bed rest, sedation and warm 
compresses. 

7 

Preve11ti011 

Stings can be prevented by prohibiting tentacles from 
contacting the skin. Barrier clothing (lycra suits) 
known as 'stinger suits' are effective; gloves, masks 
and full wet suits should be worn by divers (Willi
amson et al., 1988). Barrier creams are theoretically 
possible. Large thick layers of topical petrolatum (Vas
eline R) were helpful in one study (Burnett et al., 
1968). Several attempts to add another nematocyst 
inactivating compound to the topical base have been 
attempted (Heeger et al., 1992). These investigations 
have yielded varying degrees of success and are diffi
cult because they must be conducted in environments 
appropriate for the animal with adequate controls and 
significant numbers of subjects. One protocol out
lining the necessary studies to prove efficacy of such 
barrier preparations has been published (Burnett et 
al., 1999). A major difficulty is that there are no 
data on the human pain threshold for jellyfish stings. 
That is, what number of nematocysts are required to 
induce pain? ls it necessary to totally block all sting
ing to lessen and make the pain tolerable? Can the 
bather perceive greater pain with greater numbers of 
nematocysts firing? 

Mechanical barriers to jellyfish at the beach are ef
fective. Both nets and air- and water-jet screens have 
been used in different parts of the world (Schultz 
& Cargo, 1969). Moveable fine mesh metal fences 
hanging on floats are successful in Australia (Willi
amson et al., I 996~ Moss & Stark, 1998). 

Hopefully by expanding research on barrier nets, 
clothing and topical preparations, most stings can be 
prevented. Then, by better understanding the patho
geneses of the jellyfish injuries and, by knowing which 
animal causes what disorders, definite treatment can 
be improved to reduce the nuisance and dangers of 
jellyfish stings. 
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Abstract 

Jellyfish have been exploited commercially by Chinese as an important food for more than a thousand years. Semi
dried jellyfish represent a multi-million dollar seafood business in Asia. Traditional processing methods involve 
a multi-phase processing procedure using a mixture of salt (NaCl) and alum (AlK[SO4h • 12 H2O) to reduce the 
water content, decrease the pH, and firm the texture. Processed jellyfish have a special crunchy and crispy texture. 
They are then desalted in water before preparing for consumption. Interest in utilizing Stomoloplms meleagris L. 
Agassiz, cannonball jellyfish, from the U. S. as food has increased recently because of high consumer demand in 
Asia. Desalted ready-to-use (RTU) cannonball jellyfish consists of approximately 95% water and 4-5% protein, 
which provides a very low caloric value. Cannonball jellyfish collagen has shown a suppressing effect on antigen
induced arthritis in laboratory rats. With the great abundance of cannonball jellyfish in the U. S. coastal waters, 
turning this jellyfish into value-added products could have tremendous environmental and economic benefits. 

Introduction 

While jellyfish are shunned by swimmers in most 
places, several species of scyphozoan jellyfish with 
mild stings are edible. Edible jellyfish are largely estu
arine in nature, aggregating around river mouth drain
ages and primarily caught from the Indian, Northwest 
Pacific, and Western Central Pacific Oceans by several 
countries including Thailand, Indonesia, Malaysia, the 
Philippines and China (Huang, 1988). Among the ed
ible species Rhopilema esculentum Kishinouye is the 
most abundant and important species in the Asian 
jellyfish fishery which represents a multi million
dollar seafood business in Asia (Omori & Nakano, 
200 I). China is the first country to process jellyfish 
for human consumption (Morikawa, 1984 ). Although 
the Chinese have been eating jellyfish for more than a 
thousand years, the jellyfish industry only recently has 
become a commercial fishery. Other jellyfish produ
cing countries learned the traditional processing tech
niques from the northern Chinese with slight modific-

ation. Processing jellyfish in Asia is a low-cost opera
tion that requires little capital but is labor intensive. 

Distributions of the jellyfish populations are 
sporadic and seemingly unpredictable in nature. 
Meterological conditions, currents, water temperature, 
pressure, salinity and predation may play a signific
ant role in determining the population size (Suelo, 
1986 ). Asian countries are actively developing fisher
ies management plans in an effort to conserve jellyfish. 
In both China and Thailand, the government fisher
ies departments control the jellyfish season (Rudloe, 
1992). During the last several weeks of the season, 
the governments do not allow catching because the 
jellyfish are largest and are reproducing. Recently, 
Australia, India and the U. S. began utilizing their 
available species to produce jellyfish products for ex
port. Jellyfish enters into commerce from all over the 
world. However, little information has been pub I ished 
on utilization of jellyfish for human consumption. In 
the present paper, the processing of edible jellyfish, the 
nutritional and potential medicinal value of cannonball 
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jellyfish, and the future of jellyfish fishery in the U.S. 
are briefly addressed. 

Jellyfish processing 

Fresh jellyfish readily spoil at ambient temperature. 
Therefore, processing of jellyfish is carried out prefer
ably within a few hours of capture while the animals 
are still alive. The body of jellyfish consists of a hemi
spherical transparent umbrella. The mouth is on the 
undersurface of the umbrella and is protected by fused 
oral arms, commonly known as 'legs'. The umbrella 
and oral arms of jellyfish are separated immediately 
after catching. Jellyfish are cleaned with sea water, 
scraped to remove mucus membranes and gonadal 
material. Both umbrella and oral arms are used in 
processing. Traditional methods of processing involve 
a step-wise reduction of the water content using salt 
and alum. A salt mix containing about I 0% alum is 
used for initial salting of jellyfish using about I kg 
salt-alum mix for 8-10 kg of jellyfish (Subasinghe, 
1992). Salted jellyfish are then left in the brine for 
3-4 days, followed by several transfers to another 
container salted with fresh mix containing a smal
ler amount of alum. The salted jellyfish can then be 
heaped and left dry on a draining rack at room tem
perature for 2 days, and the heap is turned upside 
down several times during that period to allow excess 
water to drain out through compression by its own 
weight. The entire process requires 20-40 days to pro
duce a salted final product with 60-70% moisture and 
16-25% salt (Huang, 1988; Subasinghe, 1992). The 
processed jellyfish has a yield of about 7-10% of the 
raw weight depending on the species and processing 
formula. 

Preservation of jellyfish in a mixture of salt and 
alum is necessary to obtain products of desirable struc
ture and texture. Alum reduces pH, acts as a disinfect
ant and a hardening agent, giving and maintaining a 
firm texture by precipitating protein (Huang, 1988). 
Salt aids in reducing the water content and in keep
ing the product microbially stable. Salt or alum used 
singularly in the processing of jellyfish does not pro
duce a product of satisfactory properties (Wootton et 
al., 1982). Extensive liquidation of the tissue occurs in 
the absence of salt, while disagreeable odors develop 
in the absence of alum. In Malaysia and Thailand, a 
small amount of soda is often added in addition to salt 
and alum. Addition of soda facilitates water dehydra
tion in the curing solution and increases the crispiness 

of the cured jellyfish. In China, soda is omitted. Be
cause there are large variations among species, and 
even with different batches of the same types of jelly
fish, processors vary the amounts of alum and soda in 
the salt from one batch to the next to achieve stand
ardization of product. Processing jellyfish is more of 
an art than an exact science, hence Asians employ 
Jellyfish Masters who make adjustments in the amount 
of salt, alum, soaking periods and compression to ob
tain the right quality of product (Rudloe, 1992). Exact 
procedures are often kept as trade secrets. Processing 
reduces the pH from about 6.6 in fresh cannoball jelly
fish to 4.5-4.8 (Table 1 ). The lowered pH greatly 
reduces the possibility of microbial growth and en
hances the shelf life of the product. The quality of 
salt affects the ash content in processed jellyfish. Low 
grade curing chemicals and processing equipment can 
be the source of heavy metal contamination (Hsieh et 
al., 1996). Refined curing agents should be used for 
jellyfish processing. 

Cured jellyfish has a special crunchy and crispy 
texture that makes it unique. The price also depends 
on the quality of the processed jellyfish as measured 
by its texture, a combination of tender, elastic and 
crunchy characteristics, and its colour. The colour of 
freshly processed jellyfish is creamy white, but gradu
ally turns yellowish as the product ages. In the Asian 
jellyfish market, a whiter coloured product has higher 
retail value. Yellow, but not a brown colour, is accept
able. The longer the sample remains around, the darker 
it becomes. If it remains too long, it turns brown and 
the product is unacceptable. 

The salted jellyfish has a stable shelf life up to l 
year at room temperature. The shelf life can be in
creased to more than 2 years if the product is kept 
cool, however, freezing spoils the product, which dries 
out completely and becomes covered with wrinkles. 
Prolonged storage at warm ambient temperature may 
cause a loss of crispness or spoilage of the product. 
The market price varies considerably depending on 
the size and condition. The larger the jellyfish, the 
better is the price. Oral arms product has a lower mar
ket value than umbrella due to the irregular shape. A 
premium Grade A jellyfish, with a wholesale price of 
$ I 0.00-12.00 per pound in Asia, must be I 8 inches in 
diameter, have a white to creamy colour, and have a 
crispy texture and be tender at the same time. 
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Table I. Chemical composition. caloric value, and pH of fresh cannonball jelly
fish. S101110/oplms meleagris. desalted ready-to-use (RTU) processed cannonball 
products. and a RTU commercial Malaysian Rlwpilema product. Numbers arc 
means(± one standard deviation) of 3 determinations from composite samples 

Composition Fresh RTU RTU RTU 

cannonball Malaysian cannonball cannonball 

umbrella umbrella umbrella leg 

Moisture (%) 96. IO (0.06) 95.63 (0.01) 95.04 (0.04) 94.08 (0.02) 

Ash(%) 1.25 (0.16) 0.69 (0.00) 0.33 (0.00) 0.34 (0.01) 

Protein(%) 2.92 (0.04) 4.13 (0.01) 4.69 (0.03) 5.60 (0.02) 

Fat(%) <0.01 < 0.01 < 0.01 < 0.01 

Total(%) 100.27 100.45 l00.06 100.02 

Cal l00 g- 1 11.68 16.52 17.84 22.4 
PH 6.67 (0.01) 4.64 (0.01) 4.46 (0.01) 4.46 (0.01) 

Preparation of jellyfish dishes 

Jellyfish is more than a gounnet delicacy; 1t 1s a 
tradition. A Chinese wedding or formal banquet is 
rarely completed without a jellyfish salad. The pro
cessed jellyfish should be desalted and rehydrated in 
water for several hours to overnight before preparing 
the jellyfish dishes. The desalted ready-to-use (RTU) 
products have little flavour but are served with sauces 
or as part of more elaborate dishes. The Chinese have 
various methods for preparing jellyfish, cooked or un
cooked. They usually are shredded, scalded and served 
in a dressing composed of oil, soy sauce, vinegar and 
sugar. Sliced jellyfish may be eaten as a salad mixed 
with shredded vegetables and/or thinly sliced meat. 
Japanese prepare cured jellyfish by rinsing in fresh 
water, cutting into thin strips and served with vinegar 
as an appetizer (Firth, 1969). In Thailand, cured jelly
fish are sliced into small threads like noodles, washed 
several times to remove salt and dipped in hot water; 
the dipped jellyfish is ready for use in various recipes 
(Soonthonvipat, 1976). 

The overnight desalting procedure and preparation 
of jellyfish dish may become a barrier for modern con
sumers with busy life styles. This has been overcome 
by developing shredded RTU products with variet
ies of flavor and sauces. Recently, shredded jellyfish 
have appeared on the Japanese market packaged to
gether with condiments such as wasabi or mustard 
as a convenient ready-to-eat food. The preparation of 
shredded RTU products will also eliminates the prob
lems related to the size of the jellyfish and increase the 
utilization of their oral arms. 

Nutrient composition 

Not only are they delectable, but jellyfish are a natural 
diet food. We have analyzed the chemical composi
tion of RTU cannonball jellyfish products and com
pared with that of a commercial Malaysian Rhopilema 
product and a fresh cannonball jellyfish sample. Res
ults of the chemical composition, pH and calculated 
caloric value per I 00 g of serving are shown in Table 1. 
RTU jellyfish mainly consists of water and protein. 
They are low in calories, with no detectable crude fat 
and cholesterol, and trace amounts of sugar. The aver
age moisture content of RTU samples is in a range of 
94.1-95.6% . The tissue can bind a large quantity of 
water; yet maintain a non-watery, crunchy texture. 

Fresh unprocessed jellyfish are rich in minerals 
such as Na, Ca, Kand Mg, but the processed product is 
depleted of salts after desalting in fresh water (Hsieh et 
al., 1996). Salt (NaCl) can be completely removed by 
soaking in clean water. The hardness of water used and 
the number of water changes during desalting could 
affect the residual amount of these elements. However, 
RTU jellyfish contain a significantly higher amount 
of aluminum than fresh jellyfish (Hsieh et al., 1996). 
Apparently, aluminum is contributed from the curing 
agent, alum and remains in the tissues in a bound 
form. Processing time, temperature and the amount of 
alum used affect the retention of aluminum in jellyfish 
tissues (unpublished data). 

Except in relatively well-developed gonads during 
the reproductivecycle,jellyfish contain no visible lipid 
deposits (Joseph, 1979). Hooper & Ackman ( 1973) re
port that the lipid content of whole jellyfish range from 
0.0046 to 0.2% on a wet weight basis. In our study, 



14 

crude fat content in RTU cannonball jellyfish is less 
than 0.0 I%. This may be due to the complete removal 
of mucus and gonads, which contain trace amounts 
of lipids. According to Hsieh & Rudloe ( 1994 ), the 
cholesterol content of whole fresh jellyfish calculated 
on a wet weight basis is less than 0.35 mg I 00 g- 1 

based on four species of jellyfish, thus, jellyfish can 
be declared as a fat-free and cholesterol-free food. 

Carbohydrate is the other macronutrient that con
tributes to the caloric value of food. In jellyfish tissue, 
a trace amount of carbohydrate in the form of sugar 
is bound to protein as glycoproteins (Kimura et al., 
1983). The sum of the percentages of water, lipid, 
protein, and ash is approximately I 00%; therefore, 
the carbohydrate content in jellyfish is negligible for 
calorie calculations (Table I). The calculated caloric 
value for a normal serving ( I 00 g) of RTU is less 
than 20 Kcal. Such low caloric value makes jellyfish a 
natural diet food from the sea. 

Protein analysis of salted jellyfish indicate that a 
Malaysian commercial product and a Chinese product 
contain an average of 5.5 and 6.8 g of protein per 
100 g of salted product, respectively (Huang, 1988). 
However, the salted product is not the form for con
sumption. Our results show that percent crude proteins 
in RTU cannonball jellyfish ranged from 4.7% in um
brellas to 5.6% in legs, values that are higher than the 
RTU Malaysian commercial product (Table I). When 
the combined moisture and ash content increases, pro
tein content decreases. Amino acid analysis shows that 
tryptophan, a limiting amino acid, is either not detect
able or is found in small amounts in jellyfish tissue 
(Kimura et al., I 983). Thus, the nutritional quality 
of jellyfish protein quality is low. Glycine accounts 
for one third of the total amino acid residues with 
a high proportion of hydroxyproline and hydroxylys
ine indicating that jellyfish protein is mainly collagen 
(Barzansky et al., 1975). 

Medicinal value of jellyfish 

Jellyfish have long been recognized for medicinal 
value (Omori. 1981; Hsieh & Rudloe, 1994). It is 
believed to be an effective cure for arthritis, hy
pertension, back pain and ulcers, while softening 
skin and improving digestion. Jellyfish is also al
leged to remedy fatigue and exhaustion, stimulate 
blood flow during the menstrual cycle of women, and 
ease any type of swelling. Most of these claims re
garding the medicinal value of jellyfish are described 

in non-scientific publications in Chinese. In Korea, 
jellyfish are promoted on television and in women?s 
magazines as an aid for weight loss and beautiful skin. 
Australian aboriginal shamans have prescribed dried 
jellyfish powder as a treatment for burns (Hsieh & 
Rudloe, 1994). However, no scientific research has 
been carried out to document the medicinal efficacy 
of jellyfish. Collagen has been hypothesized to be 
the ingredient in jellyfish contributing to the benefi
cial health effects because collagen is the essential 
building material of muscle tissue, cartilage and bone, 
and has a great medicinal promise (Hsieh & Rudloe, 
1994). 

Recently, we conducted a small scale animal smdy 
investigating the health effect of jellyfish collagen on 
arthritis in rats. Laboratory rats were divided equally 
into 5 experimental groups with 5 animals in each 
group. Three groups were fed daily with IO µ.g of 
jellyfish collagen per rat for 6 days before (pre-JC), 
after (post-JC), and before and after (pre & post
JC) injection of the arthritis inducing reagent, bovine 
type II collagen (Wood et al., 1969). A positive con
trol group was induced with arthritis without collagen 
treatment and a negative control group consisted of 
normal healthy rats. All animals were examined daily 
for joint thickness and swelling to evaluate the onset 
and severity of the disease. An arthritis score was de
rived by grading the severity of involvement of each 
paw from Oto 4 (0=normal, l=redness, 2=redness plus 
mild swelling. 3=severe swelling, 4=joint defonnity) 
according to Trentham et al. (l 977). Delayed-type hy
persensitivity and serum anti-CH antibody levels were 
also monitored according to Yoshino et al. ( 1995). The 
average onset of arthritis in the positive control group 
was 19 days after induction of the disease, while in 
the jellyfish-fed groups was delayed to 24-29 days. 
The average arthritis scores for all jellyfish fed groups 
were lower than the positive control group. Our results 
demonstrated that laboratory rats fed with low doses of 
jellyfish collagen had significantly (p < 0.05) reduced 
incidence, onset and severity of antigen-induced arth
ritis, a model that shares clinical, histological, immun
ological and genetic features with human rheumatoid 
arthritis. Detailed methods and complete results of the 
study will be published elsewhere. 

Cannonball jellyfish - A new fishery in the United 
States 

Stomolophus meleagris or •cannonball jellyfish' is an 



edible rhizostome jellyfish species. Cannonball jelly
fish are small in size; about 127 mm high and 180 mm 
wide. They are hemispherical, thick, tough and milky
bluish or yellowish in colour, with or without a pale
spotted brown band around the margin. Cannonball 
jellyfish have no tentacles. Rather, they have 16 short, 
forked fused oral arms. Jellyfish of this species are of 
no significant public hazard because the toxin of their 
stinging cells (nematocysts) is relatively innocuous to 
humans (Toom & Chan, 1972). 

Cannonball jellyfish are frequently seen in coastal 
waters from North Carolina to Florida and in the north
ern Gulf of Mexico (Mayer. 1910). Each year, from 
August to December, ranging from Chesapeake Bay 
to Texas, millions of cannonball jellyfish can be ob
served. When abundant, they become a nuisance to 
shrimp fishermen by clogging the nets and crushing 
the shrimp. They sometimes severely damage fishing 
nets due to their huge volumes and weights (Huang, 
1988). One swarm observed at Port Arkansas, Texas, 
was estimated drifting through the channel at a rate 
of 2 million per hour (Meinkoth, 1981 ). Kraeuter & 
Setzler ( 1975) reported finding jellyfish of this species 
from March through October off the coast of Geor
gia. Burke ( 1976) noted that S. meleagris was almost 
always present in the Mississippi Sound. In South Car
olina, they occur throughout the year in abundance 
(Calder & Hester, 1978). It has also been recorded 
from southern California to Ecuador in Pacific and 
from the Sea of Japan to the South China Sea in the 
western Pacific (Kramp, 1961; Omori, 1978). The 
species has also been reported from New England to 
Brazil in the western Atlantic Ocean (Kramp, 196 I; 
Larson, 1976). 

Because cannonball jellyfish arc so abundant in 
the coastal waters of the U.S., they have been con
sidered a nuisance. Turning cannonball jellyfish into 
value-added products has tremendous environmental 
and economic benefits. Interest in utilizing cannon
ball jellyfish from the U. S. has increased recently 
because of high consumer demand in Asia. A fishery 
in Florida has initiated the first venture of processing 
cannonball jellyfish since 1992 (Rudloe, 1992). They 
use the Asian method to clean and cure the jellyfish. 
Since cannonball jellyfish are much smaller than the 
Asian species, reduced-time processing methods were 
developed to produce the salted product (Huang, 1988; 
Hsieh et al., 1996). 

A sensory study was conducted at Auburn Uni
versity to compare the colour, texture and overall 
preference of laboratory processed cannonball um-
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Table 2. Sensory evaluation of jellyfish products from 35 experi
enced panelists who had consumed jellyfish before, and 16 inexperi
enced panelists who had not consumed jellyfish before. A structured 
8-point hedonnic scale was used to evaluate the lightness of colour, 
crunchiness of the texture and overall preference of unflavoured 
jellyfish product The higher the score indicates the lighter in colour, 
crunchier in texture. and more preferred product. Means within rows 
followed by the same letter arc not significantly different at p< 0.05 

Sample Malaysian Cannonball Cannonball 

umbrella umbrella leg 

Experienced panelists 

Colour. lightness 2.so" 5.31{1 5.74" 

Crunchiness 4.97b 7.03" 5.63b 

Overall preference 5.06b 5.80" 4.91b 

Inexperienced panelists 

Colour, lightness 3.0oh 5.19" 5.56" 

Crunchiness 6.25° 6.44" 5.75" 

Overall preference 4.88" 4.88" 4.06" 

brella and leg products with a commercial Malaysian 
product (Leong, 1995). The study involved 51 pan
elists including 35 who had consumed jellyfish at 
least once before, and 16 inexperienced panelists. The 
three jellyfish samples were desalted overnight, sliced, 
coded with 3-digit random numbers and presented to 
the panalists on a white plate at the ambient temperat
ure. An eight-point structured hedonic scale was used 
to evaluated the lightness of colour, crunchiness and 
preference of the these unflavoured jellyfish products. 
Based on the sensory scores, cannonball products that 
had been stored in a refrigerator for l year presented 
a whiter colour and crunchier texture than the com
mercial one tested (Table 2). Significant differences 
(p~0.05) were found between the cannonball products 
and the Malaysian sample on the attribute of colour. 
Both cannonball products were rated lighter in col
our than the commercial product. It is possible that 
the cannonball products were more recently processed 
than the commercial product. The low temperature 
of refrigerated storage also keeps the light colour 
longer. In terms of texture and overall preference, 
experienced panelists rated cannonball umbrella as a 
crunchier product than the Malaysian sample and gave 
higher score of preference to the cannonball products. 
Results from inexperienced panelists showed no signi
ficant difference in crunchiness and overall preference 
among all samples tested. Leg tissue was accepted as 
well as the umbrella parts of the cannonball jellyfish. 
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Processed jellyfish are in high demand in Asia 
(Omori & Nakano, 2001). For example, Japan is one 
of the leading jellyfish consuming countries. More 
than IO 000 tons of raw jellyfish are caught in 1978 
and 1979 in the Ariake Bay; however, domestic pro
duction is too small to meet the high consumer de
mand. In 1980, Japanese imports from countries like 
Malaysia, China, Indonesia, Burma and the Philip
pines amounted to more than $40 million (Omori, 
1981 ). On the other hand, jellyfish populations have 
been unstable or declining in Asian waters due to 
pollution, over fishing or changing climate (personal 
comunication), causing Asian dealers to explore new 
sources of jellyfish. Although the U. S. cannonball 
jellyfish industry is in its infancy, its future looks 
promising due to the abundance of these jellyfish in 
U. S. waters, and the increasing Asian demand. The 
utilization of this valuable marine resource will poten
tially reduce the interference of this species with other 
fisheries and tourists and offer a great economical op
portunity for the deprived fishing industry along the 
Gulf of Mexico (Rudloe, 1992). In the long run, jelly
fish may be a valuable health food and collagen source 
for a world clientele. Greater recognition of the value 
of jellyfish will enable the U.S. to develop the jellyfish 
industry for penetration into the world market. 

Future product developments 

In spite of their wide commercial availability, jellyfish 
processing and utilization are not sufficiently studied 
and reported in the literature. Intensive labor harvest
ing and traditional manual processing are still used in 
Malaysia, China, Indonesia and elsewhere. With the 
trend towards globalization of the jellyfish industry, 
a cost-effective harvesting design and automated pro
cessing are needed to reduce the labor cost and im
prove production. The establishment of a standardized 
production for optimum quality from each species will 
facilitate the quality control of the jellyfish product. 

Even though cured jellyfish is a delicacy with high 
demand in Asia, Westerners are repulsed by the idea 
of eating them. The jellyfish product is a great sea
food alternative that can be sprinkled on salads for 
extra crunch, prepared as seafood salad, or displayed 
on the sushi bar. This low calorie seafood product 
with the potential of being used for treating rheum
atoid arthritis or providing other health benefits, could 
eventually become welcome by Westerners. 

The myths of the medicinal value of eating jellyfish 
should be unveiled by conducting carefully-controlled 
studies on animal models and human subjects. The 
preventive and/or therapeutic effects of jellyfish colla
gen on arthritis needs to be confirmed, and the effect
ive dose range, treatment duration and mechanisms 
of the suppressing effect should be further investig
ated in animal models. Carefully controlled preclinical 
studies would be essential before use of jellyfish col
lagen as a treatment for rheumatoid arthritis patients. 
Because jellyfish are a huge untapped resource of col
lagen, they may find a special niche in the near future 
for food, clinical and industrial applications. 
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Abstract 

A few large jellyfish species in the order Rhizostomeae constitute an important food in Chinese cooking. For 
more than 1700 years, they have been exploited along the coasts of China. Such jellyfish became an important 
fishery commodity of Southeast Asian countries in the 1970s with increasing demand from the Japanese market. 
Recently, Japan has imported 5400-10000 tons of jellyfish products per year, valued at about 25.5 million US 
dollars, annually from the Philippines, Vietnam, Thailand, Malaysia, Indonesia, Singapore and Myanmar. Judging 
from the type names at market and the external appearance of the semi-dried products, the edible jellyfish harvest in 
Southeast Asia is composed of more than 8 species. They are caught by various kinds of fishing gear including set
nets, drift-nets, hand-nets, scoop-nets, beach-seines and hooks. The fishery is characterized by large fluctuations of 
the annual catch and a short fishing season that is restricted from two to four months. The average annual catch of 
jellyfish between 1988 and 1999 in Southeast Asia is estimated to be about 169 000 metric tons in wet weight and 
the worldwide catch is approximately 321 000 metric tons. Needs for future study on the biology of rhizostome 
jellyfish are discussed as they relate to understanding population fluctuations. 

Introduction 

Some species of large jellyfish are considered to be 
delicacies for Chinese cooking. Their medicinal value 
has also been recognized for a long time (South China 
Sea Institute of Oceanology, 1978; Hsieh & Rud
loe, 1994). For over a thousand years, jellyfish have 
been exploited along the coasts of China. The Chinese 
philosopher Zhang Hua (232-300 A.D.) described the 
use of jellyfish as food in the old literature 'Natural 
History' during the Tsin Dynasty (Wu, 1955). Today, 
the Japanese are the leading consumers of jellyfish. 
Since the 1970s, with increasing demand from the Ja
panese market, jellyfish fishing has become popular in 
Southeast Asia. More recently, small-scale exploita
tion of jellyfish has also commenced in other countries 
such as Australia, India, Mexico, Turkey and the 
U.S.A. 

In Southeast Asia, jellyfish are fished in the Philip
pines, Vietnam, Malaysia, Thailand, Indonesia, Singa-

pore and Myanmar. One of the present authors (E. 
N.) has engaged in trade of jellyfish commodity for 
27 years. He estimates that about two thirds of the 
products are exported to Japan and the remainders are 
sold to South Korea, Taiwan, Singapore, Hong Kong 
and recently the U.S.A. 

In spite of its importance as a commodity, only 
a little is known about the biology and fishery of 
edible jellyfish. This is particularly so in Southeast 
Asia where scientific studies cannot catch up with 
the rapid development of exploitation. The fishery is 
characterized by considerable fluctuation in the catch 
and the good season is restricted to a few months, 
which vary by locality. This circumstance causes in
stability of the fishery. The present review compiles 
available information on the fishery of edible jellyfish 
in Southeast Asia, in order to call some attention to 
the ecology of the animals and perhaps to stimulate 
further development of the jellyfish fishing industry in 
the region. 
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Table I. Identified species of edible jellyfish in the world 

Cephcidae 
Cephea cephea (Forskal. 1775) 

Catostylidae 
Catostylus mo.micus (Quoy & Gaimard. 1824) 

Crambione mastigoplwra Maas 1903 

Crambionella orsisi (Vanhoffcn, 1888) 

Lobonematidae 
Lobonema smithii Mayer. 1910 

Lobonemoide.\· gracilis Light, 1914 

Rhizostomatidae 
Rhiwstoma pu/1110 (Macri, 1778) 

Rlwpi/ema esculentwn Kishinouye, 1891 

Rlwpilema hispidum (Vanhoffcn. 1888) 

Neopi/ema nomurai Kishinouye. 1922 

Stomolophidac 
Stomolop/ms meleagris L. Agassiz. 1862 

Species 

Edible jellyfish all belong to the order Rhizostomeae, 
in the Scyphomedusae. The bodies of these jelly
fish are large, and considerably tough and rigid, with 
a thick umbrella. At least I I species in 5 famil
ies, i.e. Cepheidae, Catostylidae, Lobonematidae, 
Rhizostomatidae and Stomolophidae, are known to be 
exploited worldwide (Table I). Taxonomic character
istics and geographic distribution of each species can 
be found in Kramp ( 1961 ). 

Cephea cephea is distributed widely in the lndo
West Pacific from the Red Sea to Touamotu Ar
chipelago. Catostylus mosaicus, Crambione mastigo
phora and Crambionella orsini were added rather 
recently to the list of marketable species. Catostylus 
mosaicus is distributed in the Philippines, New Guinea 
and west coasts of Australia, and is exploited in New 
South Wales, Australia. Crambione mastigophora oc
curs in the Malay Archipelago, Java and Truk Island, 
whereas Crambionella orsini is found in the Red Sea, 
Iranian Gulf and Bengal Bay. lobonema smithii and 
lobonemoides gracilis are restricted to tropical wa
ters in the Indo-West Pacific. Morphologically these 
two species are quite similar, and Dr P. Cornelius 
(pers. comm.) considers that all 'species' of lobmrema 
and lobonemoides to be just one species lobonema 

smithii. Rhizastoma pulmo is distributed in the Medi
terranean, Bay of Biscay, North Sea and Black Sea. 
According to Dr A. Kideys (pers. comm.), a small 
amount of this species is commercially fished in Turk
ish coasts of the Sea of Marmara and Black Sea. 
Rlwpilema escu/entum, the most expensive species at 
market, is distributed in the western part of Japan, Po 
Hai, Yellow Sea and the East and South China Sea 
(Hon et al., I 978). On the other hand, Rhopilema 
hispidwn occurs in warmer waters in the Indo-west Pa
cific, from the southern part of Japan, southern coasts 
of China, Philippines, Malaysia and Indonesia to the 
Indian Ocean and the Red Sea. Stomo/ophus meleaxris 
has been recorded in the southeast Atlantic coast of the 
U.S.A., Gulf of Mexico, off Baja California and off 
Panama. On the other hand, Nemopi/ema nomurai is 
found in the marginal seas of the northwestern Pacific. 
This species was described by Kishinouye (1922) as 
a distinct species, but was mistakenly placed in the 
genus Stomolophus by Uchida ( 1954 ), and moreover. 
it was included under the species S. meleagris (Kramp. 
1961 ). However, they are not the same species at all. 
and we propose to refer S. nomurai to its original 
genus (Omori, Kitamura & Cornelius, unpublished). 
It grows to an enormous size, being sometimes greater 
than 1 m in diameter and as much as 150 kg. Heavy 
occurrence of the species along the Japanese coast of 
the Sea of Japan was reported in 1920, 1958 and 1995 
(Kishinouye, 1922; Shimomura, 1959; Yasuda, 1995). 
In addition to these 11 species, Dr T. Heeger (pers. 
comm.) recently informed us that he saw fresh Cassi
opea ndrosia at the market in Carmen, north of Cebu, 
Philippines, for local consumption. 

Because of their large size and difficulties in pre
servation for taxonomic study, taxonomic specialists 
have not yet had opportunities to study many speci
mens of edible jellyfish. Therefore, some species from 
Southeast Asia have still not been properly identified. 
Variations in morphological features, size and col
oration are considerable, and the taxonomy remains 
somewhat confused. 

Jellyfish are processed with a mixture of salt and 
alum, and the semi-dried products are marketed as a 
commodity (Hon et al., 1978; Omori, 1981; Rumpet, 
1991; Hsieh & Rudloe, 1994; Hsieh et al.. 200 I). 
Judging from the shape of these commodities, theed
ible jellyfish harvest in Southeast Asia is composed of 
more than 8 species. Dealers and merchants call the 
jellyfish at market simply by the following 8 types 
based on the color, form, texture and size of the 
semi-dried products. 



( l) Red type or China type. Slightly reddish with 
smooth exumbrella. Umbrella 300-600 mm in 
diameter. Probably Rhopilema esculentum. 

(2) White type. Exumbrella whitish with numerous 
1-3 cm long, pointed papillae. Umbrella up to 
500 mm in diameter. Most certainly Lobonema 
smithii. 

(3) Sand type. Exumbrella whitish with numerous 
small projections and brown spots. Umbrella 
reaches over 500 mm in diameter. Probably Rho
pi/ema hi.\pidum. 

(4) River type. Whitish or slightly brown, small; ex
umbrella not smooth. Diameter up to 200 mm. 
This is often fished in estuaries and near the 
mouths of rivers. 

(5) Cilacap type. Lilac colored when alive; diameter 
up to 250 mm. There are fine peripheral radial 
ridges on the exumbrella. This type occurs mainly 
in Cilacap, East Java. 

(6) Prigi type. Reddish purple when alive; diameter up 
to 400 mm. Peripheral radial ridges are not very 
clear. This type occurs abundantly in Prigi Bay 
and Muncar, East Java, and identified in Muncar 
as Crambione mastigoplwra by Dr M. Toyokawa 
(pers. comm.). 

(7) Semi-China type. Light yellowish; exumbrella 
smooth. Diameter up to 150 mm. This type is 
similar to the Red type but smaller. 

(8) Ball type. Slightly brownish; umbrella thick and 
rigid. The wide marginal ridges and grooves of 
exumbrella are themselves distinctive. Dr P. Cor
nelius (pers. comm.) identified as Crambionella 
orsi. 

Fishery in Southeast Asia 

History 

Chinese immigrants probably first introduced the 
jellyfish fishery to a few places in Southeast Asia. 
But, the fishery remained at a small scale before 1970, 
as Japan imported most of its semi-dried jellyfish 
from China. Due to instability of production and a 
rapid rise of the price in China, however, Japanese 
merchants in Thailand, Malaysia and Indonesia em
phasized jellyfish fishing and technical development 
of the processing in the 1970s. After that, the jelly
fish fishery was expanded to sites in the Philippines, 
Vietnam and Myanmar. 
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Fishing methods and behavior of jellyfish 

The fishing gear used includes various set-nets, drift
nets, push-nets (scoop-nets), hand nets, beach-seines 
and weirs. A typical set-net with rectangular mouth is 
set at a depth of 2-10 m across a tidal current. Drift
nets are also used across the current flow with a system 
of floats and sinkers. Hand nets, long poles with two
edged iron hooks on top and trawling nets are also 
commonly used for incidental catch. There is no dis
tinctive difference in fishing methodology applied to 
different species or locality. 

In general, the entire body of the Red and Semi
China types are brought back, but for the White and 
Sand types, fishermen often cut off the 'leg' portion 
(mouth-arms) while at the sea and only umbrellas of 
the medusae are loaded into the boat. 

Fishing is carried out during the daytime only, as 
fishermen search for jellyfish when they appear at the 
surface of the water. Naturally, weather conditions and 
tide affect such fishing operations, as jellyfish aggreg
ate at the water surface only when the sea is calm. 
They occur near the seashore at high tide, and are 
transported to offshore as the tide starts to recede. 

The River type is found mainly in brackish water 
near the mouth of rivers, whereas the White type oc
curs in more offshore waters. The Sand type is found 
in both environments. According to fishermen, the 
distance of horizontal migration of the Red type is 
generally greater than other types. 

Fishing grounds and fishing season 

Figure I shows the main fishing grounds of jellyfish 
in Southeast Asia. Based on data collected mainly by 
the authors and some information from previous re
ports, the fishing season for various types of jellyfish 
in each location is indicated on Table 2. In Thailand, 
fishing is seen along the Gulf of Thailand from Ray
ong to Songkla and around Ranong in the Andaman 
Sea (Soonthonvipat, 1976). In Malaysia, the fishing 
grounds are at Telok-Anson and neighbouring waters 
in the Strait of Malacca and around Kuching and Ulu 
Kuala Matu in Sarawak (Rumpet, 1991 ). 

There is an inverse relationship between the fishing 
season and the monsoon. The main fishing season of 
jellyfish is between March and May and August and 
November. Fishermen stay at home during the dry 
season (December and February) when northeast or 
northwest winds and rough seas prevail. The fishing 
is also intermittent in some areas during the southwest 
monsoon (rainy season). 
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Figure J. Main fishing grounds of jellyfish in Southeast Asia. I. San Miguel Bny, 2. Carigara Bay, 3. Malmnpaya Sound. 4. Haip!1on. 5. 
Tongking Bay, 6. Cam Ranh, 7. Phu Quoc Island, 8. Rayong, 9. Samut Sakhon, IO. Ranong. 11. Ulu Kuala Matu, 12. Kabong. 13. Kuchmg. 14. 
Sematan, 15. Ipoh, 16. Kuala Lumpur, 17. Pcnang, 18. Pangkor, 19. Telok Anson. 20. Bacan Island. 21. Balikpcpan. 22. Kotabalu. 23. Tuban. 
24. Circbon, 25. Muncar, 26. Prigi, 27. Cilacap, 28. Bangka Island, 29. Tanjung Balai. 30. Medan, 31. Sittwc. 

In order to make the analysis simple, we have 
assumed the peak season of each fishing ground in 
Table 2 to be the first even-numbered month after fish
ing starts. Then, 35% of the peaks were in August, 
26% in April, and 18% in October. Figure 2 shows 
comparison between locations of fishing grounds with 
peak season and the general pattern of the off shore 
surface currents (Wyrtki, 1961 ). Most of the fishing 
grounds are found where water currents have velocit
ies of 12 or 25 cm s- 1• In the fishing grounds located 
very near shore, the current velocity must be much 
lower. The life history of jellyfish and other factors 
such as fishing method and size of fishing boat may 
be also responsible for setting the fishing season. In 
some regions, jellyfish fishing is carried out only dur
ing periods when the main offshore fishing for another 
fish is suspended by unfavorable weather conditions. 

The places where great numbers of edible jellyfish 
occur are characterized by having a large tidal range, 
shallow depth, semi-enclosed water mass, freshwa
ter inflow through river systems and development of 
mangrove swamps. Such factors apparently create 

favourable conditions for settling of polyps and re
cruitment. In Thailand and Malaysia, fishermen say 
that the jellyfish catch has decreased after extensive 
coastal development and cutting of mangrove trees. 

Production and catches 

According to records of the Tokyo Customs House, the 
amount of semi-dried jellyfish commodities imported 
annually from Southeast Asia to Japan varied from 
5369 to IO 084 metric tons (average 7874 tons per 
year) during the period from I 988 to 1999 (Table 3 ). 
As the total amount imported from China during the 
same 12-year period averaged 2933 tons, the figures 
show the current importance of jellyfish production in 
Southeast Asia. A number of dealers and merchants 
estimate that the actual catch of jellyfish in Southeast 
Asia may be approximately 1.5 times larger than the 
amount exported to Japan. In this connection, for ex
ample, the amount of semi-dried products exported 
from Sarawak varied from 358 to 1510 tons annually 
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Table 2. Main fishing grounds and fishing season of various types of jellylish in Southeast Asia 

Country Fishing ground No. in Pigurc I Type Fishing season 

Philippines San Miguel Bay (Luzon) White Feb-May 

Carigara Bay (Smnar and Leyte) 2 White Feb-May 

Malampaya Sound and Port Barton (Palawan) 3 White Apr-May 

Vietnam Haiphon and Tongking Bay 4,5 Sand July-Sept 

Cam Ranh (South China Sea) 6 White Feb-Apr & July-Oct 

Phu Quoc Island (Gulf of Thailand) 7 White Oct-Mar 

Thailand Rayong and Samul Sakhon (Gulf of Thailand) 8.9 White & Sand May-July 

Ranong (Andamun Sea) 10 White Dec-Mar 

Malaysia Matu (Sarawak) II Red Feb-Apr & Aug-Dec 

Kabong. Kuching, and Sematan (South China Sea) 12,13,14 White Mar-Oct 

Ipoh and Kuala Lumpur (Strait of Malacca) 15,16 White, Red & River July-Sept 

Pcnang. Pangkor, and Telok Anson (Strait of Malacca) 17.18,19 Semi-China July-Sept 

Indonesia Bacan Island (Halmahcra) 20 Semi-China July-Aug 

Balikpepan and Kotabalu (East Kalimantan. Makassar Strait) 21.22 While Aug-Nov 

Tuban (East Java, Java Sea) 

Circbon (West Java, Indian Ocean) 

Muncar and Prigi (West Java. Indian Ocean) 

Cilacap (West Java. Indian Ocean) 

Bangka Island (South Sumatra, Java Sea) 

Tanjung Balai and southern coasts (Strait of Malacca) 

Medan (North Sumatra) 

Myanmar Sittwe (Arakan. Bay of Bengal) 

during the period from 1980 to 1987 and of that 59-
96% (average 83%) was for Japan (Rumpet, 1991 ). 
Water content of edible jellyfish is about 95% (meas
ured on Rhopilema esculantum, Omori, unpublished) 
and production yield from fresh jellyfish to the mar
keted commodity is about 7% of the original weight 
(Omori, 1981 ). Thus, we can estimate average annual 
catch of jellyfish in Southeast Asia to be approxim
ately 169 000 tons in wet weight. This estimate is 
larger than the statistics indicated by Food and Agri
culture Organization of the United Nations (FAQ) on 
their website ( 1999). In the FAQ statistics, the aver
age annual jellyfish catch in Southeast Asia during the 
period from 1988 to 1997 was 85 697 tons wet weight. 
Because of the difficulty of data collection and the 
processing treatments in Southeast Asia, we are con
vinced that our catch statistics are more realistic than 
those of the FAO. 

23 White & Sand Mar-May & Sept-Nov 

24 Sand Aug-Nov 

25.26 Prigi July-Nov 

27 Citacap Aug-Nov 

28 White May-Nov 

29 River May-Aug 

30 White June-Dec 

31 White & Ball Mar-May & June-Sept 

According to the FAO statistics, the jellyfish catch 
in other areas than Southeast Asia (almost all from 
China) is 152 382 tons in wet weight per year during 
the same period. Adding up this figure with that in 
Southeast Asia, we estimate annual catch of jellyfish 
in the world to be about 321 000 tons in wet weight. 

The commercial value of imported commodities 
from Southeast Asia to Japan varied annually from 
1479 to 4113 million JPN yen (average 2733 JPN yen 
which is equivalent to about 25.5 million US dollars) 
between 1988 and 1999 (Table 4 ). This figure is only 
slightly higher than the total value of jellyfish im
ported from China, because the Chinese commodity 
consisted mainly of the most favored species, Rho
pilema escu/e11tum. In this connection, the price of 
the umbrella of R. esculentum is about 2400 JPN yen 
kg- 1, whereas that of whole Southeast Asian (mixed) 
species is only about 350 JPN yen kg- 1• The price of 
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Table 3. Amount of jellyfish commodity imported to Japan from 1988 10 1999 (metric tons). Data from the Information Office, Tokyo Customs 
House. + means less than 0.1 % 

Country 1988 1989 1990 1991 1992 

China 2279.1 2650.6 2465.3 2425.3 4805.0 

North Korea 0 2.8 9.5 0 (} 

South Korea () 0 0 73.5 1.0 

Taiwan 0.5 () 7.5 0 0 

Hong Kong 5.1 0.8 0 () 0 

Vietnam 50.1 2.0 1.0 0 88.8 

Thailand 966.2 2808.6 3698.4 5437.0 3621.1 

Malaysia 2802.8 1985.7 1778.0 1472.6 1611.5 

Philippines 151.5 () 0 5.0 349.6 

Indonesia 521 I.I 3765.7 824.9 768.9 608.8 

Myanmar 196.1 290.8 128.8 196.8 797.3 

Singapore 0 14.0 0 13.5 14.0 

SE Asia subtotal 9377.8 8866.8 6431.1 7893.8 7091.1 

India 10.0 10.2 {) 0 {) 

Turkey 0 0 0 0 0 

Australia 0 0 0 0 0 

U.S.A. 0 0 0 0 () 

Mexico () 0 () 0 0 

Total 11672.5 11531.2 8913.4 10392.6 11897.1 

Table 4. Values of jellyfish commodity impoi1cd to Japan 
from 1988 to 1999 (x million JPN yen). Data from the 
Information Office, Tokyo Customs House 

Year China Southeast Asia Others Total 

1988 2351.0 4113.4 1.7 6466.1 

1989 3519.6 2560.4 2.6 6082.6 

1990 2831.3 2197.2 0.0 5028.5 

1991 2624.6 2967.2 0.0 5591.8 

1992 3297.7 3119.2 0.0 6416.9 

1993 2278.0 2788.6 0.0 5066.6 

1994 2129.0 2199.2 0.0 4328.2 

1995 2130.5 1648.2 2.2 3780.9 

1996 2771.3 3711.4 10.8 6493.5 

1997 2061. l 3162.2 I I.I 5234.4 

1998 1617.3 1478.6 14.3 3110.2 

1999 1766.0 2855.3 151.6 4770.9 

Mean 2448.I 2733.4 16.2 5197.7 

% 47.1 52.6 0.3 

1993 

5215.6 

0 

12.0 

0 

0.5 

40.0 

965.4 

1667.4 

64.8 

2256.1 

2957.3 

0 

7951.0 

0 

0 

0 

0.5 

0 

13179.6 

1994 1995 1996 1997 1998 1999 Mean % 

3854.7 3015.6 2675.9 1830.9 1808.4 2168.3 2932.9 27.7 

(} 0 () 0 0 0 1.2 + 
() 0 0 () () 0 8.7 + 
() 0 0 14.5 9.5 () 2.3 + 
0 1.3 6.0 1.2 2.8 () 1.5 + 

254.8 25.3 216.5 103.4 99.5 78.2 80.0 0.7 

2860.7 1583.6 3465.7 4232.6 1486.8 4214.2 2945.0 27.I 

870.6 959.4 818.7 1865.6 732.7 1719.6 1523.7 14.0 

92.2 161.2 0 65.7 () 169.9 88.3 0.8 

2023.9 1504.5 2156.8 2317.8 2603.3 1094.8 2094.8 19.3 

1600.2 1812.1 3426.3 1412.2 431.5 364.6 1134.5 10.5 

38.5 0 0 0 15.5 1.8 8.0 + 

7740.9 6046.1 10084.0 9997.3 5369.3 7643.I 7874.3 72.6 

() 9.2 0 26.0 69.3 135.9 21.7 0.2 

0 0 4.2 0 0 0 0.4 + 
() 0 0 0.2 0 () + 
0 0 20.3 4.9 0 199.9 18.:{ 0.2 

0 0 0 0 0 20.6 1.7 + 

11595.6 9072.2 12790.4 11875.0 7259.3 10167.8 10863.5 

the mouth-arms is generally less than half that of the 
umbrella portion. 

Needs for further biological study 

In spite of their importance as a fishery commodity, al
most nothing is known about the biology and ecology 
of edible jellyfish in Southeast Asia. Many commer
cial jellyfish species in the region have no scientific 
name. At first, therefore, taxonomic study should be 
carried out with many specimens from various fish
ing grounds for proper identification of the species 
involved. 

Secondly, we emphasize the need for life history 
studies. The jellyfish fishery is characterized by con
siderable fluctuations in catch and the fishing season 
is restricted to a few months of each year. Unpre
cedented mass occurrences of rhizostomes sometimes 
disturb net fishing, while on other occasions they sud
denly disappear from fishing grounds. In addition to 
local weather conditions, certain biological factors 



Figure 2. Fishing grounds of jellyfish in April, August and October 
and surface currents in Southeast Asia. Figures of the surface cur
rents are derived from Wyrtki (1961). Small inset-charts on upper 
right comers show wind distribution over the region. 

such as life history, growth and migrations must be 
involved in these phenomena. Scyphomedusac that 
have a polyp stage are typically tied to coastal re
gions where a shallow bottom or floating material can 
be found, onto which the planulae can settle. Then, 
when strobilation is completed, ephyrae are liberated 
and develop into young medusae. We consider that 
the number of polyps reproduced asexually and the 
number of ephyral discs liberated from the polyps are 
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crucial factors that determine the population size of the 
'harvested' mcdusa stage. Therefore, we particularly 
emphasize needs for future study on the life of the 
polyp stage for prediction of the fishery resources and 
fluctuations. 

Only a few studies exist on the growth and feeding 
of rhizostome jellyfish. According to Ding & Chen 
( 1981 ), Rhopilema escu/entum needs 2-3 months from 
ephyra of 1.5-3.0 mm in diameter to maturity with 
umbrella 250-450 mm in diameter in the Liaodong 
Bay, northeast China. In the Ariake Sea, Japan, the 
same species completes its metagenic life cycle within 
one year (S. Nakano, 1980, cited by Omori, 1981 ). 
The population increased in average diameter of um
brella from 17 mm to 700 mm (from 0.61 g to 27 
kg in wet weight) between the middle of May and 
early September. Thus, the growth exponent, k, is 
0.09 or. expressed as a daily growth rate, 9% for a 
medusa of 17 mm umbrella diameter, calculated using 
the relationship: 

where W is the wet weight and t is the duration at 
timer. This is the only information on growth of any 
edible jellyfish. 

What kind of food supports such large growth 
efficiency of jellyfish? As rhizostome jellyfish have 
many suctorial mouths, each with a diameter smal
ler than l mm, they appear to be plankton feeders. 
Hon et al. ( 1978) reports that diatoms, ciliates and 
small planktonic crustaceans are digested extracellu
larly by Rlwpilema esculentum. Larson ( 1991) reports 
that Stomoloplws meleagris feed primarily on small 
zooplankton, with bivalve veligers constituting 63% of 
the gut contents, followed by tintinnids (9% ), copepod 
nauplii (9% ), gastropod veligers (8%) and small num
bers of many other zooplankters. Additional research 
on growth and feeding is clearly needed to understand 
the biology and ecology of commercial jellyfish. 
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Abstract 

Medusae, siphonophores and ctenophores (here grouped as ·pelagic coelenterates') interact with fish in several 
ways. Some interactions are detrimental to fish populations, such as predation by gelatinous species on pelagic eggs 
and larvae of fish, the potential competition for prey among pelagic coelenterates and fish larvae and zooplankt
ivorous fish species, and pelagic coelenterates serving as intermediate hosts for fish parasites. Other interactions 
are positive for fish, such as predation by fish on gelatinous species and commensal associations among fish and 
pelagic coelenterates. The interactions range from beneficial for the gelatinous species (food, parasite removal), to 
negative (predation on them). We review existing information and present new data on these topics. Although such 
interactions have been documented frequently, the significance to either fish or pelagic coelenterate populations is 
poorly understood. The effects of pelagic coelenterates on fish populations are of particular interest because of the 
great importance of fisheries to the global economy. As fishing pressures mount, it becomes increasingly important 
to understand how they may influence the balance between pelagic coelenterates and fish. 

Introduction 

The relationships between pelagic coelenterates and 
fish have been of particular interest because of the 
potential effects on commercially important fisheries. 
Although pelagic coelenterates generally are known 
for being deleterious to fish and fisheries ( e.g. Hay 
et al., 1990), the interactions potentially are both 
negative and positive. Such interactions include pred
ation on ichthyoplankton by pelagic coelenterates (re
viewed in Moller, l 980; Purcell, 1985, 1997; Arai, 
1988; Bailey & Houde, 1989), potential competition 
between pelagic coelenterates and zooplanktivorous 
fish and fish larvae for prey (op. cit.), predation by fish 
on medusae and ctenophores (reviewed by Arai, 1988; 
Ates, 1988; Harbison, I 993), parasite transmission to 
fish (Lauchner, l 980a,b; Arai, l 988), and commensal 

associations between fish and medusae (reviewed in 
Mansueti, 1963; Thiel, 1970, 1978). 

Unfortunately, we know little about the signific
ance of most of the above interactions for either fish 
or pelagic coelenterate populations. The most data 
exist for pelagic coelenterates as predators on ich
thyoplankton. Descriptive information for the other 
types of interactions usually is without any under
standing of the potential importance. Herein, we re
view existing information on the various interactions 
among fish and pelagic coelenterates, a term we use to 
include scyphomedusae, hydromedusae, cubomedu
sae, siphonophores and ctenophores. We discuss these 
interactions and the possibility of increasing pela
gic coelenterate populations in the context of global 
changes that are occurring due to commercial fishing 
activities (Parsons, 1995; Pauly et al., I 998a). 
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Predation by pelagic coelenterates on fish eggs and 
larvae 

Predator types and characteristics 

Gelatinous predators of ichthyoplankton range from a 
few, highly specific predators, like cystonect siphon
ophores, to many species with broad diets (Purcell, 
I 997). Species that include high proportions of soft
bodied prey in their diets often eat many fish eggs 
and larvae when available (Purcell, 1997). The cys
tonect siphonophores eat mainly larval fish (94-100% 
of the diets), and other soft-bodied organisms (chae
tognaths, small squids) are also eaten by Physalia 
physalis (Linnaeus) (see Purcell, I 984b ). The diet 
of the hydromedusan Aequorea victoria (Murback & 
Shearer) consists almost exclusively of Pacific her
ring (Clupea pallasi Valenciennes) larvae when the 
larvae first hatch (Purcell, 1989; Purcell & Grover, 
1990), and includes a variety of larvae of other fish 
families (Pleuronectidae, Cottidae, Scorpaenidae, Sti
chaeidae, Pholidae and Gadidae), as well as pelagic 
eggs from pleuronectids, in addition to gelatinous and 
crustacean prey (Purcell, 1989). Diets of semaeostome 
scyphomedusae, such as Aurelia aurita (Linnaeus), 
Cyanea capillata (Linnaeus) and Chrysaora quinque
cirrha (Desor), may also contain large numbers of 
ichthyoplankton prey in addition to gelatinous and 
crustacean prey (Moller, 1980, I 984; Fancett, 1988; 
Purcell et al., 1994b ). For example, gut contents of C. 
quinquecirrha may contain as many as 1497 eggs and 
71 larvae medusa- 1• 

Gelatinous predators that consume primarily crus
tacean prey usually contain few fish eggs or larvae 
at typical ichthyoplankton densities (reviewed in Pur
cell, 1997). For example, hydromedusae like Sarsia 
tubulosa (M. Sars), which eat mostly crustaceans (Pur
cell, 1990), contained few fish larvae (0 in 2 I 00 
medusae) at low larval densities ( <0.5 m-3; Van Der 
Veer, 1985), but contained several Pacific herring lar
vae (17 in 38 medusae) at high larval densities (mean 
632 m-3 ; Purcell, 1990). Some species of cubomedu
sae frequently eat post-larval fish, while other species 
eat mainly prawns or copepods, however, the inform
ation available is mostly qualitative (Larson, I 976; 
Hamner et al., 1995; Stewart, 1996). For example, 
Carukia barnesi Southcott eats almost exclusively fish 
and Clzironex jleckeri Southcott eats prawns when 
small, but switches to fish when about 80 mm in bell 
diameter (J. Seymour, pers. comm.). 

Likewise, the incidence of fish larvae in the gut 
contents of ctenophores is generally low, however, 
predation on fish eggs by lobate ctenophores can be 
substantial. Among cydippid species, only 0.06% 
of 15 000 Pleurobrachia pileus (0. F. Mi.iller) con
tained fish larvae (Van Der Veer, 1985), about 5% 
of 710 P. bachei L. Agassiz contained herring lar
vae at high densities near hatching (Purcell, 1990). 
None of 75 lobate Mnemiopsis leidyi A. Agassiz from 
Chesapeake Bay contained bay anchovy larvae, while 
one-third contained 1-3 eggs (Purcell et al., 1994b). 
lchthyoplankton also compose a small proportion of 
the prey items of ctenophores in the Black Sea. Ich
thyoplankton averaged l % of the prey items of P. 
pileus averaged over six cruises, but the highest per
centage (10%) was on one cruise in July, 1992 (Mutlu 
& Bingle, 1999). Similarly, fish eggs or larvae av
eraged 0.12% of the prey items in M. leidyi, but 
reached 4% during one (August, I 993) of the six 
cruises (Mutlu, 1999). Nevertheless, because of their 
great abundance during the spawning season of pela
gic schooling tish, M. leidyi can consume substantial 
proportions of those ichthyoplankton (reviewed by 
Purcell et al., 200 I). 

Selection for fish eggs and larvae by gelatinous 
predators has been positive for every species for which 
it has been calculated: scyphomedusae Cyanea ca
pillata, Pseudorhiza haeckeli Haacke, Stomo/ophus 
meleagris L. Agassiz, Chrysaora quinquecirrha (in 
Fancett, 1988; Larson, 1991; Purcell et al., 1994b); 
hydromedusae Aequorea victoria (in Purcell, 1989); 
and cystonect siphonophores (Purcell, 1981 b, 1984b ). 
Fish eggs and yolk-sac larvae may be positively se
lected by the medusae because they have little or no 
escape ability, and they are large relative to most other 
zooplankton, thereby increasing encounter rates. 

Factors affecting pelagic coelenterate encounter and 
capture of ichthyoplankton 

Feeding rates of gelatinous species on ichthyoplankton 
depend on several factors that affect encounter rates 
between the predator and prey, and subsequent cap
ture. This has been reviewed in Purcell ( 1985), Arai 
( 1988), Arai ( 1997) and Purcell ( 1997), therefore we 
will discuss the factors briefly as they apply to ich
thyoplankton. Thickness and spacing of the tentacles 
affect encounters of tentaculate predators with prey 
(Madin, 1988; Purcell, 1997). This is reflected by the 
general trend of predators having numerous, closely
spaced tentacles eating smaller prey than predators 



with few, widely-spaced tentacles (op. cit.). This 
trend holds in general terms, with the first group eat
ing mostly crustacean prey, and the second group 
including soft-bodied prey, like fish larvae, in the diets. 

Some taxa swim while feeding ('cruising', e.g., 
scyphomedusae, some hydromedusae, lobate cteno
phores ), and others do not swim while feeding ('am
bush·, e.g. siphonophores, some hydromedusac, cy
dippid ctenophores). Cruising predators are predicted 
to capture predominantly small, slow prey, while 
ambush predators are predicted to capture mostly lar
ger, faster prey (Gerritsen & Strickler, 1977; Greene, 
1986). Those trends hold to a degree among the pred
ators of ichthyoplankton. For example, fish eggs do 
not swim and are eaten in great numbers by cruis
ing taxa like scyphomedusae, Aequorea victoria, and 
Mnemiopsis leidyi (Table l ), but are not eaten much 
by ambush taxa like siphonophores or Pleurobrachia 
bachei (Purcell, 1981 a, 1990; Van Der Veer. 1985). 
Post-yolksac fish larvae are active swimmers, and are 
eaten in large numbers by some ambush taxa (cy
stonect siphonophores), and are not eaten much by 
some cruising predators (M. leidyi). There are obvious 
exceptions to these trends as well. for example, the 
cruising scyphomedusae and A. victoria capture many 
fish larvae. 

Trends in prey capture by cnidarians are related 
to the types of nematocysts present, with soft-bodied 
prey, including fish larvae, being captured by predat
ors such as cystonect siphonophores that have only a 
few types of nematocysts, which penetrate prey, and 
hard-bodied prey being captured by predators such as 
most siphonophores and hydromedusae that have sev
eral types of nematocysts, some of which adhere to 
prey (Purcell, 1984a; Purcell & Mills, 1988). Most of 
the various predators, such as scyphomedusac. have a 
mix of nematocysts types, and include both hard and 
soft-bodied prey in the diets (Purcell, 1997). Chem
ical stimuli from the prey may also affect nematocyst 
discharge and the types of prey captured (Purcell & 
Anderson, 1995). 

Characteristics of the prey, such as size, stage and 
swimming speed, also affect their encounter rates with 
the predators and abilities to escape (reviewed by Pur
cell, 1985; Bailey & Houde, 1989). Fish eggs do not 
swim, small yolk-sac larvae swim weakly and lar
ger post-yolksac larvae swim with increasing speed 
as they grow (Bailey, 1984; Purcell et al., 1987). In
creased size and swimming speed would increase en
counter rates with predators, but also increase escapes 
from the predators. For example, yolksac herring Jar-
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vae escaped in only 9% of contacts with Aequorea 
victoria tentacles, while post-yolksac larvae escaped 
from 87% of contacts (Purcell et al., 1987). Most 
studies show greater feeding on yolksac larvae than 
on post-yolksac larvae (Bailey, 1984; Purcell et al., 
1987), and on small larvae than on large (Cowan & 
Houde, 1992, 1993), however, the opposite trend was 
observed for the large hydromedusa Stauroplwra mer
tensi Brandt feeding on capelin (Ma/lotus vil/osus) 
larvae (De Lafontaine & Leggett, 1988). Also, unfed 
larvae show reduced swimming compared with fed lar
vae, which reduces encounters and escapes (Bailey, 
1984 ). This is reflected in greater capture of unfed 
larvae than fed (Bailey, 1984; Purcell et al., 1987). 

Several studies incorporate characteristics of both 
gelatinous predators and ichthyoplankton prey in 
individual-based models in order to predict encounter 
and predation rates (Bailey & Batty, 1983; Cowan & 
Houde, 1992; Cowan et al., 1996; Paradis et al., 1996, 
1999; Breitburg et al., 1999). All of these models 
have been based on the encounter theory of Gerritsen 
& Strickler ( 1977). They use experimental measure
ments of swimming speeds, encounter radius (size), 
and densities of both predator and prey organisms, 
and predation rates to determine encounter probabil
ities. Most of the studies focus on the effects of size 
on predation. Encounter and predation rates increase 
with diameter for Aurelia aurita medusae (5-21 mm) 
(Bailey & Batty, 1984 ). Susceptibility (the probabil
ity of capture after contact) of bay anchovy decreases 
rapidly with larval size (3-9 mm) to both Mnemiopsis 
leidyi ctenophores and Chrysaora quinquecirrha me
dusae, but the percent eaten is relatively constant with 
larval size (Cowan & Houde, I 992). Predation rate 
versus prey:predator length is maximum when prey 
size is about 10% of predator size, decreasing lin
early at greater percentages from combined data on 5 
species of medusae from 9 studies; a dome-shaped re
lationship resulted for M. leidyi ctenophores combined 
from 3 studies (Paradis et al., 1996). Other studies 
extend the models to predict survival and growth of 
ichthyoplankton in situ (Cowan et al., 1997; Breitburg 
et al., 1999). 

Predation rates and effects 011 ichthyoplankton 
populations 

Feeding rates of gelatinous species on ichthyoplankton 
show some important general trends. We use 'feeding 
rates' to include both 'clearance rates' (liters cleared 
predator-I d- 1) and 'predation rates' (numbers of 
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Table I. Predation rates, clearance rates and predation effects of gelatinous predators feeding on fish eggs and larvae. Medusa sizes arc bell 
diameters, and ctenophore sizes arc in ml live volume. Prey consumed arc the estimated percentages consumed daily in situ. 

Predator species and size Condition Prey type and density Prey eaten Clearance Prey Source 

(No. prey m-3) (No. prcd- 1 d- 1) rates" consumed 

(I prcd- 1 d- 1) (% d- 1) 

Physa/ia phy.mlis Field ~0.2 larvae m-3" 120 600000 60.0 Purcell ( 1984b) 

Rhizophysa eysenlwrdti Field 28 larvae m-3a 9 311 28.3 Purcell ( 1981b) 

Aequorea victoria Field < 10 larvae m-3/J 13±13 5650±6114 18±29 Purcell ( 1989. 1990): Purcell & 

33-68 mm 10-I00 larvae m-3h 55±48 1357±908 49±35 Grover ( 1990) 

> 100 larvae m-3h 91±47 288±210 33±32 

Nemopsi.,; bachei 

0.6ml 2.2 m3 23-90 eggs m-3c 4±3 72.9i ,40.5 na Cowan ct al. ( 1992) 

Aurelia aurita 

6-50mm Field larvae" 1.6 na 2.6-4.4 Moller ( 1980) 

35-50mm 0.27 m3 larvae 96-3704 m-3e na 204±69 na De Lafontaine & Leggett ( 1987) 

40-80 mm 6.3 m3 larvae 39--41 0 m - 3 e na 526±173 na De Lafontaine & Lcggcll ( l 987) 

40-85 5 m3 10-80 larvae m-3c/ na 182 na Gamble & Hay ( 1989) 

na 2 m3 50 larvae m - 3 f na na 1.0-5.Sg.h Duffy Cl al. (1997) 

Clu:vsaora quinquecirrlw 

53 ml". 39 ml Lab, 7501 33-133 eggs m-3.s: 110±67 l38Ji. 885 20--40 Cowan & Houde ( 1993) 

100 111111-calc av 3.0m3 20 eggs 111-3.i: 68±28; 2983±788; 20--40 Cowan & Houde ( 1993) 

40-70 mm Field av. 164 eggs 111-3 .11 343±419 2213±1625 14±4 Purce II et al. ( 1994b) 

na 2.0m3 50 larvae m-3/ na na 0.1-10.4.II·" Duffy el ul. (1997) 

36 mt". 52.5 ml 3.0m3 10 larvae m-3.i: 6i.13 1344;. 630 20--40 Cowan & Houde ( 1993) 

40-70mm Field av. 43 larvae m-3g 86±136 1818±1861 29±14 Purcell ct al. ( 1994b) 

Cytmea capillata 

40mm Lab, 251 eggs and larvae'' na 140; 0.1-2.4 Fanccn & Jenkins ( 1988) 

Pseudorhiza haeckeli 

40mm Lab. 25 I eggs and larvae" na 400; 0.1-3.8 Fancctt & Jenkins ( 1988) 

Stomo/ophus meleagris 

55 mm Field eggs" na 3120 na Larson ( 1991 ) 

na 2.0m3 50 larvae m-3/ na na 0.3-15.Sg.h Duffy ct al. ( 1997) 

Mnemiopsis leidyi 

13ml Lab, 2001 eggsK na 60-170 10-65 Monteleone & Duguay ( 1998) 

15-16ml LAh. 750 I 33-133 eggs m-3K l(r 1 12si.82 20--40 Monteleone & Duguay (1988) 

3ml 2.2 m3 45 eggs m-3g 2-5 50±46 38 Cowan ct al. (I 992) 

17ml 3.01113 20 eggs m-Jg 7±ti 366±58; 20--40 Cowun & Houde ( 1993) 

40ml Field 224±178 eggs m-3g 42±33 128±58 9±14 Purcell ct al. (1994b) 

21 ml 3.01113 10 larvae m-3g 1.i.0.1 17i.15 20--40 Cowan & Houde ( 1992. 1993) 

40ml Field av. 43 larvae m-3.11 () 0 0 Purcell ct al. (1994b) 

"Mixed species or unidentified; "Pacific herring, cBlack drum, Pogonim cromis (Linnaeus); d Atlantic herring, Clupea hare11g11,\· Linnaeus: 
ecapelin. Ma/lotus l'illosus (MUiier); f Red drum, Sciaenops ocellatus Linnaeus, ranges represent 1-2 cl old to 12-13 d old larvae: i: Bay 
anchovy: "calculated from data in source; i with no alternative prey; na = not available. Data on Mnemiopsis leidyi in the Black Sea me not 
included here. but arc summarized in Purcell ct al. (200 I). 
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Figure I. Prcdution rutes by the hydromcdusun Aequorea l'ictoria 
relative to density of Pacific herring larvae in two locations on Van
couver Island, British Columbia, Canada. Data arc compiled from 
1983 to 1987. Each point represents averages for several meclusac at 
individual stations. Daytime ( O ); nighuime ( • ). Data sources as in 
Table 2. 

prey eaten predator- I d- 1 ), and distinguish between 
the two when appropriate. Increasing size of the pred
ator increases the predation rates (Table I). For ex
ample, small species like Nemopsis bachei L. Agassiz 
(0.6 ml volume) consumed only 4 eggs medusa- 1 

d- 1, while large species like Chrysaora quinquecir
rha (:S 100 ml) ate 100 or more eggs daily (Table I). 
Within a species, feeding rates on ichthyoplankton in
crease with medusa size, as shown for Aurelia aurita 
(Moller, 1980; Bailey & Batty, 1984; Gamble & Hay, 
1989) Cyanea capillata (Fancett & Jenkins, 1988), 
and C. quinquecirrha (Purcell et al., 1994b). 

In addition to the sizes of pelagic coelenterates 
and prey, predation rates (prey eaten predator- 1 d- 1) 

of eggs and larvae increase directly with prey dens
ity (Bailey & Batty, 1984; De Lafontaine & Leggett, 
1987; Fancett & Jenkins, 1988; Purcell et al., 1994b). 
Large gelatinous species feeding at high densities 
of ichthyoplankton may eat tens to hundreds of fish 
eggs and larvae daily (Table I). For example, pred
ation by the large hydromedusan, Aequorea victoria, 
increased over four orders of magnitude and larval 
herring densities similarly differed over four orders 
of magnitude (Fig. I). Low prey densities, which are 
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common in ocean waters, can make accurate estimates 
of predation on ichthyoplankton difficult in situ. 

Experimental conditions greatly affect the feed
ing rates obtained. Experiments in small containers 
sometimes appear to overestimate predation, perhaps 
because the prey become trapped by the predators, and 
because extremely high prey densities often are used. 
Predation rates are negatively correlated with con
tainer size and experiment duration for medusae and 
ctenophores (Paradis et al., 1996). Counter to those 
results, small containers appear to disturb feeding by 
pelagic coelenterates, and predation rates sometimes 
increase with container size (Table I; De Lafontaine & 
Leggett, 1987; Toonen & Chia, 1993). Nevertheless, 
those opposing trends lead to the same conclusion, that 
experiments in small containers do not yield realistic 
results. Additionally, consumption of ichthyoplank
ton is much greater in experiments without alternative 
prey than when zooplankton also is present (Table I, 
Cowan & Houde, 1992, 1993). The effects of pred
ator and prey species, sizes, prey density, container 
size and the presence of alternative prey, which dif
fer among the various studies, make comparisons 
difficult. 

It is possible to compare among predator species 
and prey types by using clearance rates, indicating 
the 'volume swept clear', which generally do not vary 
with prey density at natural levels (Purcell, 1997). Sa
tiation at high larval densities may occur in laboratory 
experiments and in the field, however, as suggested 
by the decrease in clearance rates of Aequorea vic
toria with increasing density of large Pacific herring 
larvae in situ (Table I). Field estimates show that 
large medusae can clear > I m3 of ichthyoplank
ton daily (Table I). Individual clearance rates of bay 
anchovy, Anclwa mitchilli (Valenciennes), eggs and 
larvae for the lobate ctenophore, Mnemiopsis leidyi, 
are about an order of magnitude lower than for the 
scyphomedusan, Chrysaora quinquecirrha in Ches
apeake Bay (Table 1 ). Clearance rates standardized 
to predator volume are more similar, but still greater 
for the medusae (21.2±2.8 versus 39.0±6.7 I ml 
predator- I d- 1 ) ( Cowan & Houde, 1993). Clearance 
rates differ dramatically with prey type for any given 
predator, for example, C. quinquecirrha clears only 
16 I medusa- 1 d- 1 of copepods (Purcell, 1992), but 
clears hundreds to thousands of liters daily of ich
thyoplankton (Table 1 ). Clearance rates (Table I) on 
fish larvae are lower than for fish eggs, which have 
large diameters and no escape abilities. 
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Table 2. Consumption of newly-hatched herring larvae by the hydromedusan Aequorea i•icroria on 
Vancouver Island, British Columbia, Canada. Data arc averages of 3 stations in both locations 

Location and date No.of Larvae in each Mcdusae m-3 Larvae m-3 % larvae 
medusae medusa (No.) eaten c1- 1 

examined 

Kulleet Bay 
22 Mar 1983a 24 22.0 0.012 162.1 ±284.6 0.8 
9 Apr 1984b 12 2.0 0.35 38.5 II.I 
14-21 Apr 1985" 322 0.2-135.3 1.1-5.1 3.5-264.1 40.5-72.8 
31 Mar 1986c/ 10 3.1 <0.006 19.3 0.7 
31 Mar-2 Apr I 987c/ 33 51.3 0.02 145.6±263.6 4.6 

Baynes Sound 
20-21 Mar 1983" 201 0.04-2.4 0.01-0.43 0.8-29.0 2.5-8.9 
6-7 Apr 1984" 79 0.06-0.4 0.1-0.4 43.1-62.5 0.4 
30 Mar 1985d 12 0.08 0.5±0.4 3.4±3.7 7.7 

30 Mar 1986" 9 3.1 0.03 29.8±14.0 2.1 
30 Mar 1987d 13 3.2 <0.0002 47.6±30.0 <0.l 

"Purcell (1989); "from Purcell (1990); cfrom Purcell & Grover (1990); "Purcell (unpublished data). 

Predation effects by pelagic cnidarians on fish 
larvae often are substantial ( > 30% d- 1) in envir
onments where predators are numerous, as for the 
scyphomedusan Chrysaora quinquecirrha, the hy
dromedusan Aequorea victoria, and the siphonophores 
Rhizophysa eysenhardti Gegenbaur and Physalia 
physalis (Purcell, 1981 b, 1984b, 1992; Purcell & 
Grover, 1990). The magnitude of predation depends 
critically on predator population size, as illustrated 
for A. victoria at two locations in British Columbia, 
Canada, where medusa densities differed over four or
ders of magnitude and predation differed from < 0.1 to 
73% d- 1 (Table 2). By contrast, effects of ctenophores 
on fish larvae are small (e.g. Van Der Veer, I 985; 
Purcell et al., 1994b, 2001 ), but lobate ctenophores 
may have large effects on fish eggs ( 10-65% d- 1, 

Monteleone & Duguay, 1988; 0--40% d- 1, Cowan & 
Houde, I 993; Purcell et al., I 994b, 2001). Intense 
daily predation on ichthyoplankton can have serious 
consequences because the spawning period of the fish 
may be limited (e.g. Pacific herring spawn once an
nually). Inverse correlations in predator and larval fish 
abundances have been interpreted as predation effects 
(e.g. Alvariiio, 1980; Moller, 1984), however, there 
can be other explanations for such negative relation
ships (Frank & Leggett, 1985; Purcell, 1985). Unless 
supported by more direct evidence, inverse correla
tions should not be used as indicators of predation 
effects. 

Competition for food among pelagic coelenterates 
and fish 

The diets of many species of gelatinous predators in
clude mostly copepods, cladocerans, larvaceans and 
meroplanktonic invertebrate larvae in different propor
tions depending on predator species and prey availab
ility (summaries in Purcell, 1981 a; Purcell & Mills, 
1988; Mills, I 995; Arai, 1997; Purcell, I 997), and 
overlap with the diets of zooplanktivorous fish, such 
as anchovies, herrings and sardines. Although several 
authors have speculated on the importance of potential 
competition among zooplanktivorous pelagic coelen
terates and fish ( e.g. Moller, 1980; Van Der Veer, 
1985; Arai, I 988, 1997; Bailey & Houde, 1989; 
Shiganova, 1998), very few direct comparisons of 
diets have been made. Purcell & Grover ( 1990) com
pare the diets of post-yolksac larval Pacific herring 
and those of seven co-occurring hydromedusan spe
cies. The prey of larval herring (copepod nauplii and 
eggs, shelled protozoans and bivalve veligers) were 
abundant ( 41 1- 1 ) in the environment, and predation 
on those prey by the gelatinous species was estimated 
to be only 0.2% d- 1 of the standing stocks. They con
clude that competition for food among the larvae and 
pelagic coelenterates was not occurring at that time. 
Consumption of mesozooplankon by the introduced 
ctenophore Mnemiopsis leidyi and zooplanktivorous 
fish (European anchovy, Engraulis encrasicolus (Lin-



'fob/e 3. Pcrccnl dicl similari1ics (Schoener. 197-1 ) among spe
cies of jellyfish and forage fish in PWS. The si111ilari1ics among 
mainly crus1accan-ea1 ing species (lop lcfl) and among mainly 
larvaccan-ca1ing species ( 1>0110111 right) arc highlighted (Purcell 
& Sturdevant. 200 I) 

Percent Diel Similarity ( '¼-) 

Walleye Pacilic Pacific Pink 

pollock sandlancc herring salmon 

Aurelia /abiata 67.2 75.1 733 18.7 

Pleuro/Jmchia /J/lchei 41. 1 63.4 62 5.3 

Cyw1ea rnpillma 34.8 33.7 50.2 78.1 

A e,111on:a aequorea 55.5 35.5 -l8.9 59.0 

naeus). European sprat. Spra1111s spra1111s (Linnaeus) 
and Mcditem1nean horse mackerel, hac/11ir11s 111edi-
1erra11e11s (Steindachner)) in the Bla<.:k Sea are es
timated by Vinogradov et al. ( 1996). Biomass of 
zooplankron and fish, and prey consumption by fi sh 
were high until 1988, but decreased dramatically dur
ing the outbreak period of M. leidyi that began in 1989. 
Competition for food among the ctenophores and fish 
was inferred. 

Purcel l & Sturdevant (200 1) quantify the diets of 
four gelatinous species and the zooplanktivorous ju
veniles of four fish species in Prince Wi ll iam Sound. 
A laska. Aurelia labiara Chamisso & Eysenhardt and 
Pleumbrachia bachei eat mostly hard-bodied prey. 
such as small copepods. cladocerans and bivalve vcl i
gcrs, and Cywrea capillara and Aeq11orea aeq11orea 
var. albida Bigelow consume mostly larvaceans, with 
some crustacean prey. The juven ile fish all consume 
some of each zooplankton taxon, however, wal leye 
pollock. Tltemgra c/1alcogra11111w (Pallas). Pacific 
sandlance, A111111odyres lrexap1ern.1· Pallus, and Pacific 
herring eat mainly small copepods. but pink sal
mon. 011corlry11clr11s gorb11scha (Walbaum) consumed 
mostly larvaceans. Percent Similarity Index (PSI) val
ues comparing the diets of the gelatinous and j uveni le 
fish show the greatest similarit ies among crustacean
eating species (A. labiata, 67- 75%; /~ baclrei. 4 1-
62%) with walleye pollock. Pacific sandlance and 
Pacific herring). and among larvacean-cati ng species 
(C. copillaw. 78%; A. aeq11orea. 59%) wi th pink sal
mon (Table 3). PSI comparisons among all pelagic 
coelenterate and fish species average 50%. 

The potential for competition for zooplankton prey 
among tish and pelagic coelenterates is very dil'ficult 
to assess. Determination of all the necessary para
meters has not been encompassed by any study. to 
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our knowledge. Whether competition would occur de
pends on the extent of the spatial, depth and temporal 
co-occurrence of the various species. as wel l as their 
consumption rates of zooplankton, and the produc
tion rates of the ,.ooplankton. In addition, demon
strating competition would require evidence that prey 
popu lations are limited by predation. 

General ly. estimated predation effects or gelatin
ous species on copepod populations arc too small 
to cause prey population declines (e.g. < 10% c1 - t; 
Kremer, 1979: Larson. I 987a: Kuipers et al., 1990: 
Purcell et al.. 1994a). Other studies. however. indicate 
much higher predation and possible reduction of zo
oplankton standing stocks (e.g. > 20% c1- 1

: Deason, 
1982; Matsakis & Conover, 1991; Purcel l, 1992; 
Olesen et al., 1994: Schneider & Behrends. 1998: 
Purcell et al., 200 I ). Inverse re lationships in the 
abundances of gelatinous predators and zooplankton 
often have been interpreted as resulting from pred
ation (e.g. Feigenbaum & Kelly, 1984; Behrends & 
Schneider, 1995). Correlat ions do not show cause and 
effect and may be misleading. as for mid-Chesapeake 
Bay, where gelatinous predators were not responsible 
for the spring decline of copepods in 1987 and 1988 
(Purcell et al., 1994a). 

Associations among pelagic coelenterates and fish 

Associations of fi sh species with pelagic coelenterates 
include no cases that are species-speci fi c and oblig
ate partnerships. Even in the classic example of the 
man-of-war fish, No111e11s gmnovii (Gmelin), wi th the 
pleustonic siphonophore, Plrysalia plrv.\'lllis, the fi sh 
occur with alternative hosts. and the siphonophorc 
with six other fi sh species. N. gro11ovii remains as 
an adult in the association. and survives with this 
extremely tox ic host clue to a variety of special char
acteristics (reviewed in A rai, 1988). The fi sh has at 
least one antibody to the tox ins and can survive high 
doses. but is not completely immune. It has a complex 
skin structure that may reduce nematocyst penetration. 
The fish is very flexible clue to an unusual ly large 
number of vertebrae, and actively avoids contact with 
the tentacles. In this association. the fish is known to 
feed on the siphonophore. as well as be eaten (Jenkins. 
1983). 

Observations of fish associated wi th siphono
phores other than Plrysalia phY.rnlis are rare. Biggs 
( I 976) reports juvenile fish with camouflaging pig
mentation sheltered among the ten tacles or Forskalia 
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tholoides Haeckel, and Robison ( 1983) reports Cali
fornia smoothtongue, leumglossus stilbius Gilbert, 
and a myctophid, Stenobrachius leucopsarus (Ei
genmann & Eigenmann), associated with midwater 
siphonophores, Apolemia sp. 

Few observations of fish associated with cteno
phores exist. Several fish species, Chlomscombrus 
chrysurus (Linnaeus), Hemicaranx amblyrhynchus 
(Cuvier), Palinurichthys sp., Syngnathus sp. and 
Peprilus alepidotus (Linnaeus), are reported with 
Beroe sp. in the Gulf of Mexico (Matthews & Shoe
maker, 1952), where larval spadefish, Chaetodipterus 
Jaber (Broussonet), are seen laying between the comb 
rows of Beroe sp. (A. G. Moss, pers. comm.). Sev
eral unidentified myctophid fish have been observed 
among groups of unidentified ctenophores (Auster et 
al., 1992). 

The most common associations are among juvenile 
fish and scyphomedusae (reviewed in Mansueti, 1963; 
Thiel, 1970, 1978; Arai, 1997; Table 4). Although at 
least 80 species pairs have been documented (op. cit.), 
those represent a small fraction of the possible com
binations of species. These non-specific, facultative 
associations occur mainly between scyphomedusae 
and juvenile fish in the families Carangidae, Stro
mateidae and Gadidae, although some associations 
with species in at least six additional families are 
recorded. Several fish species within a genus may as
sociate with pelagic coelenterates. Typically, a given 
fish species may be found consorting with more than 
one gelatinous species. For example, ROY observa
tions show up to five age-0 walleye pollock swimming 
among tentacles of Cyanea capillata and up to 30 
with Chrysaora melanaster Brandt at depths of 30-
40 m during the day in Alaskan waters (Brodeur, 
1998). Juveniles of several fish species may associate 
with a species of medusa, either under the swimming 
bell or near the tentacles of semaeostomes, and of
ten schooling in front of the bell of rhizostomes. The 
fish seek refuge among the tentacles and oral arms 
or in the sub-genital pouches when frightened. Sev
eral fish typically consort with an individual medusa, 
however, schools of juvenile walleye pollock were as
sociated with aggregations of Aurelia labiata medusae 
in Alaska (Purcell et al., 2000). 

It generally is assumed that through associations 
with pelagic coelenterates, the fish gain protection 
from vertebrate predators. Only post-larval fish are 
seen consorting with pelagic coelenterates, however, 
presumably because larvae would be eaten. Protec
tion from predators has been demonstrated in only 

one study, in which juvenile American butterfish, Pe
prilus triacanthus (Peck), were eaten by birds when 
displaced from their scyphomedusan host, Cyanea ca
pillata (in Duffy, 1988). The potential benefits of 
cover in the pelagic environment are further sugges
ted by the tendencies of small fish to gather around 
floating plants and debris (Kingsford, 1993). 

The nature of the associations among fish and pela
gic coelenterates may change as the fish grow. Juvenile 
harvestfish, Peprilus alepidotus, apparently use their 
medusa hosts initially for protection from their many 
vertebrate predators (Mansueti, 1963). As they grow, 
the harvestfish begin to consume parts of the medu
sae, and possibly to steal food from the medusae. 
Fish gut contents and observations indicate that many 
fish species utilize their pelagic coelenterate hosts for 
food (reviewed in Mansueti, 1963). These associ
ations generally appear to benefit the fish, while being 
potentially detrimental to the pelagic coelenterates. 
The pelagic coelenterates may benefit by removal of 
amphipod parasites, as documented for whiting and 
Cyanea capillata, and by occasionally consuming fish 
consorts (reviewed in Mansueti, I 963; Thiel, 1970). 

The importance of these associations for either the 
fish or pelagic coelenterates is unknown. There are 
few systematic, quantitative data on the frequencies 
or length of associations. In Mississippi Sound, three 
species of scyphomedusae occur with several known 
associated fish species, allowing comparisons among 
species. Cyanea capillata medusae associated with 
butterfish only, while Chrysaora quinquecirrha and 
Stomo/ophus meleagris medusae were associated with 
three fish species. Atlantic bumpers ( Ch/oroscombus 
chrysurus) were the most abundant fish consorts, and 
constituted 82-94% of the fish associated with C. 
quinquecirrha and S. meleagris (Table 5). We are not 
aware of any data on the percentages of the daily ra
tions obtained by either the hosts or consorts from 
their associates. These associations merge into preda
tion upon the pelagic coelenterates (next section), and 
the effects are further complicated by the transfer of 
parasites from the intermediate gelatinous hosts to the 
definitive fish hosts (last section). 

Fish predation on pelagic coelenterates 

In addition to predation by pelagic coelenterates on 
fish, there is also predation by fish on coelenter
ates. Examination of stomach contents has shown that 
gelatinous organisms form a portion of the diet of a 



TC1bh• 4. Associations of fish with scyphomedusae. This table is based on new observations of these associations published 
since 1978. A large amount of earlier literature is reviewed in Mansueti ( 1963 ). Thiel ( 1970) and Thiel ( 1978 ). 

Scyphomcdusan species 

Order Coronatae 

Periphyl/CI periphy/1" 

(Peron & Lesuer) 

Order Semacostomcac 

Aurelia C111ritC1 

Aurelia IC1biC1tC1 

C/11:rsaora ach/yol1 

Chry.wora t11(•/,master 

C/11:v,mora sp. 

Cyanea capillata 

Cyanea lamarcki 

Peron & Lesueur 

C)'anea sp. 

De.mumema gaudiclumdi 

(Lesson) 

Drymonema ,lalmatinum 

Haeckel 

Order Rhizostomac 

Fish species 

Jcicluhys ( = Pseudoicichthys) 

australis Haedrich 

Chloroscombn1s chry·surus 

Hemica1w1x amblyrhy11chw1 

Hippocampus zosterae Jordan & Gilbert 

Pepri/11.\· pan, (Linnaeus) 

Theragra chalcogramma 

Pepri/11s simil/imus (Ayres) 

Theragra cha/cogramma 

Z.aprora silem,s Jordan 

Pse11docC1ranx demax (Block & Schneider) 

Merlangius merlm1g11s (Linnaeus) 

Peprilus triacant/111s 

Theragra chalcogramma 

Zaprora sile1111s 

Merlangius merlangus 

Tradwrus traclwrus (Linnaeus) 

Melmwgrammus aeglefimts (Linnaeus) 

Pse11docara11x demax 

Tradmrus spp. 

CC1rt11wx ct)'sos Mitchill 

Chloroscombus chrysurus 

CassiopeCI mulmmeda (Forsskal) Unidentified fish 

Catostylus mosaicu.\· Trac/111rus 11ov,w::.ela11diae (Richardson) 

(Quoy & Gaimard) Tracl111rus spp. 

Cotylorhiza tuberculatCI (Macri) Tradmrus sp. 

Psetulorhi:.a hC1ecke/i Pseudocaranx demex 

Rlwpilema 11011uulica Alepes djedaba (Forsskal) 

Rhiws1m1w pu/1110 (Macri) Merlangius merlangus 

Thyst1110s1011w thysC11111ra Haeckel Caranx sp. 

" Martin. Gershwin. Burnell, Cargo & Bloom. 

Source 

Pages ct al. ( 1996) 

Tolley ( I 987) 

Tolley ( 1987) 

Tolley ( 1987) 

Tolley ( 1987) 

Purcell ct al. (2000) 

Martin & Kuck (1991) 

Brodeur ( 1998) 

Brodeur (1998) 

Southcoll & Glover ( 1987) 

Hay Cl al. ( 1990) 

Duffy ( 1988) 

Brodeur ( 1998) 

Brodeur ( 1998) 

Alvarifio ( 1985), Hay ct al. ( 1990) 

Alvarifio (1985) 

Koeller ct al. (1986) 

Southcott & Glover ( 1987) 

Kingsford ( 1993) 

Larson ( 1987) 

Larson ( 1987) 

Thiel ( 1979) 

Southcott & Glover ( 1987) 

Kingsford (1993) 

Thiel ( 1979) 

Southcott & Glover ( 1987) 

Spanier & Galil ( 1991) 

O'Connor & McGrath ( 1978) 

Thiel ( 1979) 
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wide variety of fish species. Arai ( 1988) and Ates 
( 1988) independently published lists of over 50 fish 
species that consume pelagic coelenterates. As sum
marized in Arai ( 1988), much of the earlier evidence 
for coelenterates in the diets of fish was circumstantial. 
As ichthyologists become more aware of the necessity 
of examining fresh fish stomachs. before most gelatin
ous material is digested or destroyed by preservation, 
the numbers of known coelenterate eaters is steadily 
rising. So far, no fish are known for which pelagic 

coelenterates are the only prey. Some are primarily 
coelenterate predators, but even they at least eat the 
hyperiid amphipods associated with the medusae and 
often also eat salps (Kashkina. 1986; Mianzan et al., 
1997). Most fish that eat pelagic coelenterates have 
broad diets. 

A recent study showing the proportion of fish eat
ing pelagic coelenterates is that of Mianzan et al. 
( 1996). They examined over 25 000 stomachs from 69 
fish species on the Argentine continental shelf. The 
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Table 5. Fish species associated with scyphomeclusac in the Gulf of Mexico. Numbers are the percentages 
of each fish species collected by dip net with each jellyfish species, unless otherwise specified (from Tables 
1 and 2 in Phillips et al., 1969) 

Fish species Cht)',W/Orll 

q11inq11ecirrlw 

Ch/oroscombrus chry.rns 88.2 

Peprilus ah•pidotus 5.9 

Cmw1x sp. 5.9 

Peprilus burti Fowler 0 

Stephanolepis hispidus (Linnaeus) () 

Total fish (No.) 34 

Total jellyfish (No.) 27 

Jellyfish with fish(%) 53 

Jellyfish size (mm) 25-110 

abundance of ctenophores, the predominant coelen
terate group, was greatest during the spring. During 
that period, over 28% of the stomachs, belonging to 
35% of the fish species, included at least some cteno
phores. During the remainder of the year, these values 
fell to 7-17% of the stomachs, and 15-23% of the fish 
species. Two stromateoid fish, Stromateus brasiliensis 
Fowler and Serio/el/a pomsa Guichenot, fed almost 
exclusively on ctenophores most of the year, and one 
scorpaenid fed primarily on ctenophores during the 
spring and summer. 

Because there are no quantitative data on the pas
sage times of gelatinous prey in fish guts, it is not pos
sible to convert data on stomach contents to feeding 
rates. Nevertheless, it is possible to predict that, unless 
such digestion rates vary greatly with specific fish or 
prey, predation by the large numbers of species of fish 
with generalized diets is more ecologically important 
than the predation by the relatively small numbers of 
specialized fishes with primarily gelatinous diets. 

Harbison ( 1993) points out that the suborder Stro
mateoidei includes the group of fishes for which 
we have the most extensive evidence of specialized 
feeding on salps or pelagic coelenterates. As in the 
Mianzan et al. ( 1996) study, species of the family 
Centrolophidae and the family Stromateidae are par
ticularly well documented as extensive coelenterate 
feeders. The latter family includes such prized human 
food fishes as the butterfish Peprilus triacanthus. 

On the other hand, pelagic coelenterates form por
tions of the diets of a broad range of such common 
and commercially important species as spiny dogfish, 
Squalus acanthias Linnaeus, chum salmon, Onco-

Stomo/ophus C.-)'anea Totals Fish size 

melea,:ris rnpillata (No.) (mm) 

93.8 0 150 11-39 

5.5 0 9 14-38 
() 0 2 18 
() 100 30 6-34 

0.8 0 I 17.5 

128 30 192 

191 39 257 

IO 72 
60-130 30-130 

rhyndms keta (Walbaum), sablefish, Anoplopomajim
bria (Pallas), and various gadoids, scorpaenids and 
scombrids (Arai, 1988; Brodeur & Pearcy, 1992). 
Early work on the spiny dogfish rarely found pelagic 
coelenterates in the diet; however, when measure
ments were made of fresh specimens at sea, pelagic 
coelenterates represented 30-40% by volume of the 
stomach contents (Bowman et al.. 1984; Mcfarlane 
et al.. I 984 ). More recently, Brodeur & Pearcy ( 1992) 
found the By-the-Wind Sailor. Vele/la velella, (Lin
naeus) to be a major food item when available off 
Oregon, and Ellis et al. ( 1996) found ctenophores in 
the diet of dogfish in the Irish Sea. 

Salmon are the dominant intermediate level pred
ators in the upper 50 m of the North Pacific. There 
is a good deal of overlap in the generalist diets of 
the six species, however, chum salmon differ in also 
utilizing gelatinous prey. As shown by a number of 
Russian, Japanese, Canadian and American scient
ists, the diet varies with fish age, and among years 
and localities from primarily arthropod, to primarily 
gelatinous. On the high seas, the gut contents of fresh 
caught chum juveniles is often an amorphous mass of 
white or red jelly that is difficult to identify but may 
include the hydromedusan, Aglantha digitale (0. F. 
MUiier), and hyperiid amphipods, which are frequent 
associates of gelatinous animals (Tsuruta, 1963; Davis 
et al., 1998). Inshore, other medusae and ctenophores 
may be utilized (Black & Low, 1983; Healey, 1991 ). 
This partially gelatinous diet may reduce competition 
with the other salmon species (Azuma, 1992, 1995; 
Tadokoro et al., 1996 ). 



In midwater, pelagic coelenterates are found in the 
diets of lantern fish (family Myctophidae), grenadiers 
(family Macrouridae), slickheads (family Alepoceph
alidae) and deep sea smelts (family Bathylagidae) 
(Arai, 1988; Carrasson & Matallanas, 1990; Beamish 
et al., 1999). The myctophid, Stenobrachius /eu
copsarus, is the dominant species in the midwater 
community of the subarctic Pacific. The stomach con
tents include up to I 2% cnidarians and ctenophores 
depending on location (Beamish et al., I 999). Also 
in locations of the Pacific Ocean and neighboring 
seas, for deep-sea smelts such as Bathylagus ochoten
sis Schmidt and Leuroglossus schmidti Rass, pelagic 
coelenterates may form up to 30% and 4 I%, re
spectively, of the stomach contents (Beamish et al., 
1999). 

Fish may show physical adaptations to a gelatinous 
diet. Harbison (1993) noted that primarily medusivor
ous fish, such as the stromateoid species. typically 
have deep bodies and underslung jaws, however, fish 
that include a significant proportion of pelagic coelen
terates in generalized diets may be much more stream
lined. For example, the beautifully streamlined chub 
mackerel, Scomber japonicus Houttuyn, of the Pacific 
or the very similar Atlantic mackerel, S. scombrus 
Linnaeus, can feed either by filter feeding using the 
gill rakers, or by individual selection of organisms. In 
the laboratory, Atlantic mackerel select individuals of 
the hydromedusan, Aglantha digitale, in preference to 
filtering copepods (Runge et al., 1987). 

Better correlated than body shape with a gelatin
ous diet is an enlarged digestive tract. Harbison ( I 993) 
summarizes work by Buhler ( 1930) and later workers 
indicating the stromateoid fishes have both exception
ally large stomachs and extremely long intestines. The 
lumpfish, Cyclopterus lumpus Linnaeus, which eats 
the ctenophore Pleurobrachia sp., has a large stom
ach and a narrow moderately long intestine (Eggeling, 
1908). 

Of interest is the variation in digestive tract struc
ture within the salmon of the North Pacific. In keeping 
with their partially gelatinous diet, chum salmon have 
enlarged stomachs compared with the other species of 
Oncorhynchus (Welch, 1997). The stomach is a large 
bag-like structure that nearly fills the coelomic cavity 
and is formed of a thick, soft tissue lacking the muscle 
tone evident in the five other species. The chum stom
ach is capable of holding approximately 3.5-times the 
volume of other species at equivalent body lengths. 
Chum do not have an enlarged or lengthened intestine. 
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Fish feeding on gelatinous species also may have 
pharyngeal or oesophageal modifications, presumably 
to prevent regurgitation. Mola mo/a Linnaeus has three 
rows of recurved pharyngeal teeth (Suyehiro, 1942). 
In the stromateoid fishes, there are oesophageal sacs 
with denticulate papillae (Gilchrist, 1922; lsokawa 
et al., 1965). Genicanthus personatus Randall, the 
masked angelfish, includes hydromedusae and siphon
ophores in its diet and has finger-like oesophageal 
papillae that point posteriorly (Howe, I 993). The oe
sophagus of chum salmon is strongly muscular with a 
well-defined sphincter (Azuma, 1992). 

Pelagic coelenterates display a variety of character
istics and behaviors that might be effective in reducing 
fish predation. The stinging nematocysts of cnidari
ans presumably deter some potential fish predators. 
Cnidae are released by the scyphomedusan, Stomo
/op/ws meleagris, when pinched to simulate a pred
ator attack (Shanks & Graham, 1988). These cnidae 
drive off the associated juvenile fish and could poten
tially also affect larger fish predators. Some planktonic 
coelenterates respond to stimulation by 'crumpling' or 
escape behaviors (Mackie, 1995). It is unclear how 
crumpling would deter a visual predator, but a vigor
ous escape response such as that of Agla11tha digitale 
might reduce the frequency of capture. There is no 
direct proof that transparency reduces predation, al
though its prevalence in gelatinous animals suggests 
that is of considerable survival value (Johnson & Wid
der, 1998). Conversely, the loss of transparency upon 
disturbance in the siphonophore, Hippopodius lzip
popus (Forsskal), has been hypothesized as a predator 
deterent (Mackie, 1995). Bioluminescence occurs in 
all known genera of ctenophores, except Pleurobra
chia, is widespread among pelagic hydrozoans, and is 
found in some scyphomedusae (Widder et al., 1989; 
Haddock & Case, 1995; Mackie, 1995; Arai, 1997). 
Its prevalence and the elaborate displays suggest that 
bioluminescence is of great value in detering visual 
predation. While octocorals may contain chemicals 
which are unplatable or cause vomiting in fish (e.g. 
Gerhart & Coll, I 993), and hydroid polyps may con
tain metabolites that are unpalatable (Stachowicz & 
Lindquist, 1997), similar compounds have not yet 
been identified in pelagic cnidarians or ctenophores. 

Since pelagic coelenterates are utilized not only 
by the small number of specialist fish feeders but by 
large numbers of species with more generalized diets, 
this predation is probably of ecological importance. 
Arai ( 1988) summarizes data on the caloric content of 
pelagic coelenterates and speculates on their dietary 
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value to the fish. As noted above, it is not possible 
to calculate field based feeding rates of fish from 
observed stomach contents since digestion rates are 
lacking. In turn, without field based feeding rates, it 
is also not possible to quantitatively evaluate the im
portance of fish predation on pelagic coelenterates in 
marine food webs. A single paper, Oviatt & Kremer 
( 1977), combines laboratory measurements of feeding 
rates by American butterfish, Peprilus triacanthus, on 
the ctenophore, Mnemiopsis leidyi, with population 
abundances in Narragansett Bay and estimated pos
sible predation rates of 5-15% d- 1• These subjects 
will not advance greatly until digestion rates become 
available and allow calculation of field based feeding 
rates. 

It is to be expected that if the population of a fish 
species that feeds on pelagic coelenterates decreases, 
the prey species may increase in numbers. In spite of 
the lack of quantitative data on predation rates as dis
cussed above, there are instances where overfishing of 
a predator is believed to have contributed to increases 
of pelagic coelenterate populations. Historically At
lantic mackerel, Scomber scombrus, did not reproduce 
in the Black Sea, but there were massive migrations 
from the Sea of Marmara onto the Northwestern Shelf 
of the Black Sea in most years. Mackerel had disap
peared as a commercial species of the Black Sea by 
the end of thel960s (Caddy, 1993). As noted above, 
mackerel are known predators of pelagic coelenterates 
(Scott, 19 l 4, 1924; Runge et al., 1987). Zaitsev & 
Polischuk ( 1984) suggest that the increase of Aurelia 
aurita in the Black Sea in the 1970s and 1980s was 
due, at least in part, to decreased autumn predation 
by the mackerel (see also Zaitsev, 1992). In the Adri
atic Sea, a population increase of the scyphomedusan, 
Pelagia noctiluca, was correlated with increased catch 
of several predator fish in the late 1970s (Avian & 
Rottini-Sandrini, 1988). This led to proposals that 
overfishing was decreasing these predators and allow
ing the P. noctiluca bloom (Avian & Rottini-Sandrini, 
1988; Legovic, 1991; Parsons, 1995). However, in 
this case, Vucetic & Alegria-Hernandez ( 1988), in a 
more extensive analysis of similar data, concluded that 
other factors were increasing the populations of both 
fish and jellyfish. Overfishing can not explain either 
the occurrence of a past bloom of P. noctiluca in the 
Adriatic Sea 1910-1914 or its precipitous decline in 
1986 following the 1976 bloom (see references cited 
in Purcell et al., 1999a). 

Pelagic coelenterates as intermediate hosts for 
parasites of fish 

Trematode, cestode and nematode larvae are widely 
distributed in pelagic Hydrozoa, Scyphozoa and Cten
ophora (Lauchner, 1980a, b ). It is not known to what 
extent fish acquire the parasites by eating coelenterates 
rather than eating other possible intermediate hosts. As 
knowledge expands on inclusion of gelatinous species 
in marine fish diets, there is also increasing awareness 
of the probable role of coelenterates in the transmis
sion of helminth (metazoan worm) parasites to fish 
(Arai, 1988; Marcogliese, 1995). 

Digenetic trematodes are the most thoroughly in
vestigated parasites of pelagic coelenterates and fish. 
Larval stages of genera such as Opechona and Neo
peclwna in the family Lepocreadiidae include cer
cariae, which develop into rediae in gastropods, fol
lowed by metacercariae that develop in medusae, cten
ophores or other intermediate hosts. Metacercariae 
have been found in several hydromedusae, such as 
Aglantha digitale (see Koie, 1975; Martorelli, 1996, 
200 I) and in ctenophores, such as Pleurobrachia 
pileus (see Yip, 1984). The definitive hosts, where 
the trematode becomes sexually mature, are fish, such 
as mackerel, which are known to eat pelagic coelen
terates. Similar life cycles with mollusc, coelenterate 
and fish hosts have been demonstrated in the family 
Hemiuridae for species of Lecithocladium (see Koie, 
1991 ), and in the family Fellodistomidae for species 
of Monascus (see Girola et al., I 992~ Martorelli & 
Cremote, 1998). 

The rates of natural infections of other zooplank
ton intermediate hosts with fish parasites are usually 
very low (Marcogliese, 1995). In the few cases so 
far investigated, the rates of infections of hydromedu
sae and ctenophores with trematodes may be higher 
than for other zooplankton, but vary with location, 
season or host size. For example, in hydromedusae 
( 1670 specimens of Phialidium sp. and 1892 Liriope 
tetraphylla (Chamisso & Eysenhardt)) examined from 
the Argentine-Uruguayan Common Fishing Zone, the 
prevalences of Monascus .filiformis (Rudolphi) were 
l 6-39% and 2-25% respectively, in three colJecting 
zones (Girola et al., 1992). In Pleurobrachia pileus 
from Galway Bay, Ireland, prevalences of Opechona 
baci/laris Mokin showed maxima of up to 50% in 
early summer but no infection in mid-winter (Yip, 
1984). No infections were found in P. pileus less than 
l mm in length. 



Adult nematodes (Ascaridoidea, Anisakidae) of 
the genus Hysterothylaciwn are very widely distrib
uted in marine fish. Coelenterates are among the wide 
variety of planktonic and benthic invertebrates that 
may serve as intermediate hosts. Hystemthylaciwn 
larvae have been recorded in hydromedusae, such as 
Aglantha digitale (see Svendsen, 1990) and in the 
ctenophores, Pleurobrachia pileus and Mnemiopsis 
/eidyi (see Svendsen, 1990; Koie, 1993; Gaevskaya & 
Mordvinova, 1993; Mutlu & Bingle, 1999). Although 
cestodes have been recorded in coelenterates, the lar
vae are difficult to identify and no life cycles involving 
coelenterates have been established as yet. 

Discussion 

This paper describes what is known about the inter
actions between pelagic coelenterates and fish. The 
interactions can be either positive or negative in their 
potential effects on the commercially important fish 
populations, which are of particular interest. The neg
ative interactions include predation by pelagic coelen
terates on fish eggs and larvae, for which considerable 
quantitative data exist, potential competition for food, 
and transmission of parasites from pelagic coelenter
ates to fish, however, the ultimate effects of these 
interactions on fish populations are unknown in most 
cases. On the other hand, fish may benefit from pred
ation on pelagic coelenterates and from commensal 
relationships between young fish and medusae. Again, 
data are lacking to evaluate the magnitude and dietary 
importance of fish predation on pelagic coelenterates, 
or whether young fish of some species are dependent 
on medusae for survival. 

With the poor understanding of the importance of 
these interactions, it obviously is difficult to assess the 
effects of predicted changes in climate, eutrophica
tion or over fishing on pelagic coelenterate populations 
and their interactions with fish. Climate changes may 
have various effects. For example, release of medu
sae by hydroids and scyphistomae depends on light, 
temperature, salinity, and feeding (Arai, 1992, 1997; 
Purcell et al., 1999b ). These environmental factors 
could change the timing and abundance of pelagic 
coelenterates and ichthyoplankton and alter the pred
ation effects (e.g. Table 2). Eutrophication, which 
may decrease biodiversity but increase some holo
planktonic and estuarine species especially in coastal 
waters, is discussed by Arai (200 I). 
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Over fishing has dramatically altered fish popu
lations around the world, not only in numbers but 
also in trophic structure. Fisheries typically first have 
concentrated on the large, long-lived, piscivorous fish 
and gradually are turning to small, planktivorous fish 
(Pauly et al., 1998b). The extent of this concentra
tion on fishing high trophic levels shows wide regional 
variation (Caddy et al., 1998; Pauly et al., 1998a). 
Also, the distinction between piscivorous and plankt
ivorous fish is often not clear. Nevertheless, it is in
teresting to speculate on what effects this fishing may 
have on the trophic structure of marine ecosystems and 
particularly on the pelagic coelenterate populations. 

Characteristics of gelatinous zooplankton allow 
them to quickly exploit new resources in changing cir
cumstances (Alldredge, 1983). Many pelagic coelen
terates increase their populations very rapidly through 
a combination of high growth rates, and sexual plus 
asexual reproduction, whereas fish lack the abilities 
to asexually multiply and to have several generations 
in one season. Greve & Parsons ( 1977) suggest a di
chotomy in which two pathways might exist for the 
transfer of energy up the marine food web leading al
ternatively to fish or pelagic coelenterates. In waters 
with low productivity, nanophytoplankton (e.g. small 
flagellates), small zooplankton and zooplanktivorous 
ctenophores or medusae would predominate, and al
ternatively, in highly-productive waters, microphyto
plankton (e.g. large diatoms), large zooplankton and 
zooplanktivorous fish would predominate. This over
simplified dichotomy has been criticized by Longhurst 
( 1985) because pelagic coelenterates also utilize lar
ger particles including fish, by Arai ( 1988) because 
pelagic coelenterates are not necessarily the top pred
ators, but are eaten by a variety of predators from 
chaetognaths to birds, and by Mills ( 1995) because 
pelagic coelenterates are also abundant in areas of high 
productivity. 

More recently, Parsons ( 1992, 1995) summarizes 
several possible effects of removal of top pelagic fish 
predators, and suggests that pelagic coelenterates may 
supplant many commercial fish species as top predat
ors. It is unlikely that many pelagic coelenterates will 
replace piscivorous fish in marine food webs. Diets 
primarily of larval or juvenile fish are confined to a 
few cnidarian species such as cystonect siphonophores 
and some cubomedusae (Larson, 1976; Purcell, 1997). 
Most predation on fish eggs and larvae by pelagic 
coelenterates is by species with broad diets. Most pela
gic coelenterates consume primarily zooplankton, and 
would be expected to compete with zooplanktivorous 
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fish such as anchovies, herring and sardines. When 
over fishing includes those fish species, there could 
be significant unconsumed zooplankton, and pelagic 
coelenterate populations might expand (Caddy, 1993). 
Even then, the outcome is unclear because many 
pelagic coelenterate populations can be controlled by 
predation by other gelatinous species (Purcell, l 997~ 
Purcell et al., 2001). 

As discussed above, commercial removal of fish 
predators of pelagic coelenterates also could allow 
their populations to increase. Many prized commer
cial fish, such as chum salmon, mackerel and Atlantic 
butterfish, consume pelagic coelenterates as well as 
fish and zooplankton. Again, predation by other pela
gic coelenterates might prevent the populations from 
expanding in response to the removal of fish predators. 

It is not possible to predict the final ecosystem bal
ances from over fishing, given the present shortage of 
information. In combination with the effects of climate 
change and eutrophication, ecosystem changes may 
vary widely among locations. It is obvious that further 
research is essential. 
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Abstract 

The gelatinous zooplankton, composed by members of different phyla (Cnidaria, Ctenophora, Tunicata), are usu
ally neglected in most studies about energy transfer in the marine trophic web, and often it is assumed that such 
soft-bodied fauna are trophic 'dead ends' in the food webs. In recent years, however, it has been shown that many 
fish species feed extensively on gelatinous zooplankton, while other species may feed on them occasionally when 
other food is scarce. We found that anchovies, Engraulis anchoita Hubbs & Marini, 1935, shoaled close to the Rfo 
de la Plata surface salinity front, where dense aggregations of the salp, Iasis zonaria (Pallas, 1774), were detected 
acoustically in May, 1994. Densities of non-gelatinous zooplankton were low at this interface, and anchovies fed on 
the salps. In this paper, we describe the environmental and biological conditions that led a normally planktivorous 
filter feeder E. anchoita to prey on gelatinous plankton. 

Introduction 

The gelatinous zooplankton, composed by members of 
different phyla (Cnidaria, Ctenophora, Tunicata), are 
usually neglected in most of the studies about energy 
transfer in marine trophic webs, principally because 
these animals are usually damaged beyond recogni
tion when sampled with conventional plankton nets. 
As a consequence, their distribution and abundance 
patterns are poorly known. Furthermore, even though 
many papers have focused on their role as consumers 
(Alvarifio, 1985; Madin & Kremer, 1995; Madin et al., 
1997; Purcell, 1997), there are relatively few reports 
that document the predators of gelatinous zooplankton 
(Purcell, 1991 ). These discrepancies have fostered a 
belief that such soft-bodied fauna are trophic 'dead 
ends' in marine food webs. This leads to the assump
tion that some jelly species that can reach enormous 
biomass merely die, sink and decompose. 

In recent years, it has been shown that many fishes 
feed on gelatinous zooplankton (Ates, 1988; Arai, 
1988; Mianzan et al., 1996; Mianzan et al., 1997; Pur
cell & Arai, 200 I). Although some fish species may 
depend heavily and be specialized to feed on gelatin
ous species, others utilize them only occasionally. The 

reasons why those fish species should accept gelatin
ous organisms as food are not clearly understood, but 
it is hypothesized that this happens when nothing bet
ter is available to fill fish stomachs. Kashkina ( 1986) 
described this behaviour as feeding on survival food. 

To test this hypothesis, a multidisciplinary invest
igation that included acoustical monitoring, plankton 
net sampling and analysis of fish stomach contents 
was performed in order to obtain a synoptic picture. 
In this paper, we describe the environmental and bio
logical conditions that led a normally planktivorous 
filter feeder (Engraulis anchoita) to prey on gelatinous 
plankton. 

Materials and methods 

Day and night sampling was conducted on the Argen
tine Continental shelf (Fig. I), with the RIV Eduardo 
Holmberg (INIDEP) from 15th to 28th May, 1994, fo
cused on acoustical estimation of Engraulis anchoita 
biomass. Zooplankton was sampled using a CalVET 
net (200 µm), 25 cm diameter. Sixty five plankton 
stations were performed from Rfo de la Plata up to the 
slope front (Fig. I). The net was towed vertically from 
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Figure I. Cruise design: CTD (conductivity-telltpcrattirc-dcpth prolilcr) and plankton (CalVET net ) stations (• ). lishing stations (Nichilllo 
Midwater trawl)(• ) and acoustic sampling (solid line) along parallel transects (SIMRAD EK500 cchosounder operating at 38 kHz). pcrforlllcd 
during Autulll. 199-1 by the RIV Dr E. Hollllberg (INIDEP). 

the bottom to the surface or from 70 m up 1hc sur
face. The average volume o f water fi l tered was 1.4 1113 

(range 0.4-3.2 1113) . Standing stocks were est imated 
by converting wet weight (ww) or number or incl i
vicluals to dry weight (dw) and then to organic carbon 
using conversion factors (Omori. 1969: Maclin el al.. 
1981: Larson, 1986; Fernandez Araoz. 1994). Results 
are expressed as mg carbon m- 3 . Conductivity and 
temperature were measured wi th a SeaBird 19 CTD 
at a sampling rate or 2 scans per second. Data were 

processed to achieve a one-meter vert ical resolu1 ion. 
Salinity data arc reported with a precision or (l.05. 

Nineteen fish ing stations (Fig. I) were sampled 
with a N ichimo miclwater trawl. with an inner mesh 
or IO mm at the cod encl. One hundred and twenty 
anchovies were sub-sampled from ten stations for 
analyses. Length and weight of each specimen was 
recorded. Gut contents were identified from preserved 
collected specimens either macroscopical ly or usi g a 
dissecting microscope (Wi ld M S). Salps were recog-



nized by their muscle bands and stomachs or by the 
whole body of the animal. Salps were identified ac
cording to Esnal ( 1981) and Esnal & Daponte ( 1999). 
Each stomach was weighed with and without the stom
ach content in order to determine the weight of the 
ingested prey, expressed as the difference between 
both weights. The 'Stomach Repletion Index' (SRI) 
was calculated following the scale proposed by Ange
lescu ( 1982). This index indicates the state of satiety 
from I (an empty stomach: <0.5% of the anchovy 
weight) to 4 (full stomach: >6% of the anchovy 
weight). 

Acoustic sampling was performed along parallel 
transects (Fig. 1 ). A Simrad EK500 echosounder op
erating with a 38 kHz split-beam transducer was em
ployed. The processing method was echo-integration 
(Forbes & Nakken, 1972). The averaging interval was 
t nm. Echograms as well as integrated area scattering 
coefficient values (sa, in units of m2 nm-2), were re
corded with a color printer. Nine surface-referenced 
layers starting at 3 m from the transducer face, i.e. 
6.5 m below sea surface, were programmed. The echo
sounder was calibrated during the cruise, according 
to the centered sphere method with standard targets 
(Foote et al., t 987). Echograms were analyzed in or
der to determine the Sa fraction corresponding to the 
concentrations of salps. 

Results 

The surface salinity contour of the Rfo de la Plata 
showed a typical autumn NNE drainage, parallel to 
the Uruguayan coast as a low salinity wedge 30-35 
nautical miles off the coastline (Fig. 2). The central 
and southern sections of the water column were highly 
stratified. The central section had more than 200 km of 
estuarine surface waters. The southern one was shorter 
and the stratified region occupied a small portion, up to 
60 km in length. Here, vertically homogeneous waters 
were observed at the outer sector of the section. The 
northern section was weakly stratified due to a Con
tinental shelf marine waters intrusion lying over the 
coast. 

Mesozooplankton was dominated by copepods 
(Acartia tonsa Dana, 1848, Paracalanus parvus 
(Claus, 1863), labidocera fluviatilis F. Dahl, 1894, 
Corycaeus sp. Dana, 1849, Eute17Ji11a acutijirms 
(Dana, 1852)) and cladocerans (Evadne sp. Loven, 
1836, Podon sp. Lilljeborg, 1853), with mean densit
ies of 466 copepods m-3 (standard deviation: 710.5; 
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range: 0-3406) and 112 cladocerans m-3 (stand
ard deviation: 338.3; range: 0-2291). Many other 
taxa were collected: chaetognaths, appendicularians, 
meroplankton including bivalve, decapod and poly
chaete larvae, ichthyoplankton (Engraulis anclwita 
eggs and larvae), ctenophores (Mnemiopsis sp. L. 
Agassiz, 1860), and hydromedusae (Liriope tetra
phyfla (Chamisso & Eysenhardt, 1821) and Turritop
sis nutricola McCradyi, 1859). Copepod and clado
ceran biomasses reached maxima of 3.8 and 4.4 mg 
C m-3, respectively. These maximum values were 
found along the surface salinity front. However, less 
than 30% of the samples showed values higher than 
I mg C m-3. Of the rest, most of 40% showed values 
less than 0.1 mg C m-3• When present, salps (Iasis 
zonaria) largely dominated zooplankton biomass with 
aggregations up to 277 mg C m-3, several orders 
of magnitude greater than non-gelatinous zooplankton 
biomass. Except for the stations at which salps were 
abundant, the biomass of total zooplankton was very 
low during the survey (Fig. 3). 

Stomach contents of anchovies reflected what was 
observed in plankton samples. Fifty five percent of the 
stomachs studied were empty or with very little iden
tifiable food. No regurgitated material was observed. 
Stomach contents of the rest (45%) included a few 
copepods (calanoids and harpacticoids, 22.5%), clado
cerans(2.5% ), appendicularians (2% ), anchovy eggs 
(2%) and salps (oozooids and blastozooids, 11.7%). 
Almost 90% of the stomachs analyzed showed SRI 
values of 1-2 (corresponding to up to I% of the 
body weight), implying very little or no food in them 
(Fig. 4A). Salps were found in the remaining 11.7% 
of the stomachs reaching the maximum SRI values 
found (SRI= 3) (coJTesponding to up to 6% of the body 
weight) (Fig. 4B ). More than 50 specimens of salps 
(mostly aggregated zooids: Fig. 5B) were found in 
one anchovy stomach. In one single haul, 40% of the 
specimens analyzed showed salps in their stomachs 
(Fig. 5), the rest being empty. 

At the working frequency (38 kHz, widely used 
for fish biomass estimations) large planktonic aggreg
ations were detected, some of them covering areas of 
more than I 000 square nautical miles between tran
sects. Vertical profiles of the echotraces showed dif
ferences along the acoustic transects, either occupying 
most part of the water column or forming well-defined 
scattering layers with marked diurnal migrations. Ag
gregations of zooplankton were often close to anchovy 
shoals. The highest numbers of salps observed in 
plankton samples. fishing mid-water trawls and stom-
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ach contents were coincident w ith areas where high 
plankton concentrations were detected acoustically 
(Fig. 6) . From this accordance bet ween cchograms and 
sampling resu lts. we therefore assume that the plank
ton aggregations registered were primarily due to the 
salp. Iasis z.onaria. 

The horizontal distribution o f lasia z.o11aria ag
gregations closely fo llowed the salinity contours. Ag
gregations occurred mainly between a salinity range 
of 26-33. This pattern suggested that some /. zo11-
aria aggregations tended to be formed at the edge or 
just outside the Rfo de la Plata Surface Salinity Front 
(SSF). 

Discussion 

There arc very few reports on mcsozooplankton dens
ities for the study area (see Mendez et al.. 1997). B io
mass estimates deri ved from abundance data (Fernan
dez Araoz ct al.. 1991: Fernandez Araoz. 1994) for 
neighbouring areas reach values w ithin the range: of 
the present study. For the Rfo de la Plata sa lt wedge 
regime, M ianzan et al. (200 I ) found up to 8000 cope
pods m- 1 for the inner part or the salt wedge Jnd 
several thousands for the outer section. In the pre~ent 
study, sa lps when present dominated plankton car
bon biomass. Salps form an oceanic group (Es al. 
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1981; Esna! & Daponte, 1999), however among them, 
Iasis wnaria invades large areas or the Buenos A ires 
Continental shelf. The ability of salps to develop 
large populations quickly (blooms) and their capab
ility to aggregate in large numbers. arc consistent 
with the enormous biomass acoustically detected, and 
confi rmed by some of the plankton samples where 
salps represented more than 99% of the total plankton 
carbon biomass. 

Salps are principally composed of gelatinous tis
sue. A low sound reAectiv ity is expected from their 
high water content (> 95%), being considered as a 
fluid-like scatterer (Stanton et al.. 1994). Demer & 
Hewitt ( I 994) considered that most of the scattering 

produced by these animals results from thei r spherical 
stomach where diatoms, copepods and other organ
isms are actively concentrated. 1-Iowcvcr, in spite or 
their low scallcring propert ies, salp aggregations were 
registered even at the 38 kHz frequency and their scat
ter ing measured. Stanton et al. ( I 996) observed that 
the number of salps of Sa/pa aspem Chamisso. I 8 I 9 
of2.6 cm in length, required to produce a volume scat
tering of - 70 dB was 11 0 individuals per m3, working 
at the same frequency. Accord ing to our resul ts, a 
maximum density obtained from the CalVET net was 
45 indiv iduals of Iasis ~onaria per 1113 . A lso, volume 
sca!lering (S11) values were as high as - 53 dB. In this 
sense. the comparatively rigid structure of its tunic and 
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Figure 4. Anchovies' stomach contents. Empty (0). Salps (e) and non-gelatinous plankton (0). Histograms indicate the stomach repletion 
index (SRI) for 2 groups of stomachs: (a) stomachs without salps. (b) stomachs with salps. This index indicates the state of satiety from I (an 
empty stomach: <0.5% of the anchovy weight) to IV (full stomach: >6% of the anchovy weight). 

larger size (3-6 cm in length) could lead to a higher 
sound reflectivity of/. wnaria. 

Under some special circumstances, only one or 
a few species will consistently dominate the scatter
ing, as in this case with Iasis zonaria. The acoustic 
monitoring constitutes a helpful tool to assess hori
zontal distribution patterns and relative abundance. In 
this case in particular, it allowed us to link appar
ently unconnected results, like the co-occurrence of 
the presence of salps in plankton samples and the 
presence of salps in anchovy gut contents, with the 
background synoptic picture given by the acoustic 
recording (Fig. 6). 

These identified echo traces looked like well
defined ·scattering layers' (Fig. 6) that probably were 
due to the strong vertical stratification of the area. Mi
anzan & Guerrero (2000) and Mianzan et al. (200 I) 
reported on salp aggregations that tended to occur near 
the Rfo de la Plata Surface Salinity Front. Physical 
forces and behavior may cause this scale of patchiness 
(see Folt & Burns, 1999). Our observations suggest 
that the salinity gradient, which represents the bound
ary regime of two different water masses, enhances the 
vertical nutrient flux, fertilizes the frontal area (Men
dez et al., 1997), and is responsible for the generation 
of the Iasis zmwria aggregations. 
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Figure 5. Specimens or /m"is ~n1111rio found in anchovy s10111achs (SL). (a) oozooids . (b ) blaslomoids. Scale bar = I cm. 

Several fish species find gelatinous zooplankton an 
acceplable source of food. Mos! speciali1.ecl species 
have developed morphological and physiological ad
aptations to reed on these fauna (Arai. 1988; Purcell 
& Arai, 200 I ). However, it was also shown 1hat many 
species that usually are not considered as gela1inous 
predators. do actually feed from time to time on gela1-
inous fauna (Mianzan et al.. 1996. 1997: Purcell & 
Arai , 200 I ). Salps in particular rcpresenl a signific
an1 propor1ion of the diet of several mesopelagic fish 
(Kashkina, 1986) and also for some demersal species 
(M ianzan et al.. 1996). 

A nchovies have not been recognized as gelatin
ous plankton consumers, as they typical ly feed on 
mesowoplankton and macrozooplank1on. Filtration 
and capture mechanisms vary in accordance w ilh the 
relationships between size of lhe prey and diameler 
or the anchovy's mouth, as wel l as prey dcnsi1y; mi
croscopic food ( < 3 mm) is ingested by fi It ration. and 

larger si ze prey arc ingested by capture (Angelescu, 
198 1 ). Our results showed that under low mesozo
oplankton density, anchovies filled their stomachs by 
capture of salps. The only previous references to gelat
inous prey in the gut contents of anchovies were the 
occasional presence of juveni le zooids of Iasis w naria 
(Angelescu. 1982) and the consumption of appendic
ularians (Capiianio et al., 1997). As a possible source 
or error. ii must be considered that some of the salps 
present in anchovies· guts could have been ingested 
in the net cod end. However, the salps were found in 
different digeslion stages identifiable by the remaining 
muscle bands and nucleus. Moreover, the blastozooids 
(3-5 mm in length) were too small to be retained by 
the net cod end mesh ( IO mm). 

Over recent decades, man's expanding influence 
on the oceans is beginning to cause major changes 
and there is reason to think that in some regions, 
new blooms of j elly fish are occurring in response to 
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some of lhe cumulative effects of these impacts (Mills. 
200 I ). Overfishing. eutrophication, introducl ion or 
alien species and pollution were identified as major 
sources or change. Overfishing seems to have resulted 
in the increase of some medusae species (Mills. 1995: 
Mianzan & Cornelius, 1999). Increases in 'j elly fish' 
have also been the result of recent invasions of non
indigenous species into coastal ecosystems (sec Mi
anzan & Cornelius, 1999; Purcell ct al., 200 I ). Salp 
aggregations were not monitored systematically in the 
Argentine Sea, although they would play a com plex 
role in marine trophic webs. A s an example, mortal
ity of mackerel, Scomber japonirns 1-louttuyn, 1872, 
was recently ascribed to the ingestion or salps that 
were feeding on a red tide bloom (M ianzan et al., 
1997). Red tides blooms have increased both in time 
and space through the Argentine coastal ecosystem (El 
Busto et al., 1993) and it is possible that salps. which 

could be commonly eaten by fish species, may also 
increase. It is not by chance that the first report on PSP 
(paralyt ic shellfish poisons) on £11gra11/is a11choi1a 
was recently publ ished (Montoya et al.. 1998) and 
salps may have been a possible trophic link, among 
other herbivorous zooplankters, from dinollagel lates 
to anchovies. 
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Abstract 

By the pulsed nature of their life cycles, gelatinous zooplankton come and go seasonally, giving rise in even 
the most undisturbed circumstances to summer blooms. Even holoplanktonic species like ctenophores increase 
in number in the spring or summer when planktonic food is available in greater abundance. Beyond that basic 
life cycle-driven seasonal change in numbers, several other kinds of events appear to be increasing the numbers 
of jellies present in some ecosystems. Over recent decades. man's expanding influence on the oceans has begun 
to cause real change and there is reason to think that in some regions, new blooms of jellyfish are occurring in 
response to some of the cumulative effects of these impacts. The issue is not simple and in most cases there are few 
data to support our perceptions. Some blooms appear to be long-term increases in native jellyfish populations. A 
different phenomenon is demonstrated by jellyfish whose populations regularly fluctuate, apparently with climate, 
causing periodic blooms. Perhaps the most damaging type of jellyfish increase in recent decades has been caused 
by populations of new, nonindigenous species gradually building-up to 'bloom' levels in some regions. Lest one 
conclude that the next millennium will feature only increases in jellyfish numbers worldwide, examples are also 
given in which populations are decreasing in heavily impacted coastal areas. Some jellyfish will undoubtedly 
fall subject to the ongoing species elimination processes that already portend a vast global loss of biodiversity. 
Knowledge about the ecology of both the medusa and the polyp phases of each life cycle is necessary if we are to 
understand the true causes of these increases and decreases. but in most cases where changes in medusa populations 
have been recognized, we know nothing about the field ecology of the polyps. 

Introduction 

For the purposes of this article, the term 'jellyfish' is 
used in reference to medusae of the phylum Cnidaria 
(hydromedusae, siphonophores and scyphomedusae) 
and to planktonic members of the phylum Ctenophora. 
Though not closely related, these organisms share 
many characteristics including their watery or 'gelat
inous' nature, and a role as higher-order carnivores in 
plankton communities; I also cite one example of frag
ments of the benthic portion of a hydrozoan that occur 
in high numbers up in the water column, functioning 
more or less like small jellyfish in terms of their diet. I 
will not discuss the salps or other planktonic tunicates, 
which also have bloom characteristics in their appear-

ances and disappearances in the water column, but 
which are herbivores feeding on very small particles, 
and have many other quite different aspects to their life 
cycles. 

As parts of the oceans become increasingly dis
turbed and overfished, there is some evidence that 
energy that previously went into production of fishes 
may be switched over to the production of pelagic 
Cnidaria or Ctenophora (Mills, 1995). Commercial 
fishing efforts continue to remove top-predator fishes 
throughout the world oceans (Pauly et al., 1998), and it 
seems reasonable to watch concomitant trends in jelly
fish populations, as jellyfish typically feed on the same 
kinds of prey as do many either adult or larval fishes. 
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Increases in jellyfish populations that will be de
tailed in this paper include some cases where native 
species have increased in local or regional ecosys
tems. Increases in jellyfish in some other cases have 
been the result of recent introductions followed by 
population explosions of nonindigenous species into 
coastal ecosystems. Decreases in jellyfish populations 
have also been documented in local or regional ecosys
tems in which the habitat has been degraded, typically 
by increased development, industrialization and pollu
tion, but the proximate causes of these declines may 
not be evident. Although environmental degradation 
typically leads to species loss, eutrophication can ap
parently also sometimes lead to increases of jellyfish 
in local environments; such cases typically involve 
only single species and may sometimes in fact be non
native species (see Arai, 2000). Decreasing levels of 
oxygen (hypoxia) in some bodies of water, often asso
ciated with eutrophication, may also favor increases 
in jellyfish populations (Purcell et al., 200 I b.) Fi
nally, there is a small amount of evidence suggesting 
that some jellyfish blooms may also turn out to be 
indicators of climate-induced regional regime shifts 
(Shimomura, I 959; Brodeur et al., I 999), rather than 
a response to anthropogenic change. 

To some extent, what we interpret as a jelly
fish bloom may reflect our expectations about an 
ecosystem. The life cycles of jellyfish lead to the 
transient appearance of 'blooms' in nearly all cases. 
Most medusae are budded from benthic polyps - that 
asexual reproduction process is usually seasonal, with 
the period of medusa budding varying from days to 
months long, but nearly always resulting in seasonal 
appearance and disappearance of medusa populations 
(with a few exceptions, most medusae appear to live 
less than one year). Even holoplanktonic species like 
ctenophores increase in number in the summer when 
planktonic food is available in greater abundance, giv
ing rise to a form of jellyfish 'bloom'. While locally 
appearing and disappearing with great annual regular
ity, medusa and ctenophore populations also undergo 
interannual fluctuations, some years bringing much 
larger populations of each species than others. On top 
of the interannual population variation, there is now 
evidence for some species showing overall net gains 
or losses in numbers in certain locations over many
year periods. This last type of population trend is the 
one I am addressing in the present paper. Blooms res
ulting from aggregations enhanced by physical ocean
ographic processes will be reviewed elsewhere in this 
volume (Graham et al., 200 l ). Many of the species 

included have both planktonic (medusa or ctenophore) 
and bcnthic (polyp) phases of their life cycles and both 
parts must be considered in order to understand the 
changes taking place. Unfortunately, in most cases, we 
have information about only the planktonic phase of 
each life cycle. 

There seems to be general agreement that man's 
activities are having measurable effects on the oceans 
in many places and certainly in most coastal habitats. 
Jellyfish populations (hydromedusae, scyphomedusae 
and ctenophores) respond to these changes, yet the 
general awareness of these phenomena is still em
bryonic and few data are available. Local increases 
in jellyfish abundance seem to be of two sorts. In 
some cases, species that have always been present sud
denly experience severe increases or 'blooms', often 
with little evidence of what caused the population in
crease. In other cases, introductions of nonindigenous 
species to an ecosystem can lead to their unchecked 
population growth; several recent increases of medusa 
and ctenophore populations can be attributed to such 
circumstances. The following selected examples illus
trate increases of native jellyfish species and nonindi
genous species, as well as decreases in some other 
species. 

Intrinsic increases in species native to an ecosysem 

Chrysaora, Cyanea and Aequorea populations in the 
Bering Sea 

Scientists working on Alaskan fisheries for the U.S. 
National Oceanic and Atmospheric Administration 
(NOAA) realized about 5 years ago that there is 
an unprecedented biomass of large jellyfish in the 
Bering Sea this decade. Biomass, especially of the 
scyphomedusae Cl11ysaora melanaster Brandt, 1835 
[combined with less abundant Cyanea capillata (Lin
naeus, 1758) and hydromedusae Aequorea aequorea 
(Forsskal, 1775)), has been estimated in NOAA's east
ern shelf trawl samples from J 975 to 1999. After 
remaining more or less constant throughout the 1980s, 
the combined medusa biomass has increased more 
than I 0-fold over the I 980s values during the I 990s 
(Brodeur et al., 1999). This increase has been con
firmed by other researchers and fishermen who have 
worked for decades in the Bering Sea and report never 
having seen such high numbers as in recent years 
(R. D. Brodeur, pers. comm.). There is very little 
historic mention of C. melanaster in the Bering Sea 



since its initial description from Avachinsky Bay on 
Kamtschatka (south of the Aleutians) more than 160 
years ago, but at least in the 1990s, this has be
come the dominant jellyfish in the Bering Sea pelagic 
ecosystem. 

The Bering Sea is a very productive region, ac
counting for up to 5% of the world's total fishery 
production and 56% of the U.S. fishery production of 
fish and shellfish (National Research Council, 1996). 
There is some public debate over whether or not the 
Bering Sea is being overfished, with no consensus in 
sight. Changes in numbers of pollock and other fishes 
are thought to be effecting an entire trophic cascade in 
the North Pacific, including the feeding of sea lions, 
and eventually seemingly causing some killer whales 
to shift diets to sea otters (Estes et al., 1998). 

The dramatic increase in C. melanaster is very 
likely in exchange for some other member(s) of the 
ecosystem. It is not known at this time what process is 
facilitating the jellyfish increase, but data imply a cor
relation with a climate shift in the area that occurred 
about the same time (Brodeur et al., 1999). Nothing is 
known about the ecology of the polyp of C. melanas
ter, which is the only life cycle phase present during 
the colder months of the year, and which could be 
driving the change. Alternatively, medusae might be 
surviving better or growing faster, thus accounting for 
the huge increase in biomass. 

Chrysaora and Aequorea populations in the Benguela 
Current, Southern Africa and Namibia 

Similar increases in populations of Chrysaora hysos
cella (Linnaeus, 1766) and Aequorea aequorea medu
sae are implied to have taken place in the Benguela 
Current off the west coast of Southern Africa during 
the I 970s (Fearon et al., I 992). The evidence in that 
case is circumstantial; in fact, the increase is hypo
thesized only in that these prominent members of the 
1980s Benguela Current plankton did not even ap
pear in comprehensive data records from the 1950s 
and I 960s, and thus their populations are assumed to 
have previously been very low or nonexistent. High 
numbers seen in the 1970s have persisted through the 
1980s and into the late 1990s off Namibia where both 
species are still abundantly present, to the point of neg
atively impacting the fishing industry (Sparks et al., 
2001; H. Mianzan, pers. comm.). 

In general, there is a long history of removing 
and discarding jellyfish from net plankton samples 
because they encumber the smaller planktonic study-
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species. Additionally, a net full of large scyphomedu
sae may tear upon recovery and be very costly to 
repair or replace, so large jellyfish populations are 
usually systematically avoided by those who study the 
general plankton (or fish). Such traditions make the 
20-year Bering Sea data set that much more remark
able, but also lend some uncertainty to the purported 
mid-century absence of jellyfish data in the Benguela 
Current. 

Pelagia in the Mediterranean 

Pelagia noctiluca (Forsskal, 1775) is a small 
scyphomedusa with fairly cosmopolitan distribution 
and is apparently endemic to the Mediterranean, as 
well as other locations (Kramp, 1961 ). P. noctiluca 
blooms in the Mediterranean have been especially 
noteworthy because the medusae sting and the sum
mer blooms are considered highly offensive to sum
mer bathers. A several-year bloom in the early 
1980s stimulated two 'Jellyfish Blooms' meetings in 
Athens in 1983 and 1991 (Vucetic, 1983; Boero, 
199 I). The Mediterranean location of this bloom phe
nomenon provided an unusually complete simple bin
ary (presence/absence) database covering more than 
two centuries from which the fluctuation pattern could 
be teased out (information came from research by 
European scientists and associated collection data at 
4 nearby museums and field laboratories) (see Goy et 
al., 1989b ). 

This is perhaps the only species of jellyfish for 
which regular population fluctuations are known. In 
the western and central Mediterranean Sea, popula
tion peaks have occurred on average every 12 years 
between 1785 and 1985, with each peak enduring 
over several years (Goy et al., 1989b). The authors 
found eight population highs separated by seven low 
P. noctiluca periods and conclude that climatic factors 
between May and August including low rainfall, high 
temperature and high atmospheric pressure appear to 
correlate well with P. noctiluca blooms, these factors 
occurring during the reproductive period for this spe
cies and likely influencing it, at least indirectly. Years 
without large numbers of P. noctiluca off southern 
France seem to be typified by higher numbers of a vari
ety of other species of medusae, siphonophores and 
ctenophores, but not apparently in such high numbers 
as might themselves be described as blooms (Morand 
& Dallot, 1985; Goy et al., 1989a; Buecher et al., 
1997). 
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Pelagia noctiluca appears to have been historic
ally much less common in the Adriatic portion of the 
Mediterranean, where substantial blooms have been 
noted only in 1910-1914 and 1976-1986 (Purcell et 
al., I 999b ). P. noctiluca densities in the northern 
Adriatic in 1984-1985 reached typical offshore dens
ities of about 20 per m3, with probably wind-driven 
nearshore accumulations of up to 600 medusae per m3 

(Zavodnik, 1987). 
Periodic fluctuations of Pelagia nocti/uca have not 

been described from elsewhere in the world, although 
the species is common in warm waters world-wide. 
It is possible that fluctuating P. noctiluca populations 
also occur elsewhere, but have not been recorded yet. 

Stomolophus nomurai in the Sea of Japan 

Shimomura ( 1959) described a very large bloom of 
very large rhizostome medusae, Stomolophus nomurai 
(Kishinouye, 1922), in the Sea of Japan in 1958. This 
species seems to be tolerant of a wide temperature 
range, occurring that year in temperatures from 12-
28 °C, and the bloom extended from the Sea of Japan 
even to waters off Hokkaido. The medusae occurred 
from the surface to 200 m, being deeper in the day and 
nearer the surface at night. The bloom, which was a 
serious fisheries nuisance, lasted well into the winter, 
ending in December in the Sea of Japan and in Janu
ary on the Pacific side of Japan. Individual medusae 
were to 200 cm in diameter, weighed up to 40 kg, and 
were visible every few m of surface at peak abundance. 
Fishermen are reported to have caught 20 000-30 000 
S. nomurai medusae per day during the yellow tail 
fishery in October and November 1958. While Shimo
mura reported that local occurrences of this species 
occur most years, he also cited a bloom of similar 
magnitude from 20 years earlier, when hindsight in
dicates that it signaled a regime shift and the end of 
a several-year sardine peak. Another very large and 
unpredicted bloom of S. nomurai occurred in the Sea 
of Japan in I 995, with small numbers seen also in 
1972 and 1998 (M. Omori & Y. Hirano, pers. comm.). 
The biology of this very impressive species is so little
known that the whereabouts of the polyps and whether 
or not there is a small annual production of medusae 
somewhere is not known. 

Siplwnophores Muggiaea in the German Bight and 
Apolemia off the coast of Norway 

Greve ( 1994) described a seemingly unprecedented in
vasion of the small calycophoran siphonophore, Mug-

giaea atlallfica Cunningham, 1892, into the German 
Bight, North Sea, where it is typically absent or found 
only in very low numbers. M. atlantica is commonly 
collected in the adjoining western English Channel, 
but its sudden presence in numbers up to 500 per m3 

in waters west of Helgoland in July, I 989 seems un
explainable in terms of the understanding of local 
oceanographic processes. Although other populations 
of the pelagic ecosystem seemed unaffected by the un
usual presence of all of these siphonophores, Greve 
(1994) pointed out that the usual dominant carnivore 
in the system is the ctenophore Pleurobrachia pileus 
(0. F. MUiler, 1776), which is secondarily controlled 
by another ctenophore, the highly specific ctenophore
feeder Beroe gracilis Ktinne, 1939. If M. at/antica 
were to replace P. pileus as the dominant carnivore, 
its population would be unlikely to be preyed upon 
by B. gracilis, thus altering the balance in this pelagic 
ecosystem. 

Similarly perhaps, Bamstedt et al. ( 1998) report 
an unusual mass occurrence of the virulant and very 
long siphonophore Apolemia uvaria (Lesueur, ? 1811) 
along much of the Norwegian west coast beginning 
in November, 1997 and lasting at least into February, 
1998. The primary effect reported of this invasion was 
killing of penned (farmed) salmon, although such high 
numbers of large siphonophores probably also preyed 
heavily on the coastal zooplankton community. 

Although both the Muggiaea atlantica and 
Apolemia uvaria events in the North Atlantic were 
rare and peculiar, they very likely represent changes 
in local hydrography (Edwards et al., 1999), as does 
the nearly-annual stranding of the oceanic, neustonic, 
hydroid Ve/el/a velella (the by-the-wind-sailor), which 
is blown ashore in huge numbers by prevailing winds 
nearly every year in mid-to-late spring along most 
of the beaches of Washington, Oregon and Califor
nia. Peculiar winds or ocean currents are certainly 
capable of causing the appearance of local jellyfish 
blooms by advecting unusual species into new areas. 
Whether such species remain in a system long enough 
to cause long-term changes in the plankton community 
determines to some extent our interest in the events 
and whether or not they are seen as 'blooms'. 

Siphonophore Nanomia in the Gu(f'of Maine 

Twice in the last two decades, unusually high num
bers of the siphonophore Nanomia cara A. Agassiz, 
1865 have been reported by observers in manned sub
mersibles in the Gulf of Maine (Rogers et al., 1978; 



Mills, I 995). The 1975 observations were corrob
orated by fishermen whose trawl nets were being 
clogged by the high numbers of siphonophores. The 
authors respectively reported maximum densities of 
1-8 siphonophores per m3 in 1975-1976 and up to 50-
100 per m3 (concentrated near the bottom) in 1992-
1993. In both cases, access to submersibles for ob
servations was limited and follow-up counts were not 
performed. It is not known if such high numbers of 
N. cara occur with some regularity or if some special 
ecological factors in the environment, for instance the 
poor fishing conditions of the early 1990s (resulting 
from decades of overfishing), might be related. Further 
study of N. cara in the Gulf of Maine is planned for the 
next few years (M. Youngbluth, pers. comm.). 

Pelagic hydroidfragments in the Gu(l<l Maine 

Beginning in 1994, immediately following observa
tions of high numbers of Nanomia cara in Wilkinson 
Basin in the Gulf of Maine (Mills, 1995), another team 
of scientists found unusually high numbers of float
ing bits of hydroid colonies suspended in the water 
column about 150 km to the southeast, on Georges 
Bank (Madin et al., 1996), where floating hydroids 
do not typicalJy form a noticeable element in the zo
oplankton. In fact, from May to June 1994 the net 
zooplankton in the region was dominated by fragments 
of hydroid colonies, primarily Clytia gracilis (M. Sars, 
1850), but also including other Clytia and Obelia 
species. A shore-based observer reports large num
bers of hydroid polyps washing ashore most autumns 
since 1990 on the south shore of Nantucket Island, 
in the same general oceanic system (1. T. Carlton, 
pers. comm.). Shipboard feeding experiments in 1994 
indicated that the unexpected hydroids in the water 
column might be eating half of the daily production 
of copepod eggs and 1 /4 of the production of cope
pod nauplii, potentially affecting recruitment of fishes 
whose larvae normally feed on these copepods (Madin 
et al., 1996). A careful search of the literature and 
unpublished data sets by L. P. Madin revealed that 
similar floating hydroids were reported in the same 
area by Bigelow in 1913, 1914, 1916, and also recor
ded in 1939-1940, in the 1980s, and every year since 
1994 (L. P. Madin, pers. comm.). Nevertheless, the 
phenomenon is not well known, and not well under
stood. The intriguing question of whether these bits 
of usually-bottom-living animals have been broken up 
and become resident in the water column as a result of 
increased trawling activities on the bottom remains un-
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answered (Mlot, 1997), but it seems that the numbers 
of •jellies' may have increased in recent decades in 
these important, but now decimated, fishing grounds. 

Scyplwmedusae in the northern Gulf,fMexico 

Graham (2001) found some evidence for recent in
creases in large scyphomedusan jellyfish near the 
coasts of Alabama, Mississippi, Louisiana and Texas 
in the Gulf of Mexico by examining bycatch data 
from routine government shrimp and groundfish sur
veys from 1985 to 1997. He presents data that suggests 
localized increases in both number and distribution 
(increasingly offshore) of Chrysaora quinquecirrha 
(Desor, 1848) medusae in high productivity waters 
near the Mississippi River delta during the summer 
months and more general numerical increases in Aure
lia aurita (Linnaeus, 1758) over much of the study 
area in the autumn months of the study period. It will 
likely take at least another decade for these trends to 
sort out and to fully understand the importance of the 
apparent increases in medusae in the northern Gulf of 
Mexico. The additional arrival of a new large jelly
fish, the lndo-Pacific rhizostome Phyl/orhiza punctata 
von Lendenfeld, 1884, in large numbers from coastal 
Alabama to Louisiana throughout summer 2000 (W. 
M. Graham, pers. comm.) may further change the 
pelagic ecosystem dynamics in this economically im
portant fishing area. 

Pelagic Cnidaria and Ctenoplwra in the Southern 
Ocean 

Pages ( 1997) suggests in a review of gelatinous zoo
plankton in the pelagic system of the Southern Ocean 
that recent several-year periods in which the pelagic 
ecosystem seems to have been dominated by Cnidaria 
and Ctenophora may alternate regionally with periods 
dominated by krill and/or salps. For example, in the 
Antarctic Polar Frontal Zone in the South Georgia sec
tor, in summer 1994, gelatinous carnivores, together 
with myctophid fish, were the most abundant nektonic 
organisms. At the Weddell Sea ice edge in autumn 
1986, salps, medusae and ctenophores accounted for 
3/4 of the wet weight and 1/3 of dry weight of the 
micronekton/macrozooplankton in the upper 200 m. 
Pages ( 1997) notes that in spite of reports of such high 
densities, no comments on the apparent importance 
of these animals in the pelagic system have been put 
forth. 

In the Antarctic pelagic ecosystem, the greatest 
scientific effort has been on the commercially valuable 
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krill, with some reluctant study of salps in years when 
krill were few and salps dominated (Loeb et al., 1997). 
In some years when salps were locally abundant 
( 1991, 1993 ), medusae, siphonophores and/or cteno
phores were also important players either in nearby 
regions or even different water layers than the salps. 
Pages ( 1997) found it difficult to put together enough 
data to even document the apparent recent increase 
in carnivorous jellies and there is certainly too little 
data yet to understand the nature or regularity of these 
apparent fluctuations. Scientists who study carnivor
ous pelagic jellies are rarely included in studies of the 
Southern Ocean. 

Mesopelagic and deep-sea jellyfish 

If we can barely define the extent of blooms in the 
visible uppermost layers of the sea, what can be 
said about midwater jellies? Do they form periodic 
blooms? Are the huge numbers of Periphylla present 
since the 1970s in a Norwegian fjord reported by Fossa 
( 1992) an invasion of a new habitat, or a bloom of 
a pre-existing population? Will the 'new' population 
maintain at its present level. or increase, or fall off? 

Jarms et al. ( 1999) and Youngbluth & Bam
stedt (200 I ) report population increases of the 
characteristically-midwater P. periphylla medusae in 
Lurefjorden during the 1990s (relative to the data of 
Fossa, 1992), indicating further changes in the jelly
fish population in that fjord, growing in recent years 
through recruitment within the fjord. Other fjords in 
Norway also host small numbers of P. periphylla me
dusae, but for reasons that are not clear, have not 
suffered the explosion that has disrupted fisheries in 
Lurefjorden, and remain dominated by mesopelagic 
fishes. Whether Lurefjorden is a special case or repres
ents one of several possible outcomes in such isolated 
waters is still unknown. Eiane & Bag!ZSien ( 1999) com
pare the jellyfish-dominated Luret]orden with a nearby 
fish-dominated fjord and note that light levels below 
I 00 m in Lurefjorden are substantially lower and may, 
therefore, disadvantage visual predators such as fish, 
giving jellyfish an advantage in exploiting the food 
web in that particular situation. 

In the open ocean, although total biomass drops off 
with depth (Angel & Baker, 1982), specific biomass 
and species diversity of medusae and siphonophores 
(and probably ctenophores) apparently increases with 
depth at least to several thousand m (Thurston, 1977; 
Angel & Baker, 1982). Our very rough knowledge 
of the midwater pelagic ecosystem typically includes 

only a sketchy understanding of changes over time. 
Raskoff (200 I) has examined a unique decade-long 
record of the midwater gelatinous fauna in Monterey 
Bay, California, and found evidence for changes in the 
mesopelagic jellyfish populations during two El Nino 
events in the 1990s that might be interpreted as short
term blooms. It is not yet clear if the influence of man's 
activities extends in general to the deep water column, 
and how or when we will be able to read the signals if 
it is. 

Burd & Thomson (2000) report increased abund
ance of medusae in the water column above hy
drothemal vent fields compared to the same depths in 
surrounding waters. Such population differences most 
likely relate to increased nutrient availability above 
vent sites and may be better interpreted as site-specific 
patchiness rather than as blooms. 

Increases in nonindigenous species that recently 
invaded an ecosystem 

Rhopilema and other scyphomedusae in the 
Mediterranean 

Rhopilema nomadica Galil, Spanier, & Ferguson. 
1990 is a large (to 80 cm diameter) scyphomedusa 
that has become increasingly abundant in the eastern 
Mediterranean over the past two decades (see below) 
(Lotan et al., 1992). Like Pelagia noctiluca, another 
jellyfish resident in the Mediterranean (see above), R. 
nomadica's presence creates an environmental haz
ard to fishermen and bathers alike, because it has an 
unpleasant sting and can be present in such large num
bers as to clog fishing nets. First recorded in 1976 in 
the Mediterranean, the origin of this new hazardous 
jellyfish is surprisingly unclear. Although assumed to 
have arrived via the Suez Canal, R. nomadica is rare in 
the Red Sea and is not known from elsewhere [ it was 
only recently described, after its arrival to the Mediter
ranean (Gali) et al., 1990)]. Its reproductive potential 
in the eastern Mediterranean appears to be very high 
(Lotan et al., 1992) and it has been present in large 
numbers off the coast of Israel every summer since 
1986 (Lotan et al., 1994). 

The population has so far remained in the eastern 
Mediterranean, where it can now be found in coastal 
areas from Egypt to Turkey (Kideys & Gticti, 1995; 
M. Fine, pers. comm.). The jellyfish blooms in Mersin 
Bay, Turkey, of the mid-I 980s, although not identified 
to species by Bingel et al. ( 1991) were attributed to a 



new population of R. nomadica (Lotan et al., 1994 ). 
In contrast to the fluctuating population peaks demon
strated as typical of Pelagia noctiluca, there is no 
question that the 'bloom' of Rlwpilema nomadica is 
simply a population explosion in a new habitat. 

Two other species of scyphomedusae have recently 
become established in the Mediterranean Sea (and 
elsewhere) - these are Phyllorhiza punctata of the 
warm western Pacific and the epi-benthic, Inda-Pacific 
species Cassiopea andromeda (Forsskal, 1775) (M. 
Fine, pers. comm.). Little is yet known about the 
population dynamics of these newer populations. 

Increasingly common new estttarine hydromedusae in 
San Francisco Bay and the Chesapeake Bay 

Three species of hydromedusae, all apparently indi
genous to the Black Sea, Maeotias marginata ( =in
exspectata) Ostroumoff, 1896, Blackfordia virginica 
Mayer, 1910, and Moerisia sp., have now become 
established in both San Francisco Bay and the Ches
apeake Bay in North America (Calder & Burrell, 1967, 
1969; Mills & Summer, 1995; Mills & Rees, 2000; 
Rees & Gershwin, 2000). All three species occur in 
very low salinity regions of these two large estuary 
systems. In San Francisco Bay, such regions were 
not previously inhabited by (native) jellyfish (Smith 
& Carlton, 1975), whereas in the Chesapeake Bay the 
nonindigenous species join native low-salinity jelly
fish populations (Purcell et al., 1999c). The impacts 
of these new residents (known in the Chesapeake Bay 
since the I 960s-70s, but only discovered in San Fran
cisco Bay in the 1990s) are largely still unknown, 
and their ubiquity in these ecosystems has only re
cently been recognized (Purcell et al., 1999a; Rees & 
Gershwin, 2000). 

Originally located in one tributary to San Francisco 
Bay (Mills & Summer, 1995), Maeotias marginata is 
now known to be present in at least 4 equally-low sa
linity sloughs in the region (J. T. Rees, pers. comm.). 
Moerisia Lyonsi Boulenger, 1908 has become so nu
merous in parts of the Chesapeake Bay that it has 
become an accidental nuisance in experimental meso
cosms (Purcell et al., 1999a); a related (or possibly 
the same) species is still a rarity in San Francisco Bay 
(Rees & Gershwin, 2000). B. virginica is now known 
to be present in two tributaries to San Francisco Bay, 
as well as a variety of other harbors all over the world 
(Mills & Sommer, 1995), but little is known about its 
effect in these ecosystems. 
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Medusae and ctenophores in the Black Sea 

Pollution, eutrophication and many anthropogenic al
terations of the natural environment have vastly altered 
the Black Sea and its adjacent Sea of Azov in the 
past 50 years (Zaitsev & Mamaev, 1997). This sys
tem provides the most graphic example to date of a 
highly productive ecosystem that has converted from 
supporting a number of valuable commercial fisheries 
to having few fishes and high numbers of 'jellyfishes' 
- medusae and ctenophores. By the l 960s, largely 
due to the effects of pollution combined with over 
fishing, many of the native fishes in the Black Sea 
had become uncommon, including the jellyfish-eating 
mackerel Scomber scombrus. Perhaps directly related 
to the loss of this and other fishes, and to increasing 
eutrophication, the Black Sea has experienced severe 
outbreaks of three different species of 'jellyfish' in the 
past 3 decades (Zaitsev & Mamaev, 1997). 

The first, little publicized, bloom was of the 
Mediterranean (and presumptively Black Sea native) 
scyphomedusa, Rhiwstoma pulmo (Macri, 1778). In 
the late I 960s and early 1970s, this species ( with bell 
diameters to 40 cm) reached abundances of2-3 per m3 

in nearshore waters, later washing ashore and leaving 
1-1.5 m high piles along beaches in late summer and 
early fall (Zaitsev & Mamaev, 1997). 

For unexplained reasons, the Rhizostoma pulmo 
population dropped back to some lower 'non-bloom' 
level by the mid- l 970s, but at the same time, the res
ident population of Aurelia aurita began to increase, 
perhaps in response to the generally increasing salin
ity, as large amounts of incoming fresh water were 
diverted for irrigation (Studenikina et al., 1991 ). In
creasing numbers of commercial benthic and pelagic 
fish populations were also crashing during this period, 
leaving A. aurita as one of the top water-column pred
ators. Its population peaked in the late l 980s, with a 
biomass estimated at 300-500 million tons, when it 
was estimated to be eating 62% of the annual produc
tion of the Black Sea zooplankton, most of which had 
previously been supporting fishes (Vinogradov et al., 
1989; Zaitsev & Mamaev, 1997). 

Perhaps because of a several year influx of ad
ditional fresh water in the 1980s, the Aurelia aurita 
population began to decline in the late 1980s when 
the salinity became unfavorably low (Studenikina et 
al., 1991 ), but at about the same time the Atlantic 
American (New England to Argentina) ctenophore, 
Mnemiopsis /eidyi A. Agassiz, 1865, was accident
ally introduced in the Black Sea, probably via ballast 
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water from a grain ship. This ctenophore is more eury
haline than A. aurita and was apparently not adversely 
affected by the lowering salinity. The nonindigenous 
M. leidyi population first peaked in the late 1980s to 
early 1990s with an estimated biomass of over a bil
lion tons (300-500 animals per m3 observed in some 
regions), while in the same period the A. aurita pop
ulation dropped to less than 1/20 of its earlier peak 
value (Vinogradov et al., 1989; Zaitsev, 1992; Zait
sev & Mamaev, 1997). Nearly all of the zooplankton 
production in the Black Sea at that time had gone from 
feeding fishes to feeding ctenophores, and commercial 
fisheries in the Black Sea became nearly non-existent. 

Economic turmoil in Russia during the 1990s has 
interrupted a regular sampling program in the north
ern Black Sea, so it is not entirely clear how jelly 
populations have fared this decade. Both Russian and 
Turkish scientists are now sampling regionally to fol
low events in the Black Sea. Kovalev & Piontkovski 
( 1998), Mutlu et al. ( 1994) and Shiganova ( 1998) give 
data that indicate continuing very high numbers of 
jellies in the system, but with peaks alternating this 
decade from Mnemiopsis leidyi to Aurelia aurita and 
then back to M. leidyi by the mid- l 990s. Kideys et al. 
(2000) review data from the past decade including new 
data from the southern portion of the Black Sea, where 
M. leidyi and A. aurita numbers have dropped in the 
late 1990s. Purcell et al. (200 I a) review the history 
and biology of M. leidyi in the Black Sea basin and 
compare it with the same species in its native North 
American estuaries elsewhere in this volume. 

The arrival of the ctenophore Beroe ovata 
Bruguiere, 1789 in the Black Sea in 1997 (Finenko et 
al., 200 I; Shiganova et al., 200 I) promises to redirect 
the story there yet again. This species already appears 
to be having some local effect on Mnemiopsis popula
tions. B. ovata is well known in the Mediterranean, but 
had not previously been recorded in the Black Sea; in 
some ways its extension into the Black Sea might be 
seen as yet another nonindigenous species there. 

The gradual domination of the Black Sea and Sea 
of Azov pelagic systems by jellies is a story that com
bines outbreaks of both native and introduced medusae 
and ctenophores. There is little doubt that extensive 
anthropogenic alterations over time have led to severe 
disruptions in the functioning pelagic ecosytem, and 
the absence of jellyfish predators has undoubtedly 
fueled these imbalances. Mnemiopsis leidyi was newly 
observed in the Caspian Sea in 1999 (Volovik, 2000, 
T. A. Shiganova, pers. comm.), and it is predicted that 
again, a highly unique pelagic ecosystem with a large 

number of endemic species and important fisheries re
sources, may be massively disrupted by the arrival of 
this ctenophore. 

Aurelia blooms around the world 

In addition to the 1980s bloom in the Black Sea, 
Aurelia 'aurita' populations have recently swelled to 
huge numbers in many coastal areas worldwide, of
ten causing significant economic damage. Although it 
is usually considered to be a cosmopolitan species, I 
currently favor a theory of 19th and 20th century in
troduction of A. aurita to harbors throughout the world 
via shipping, citing the fairly recent nuisance status of 
this species in many areas. 'Rediscovery' of A. labiata 
Chamisso and Eysendardt, 1821, another species that 
is apparently endemic to the Pacific Coast of North 
America (L. A. Gershwin, pers. comm.) adds weight 
to the idea of a more restricted original range of A. 
aurita, probably in the North Atlantic. Understanding 
the biogeography of all of the Aurelia species requires 
serious molecular genetic study. Several researchers 
are undertaking aspects of the problem at this time 
(see Dawson & Martin, 2001 ), and the situation may 
eventually be sorted out. 

Aurelia sp. is known to have been present in Japan 
at least since 1891 (Kishinouye, 1891) and was first 
mentioned in Tokyo Bay in 1915 (Hirasaka, 1915). 
The species in Japan is generally thought to be A. aur
ita and is well-known by individuals in the American 
aquarium display business to culture differently than 
the west coast of North America species, A. labiata 
(Japanese material strobilates nearly all of the time in 
the laboratory, wheras A. labiata polyps from the west 
coast of North America strobilate only occasionally). 
Whether or not A. aurita is indigenous to Japan is not 
known, but summer blooms of this species in Japanese 
bays have caused increasing socio-economic problems 
since the 1950s. Shimomura ( 1959) documents dis
ruptions of fisheries in the Sea of Japan by A. aurita 
blooms as early as 1950. Matsueda ( 1969) describes 
power plant restrictions and temporary shut-downs 
throughout Japan due to clogging of intake screens 
by A. aurita medusae beginning in the mid- l 960s 
as increasing numbers of power plants used seawa
ter cooling systems. This technology highlighted the 
already-occurring summer A. aurita blooms, whose 
origins in time are obscure. Problems in net fishing 
and power plant operations in Tokyo Bay from exceed
ingly high A. aurita numbers are described by Yasuda 
( 1988). Omori et al. ( 1995) note that the importance of 



A. aurita in the pelagic ecosystem in Tokyo Bay began 
in the 1960s when the dominant copepods switched 
from Acartia omorii Bradford and Paraca/anus spp. 
to the smaller Oitlwna davisae Ferrari & Orsi. This 
switch had many food web ramifications which may 
have included an increasingly favorable situation for 
A. aurita in Tokyo Bay (although this is not proven). 
Feeding and digestion by A. aurita in Tokyo Bay 
has recently been studied by Ishii & Tanaka (200 I). 
Similar general zooplankton changes may explain the 
increasing importance of A. aurita in bays throughout 
Japan in the latter half of this century, but the blooms 
may have already occurred in some places decades 
earlier (M. Toyokawa, pers. comm.). 

Aurelia 'aurita' has caused upsets in power plants 
throughout the world. Besides Japan, shut-downs due 
to medusae clogging the seawater intake screens have 
been reported in the Baltic region, Korea, India, Saudi 
Arabia, Australia and more (Moller, 1984a; Rajagopal 
et al., 1989; Y. Fadlallah & S. Baker, pers. comm.). 
Half of the Philippines lost power on December I 0, 
1999 when large numbers of Aurelia sp. were sucked 
into the cooling system of a power station there (The 
Economist, Dec. 18, 1999, pp. 36-37). The 'bloom' 
nature of such events can be seen at many levels. A. 
aurita, like most jellyfish, has a more or less annual 
cycle, so the clogging problem peaks annually dur
ing the months that medusae are largest and also most 
abundant. There is also some variation between years, 
with clogging being much more problematic in some 
years than others. The final issue is whether or not the 
entire clogging phenomenon is becoming increasingly 
severe over a period of several to many years. 

It appears that Aurelia aurita may become espe
cially abundant in highly eutrophic areas, and if so, 
increasing eutrophication of some harbors may in
crease A. aurita globally in coming decades. Elefsis 
Bay in Greece supports a uniquely high A. aurita pop
ulation in the Mediterranean, which is assumed to 
correlate to the high eutrophication there (Papathanas
siou et al., 1987). Sewage effluent, in this case from 
Athens, provides both inorganic and organic nutrients 
that are available to medusae both directly and indir
ectly through the food web (Wilkerson & Dugdale, 
1984). 

Aurelia aurita has been extensively studied in 
a variety of locations in the North Sea and Baltic 
Sea (Hay & Hislop, 1980; Mt>ller, 1980, I 984a,b; 
Grondahl, 1988; Schneider & Behrends, 1994; re
viewed by Lucas, 200 I), where it is implied that it is a 
natural endemic species. Such A. aurita populations 
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fluctuate enormously throughout the year as annual 
medusa populations mature and die fairly synchron
ously, but the scientific literature contains no evidence 
or mention of long-term changes in these A. aurita 
populations in recent decades. Schneider & Behrends 
( 1994) discuss large, interannual variations in the A. 
aurita medusa populations in Kiel Bight, but their data 
( 1978-1993) and discussion gives no hint of gradual 
or abrupt increase in the Baltic Sea populations over 
time. Such lack of change in comparison with A. aur
ita populations in Japan is noteworthy and possibly 
indicative of longer residence time of A. aurita in 
northern Europe, or of different scenarios of anthro
pogenic disturbance and biological response in bays 
in Europe and Asia. 

Recent decreases in jellyfish populations 

Decreases in either jellyfish abundance or species rich
ness or both have been reported in a variety of loca
tions worldwide in the past decade. Examples enumer
ated below come from both the community/ecosystem 
level and from the level of a single taxon in a fairly 
restricted location. 

Hydromedusae in the northern Adriatic Sea 

Benovic et al. ( 1987) report a decrease in hy
dromedusa abundance and species richness in the 
northern Adriatic, which they believe correlates with 
declining water quality resulting from increasingly eu
trophic nearshore conditions. There is a long tradition 
of marine plankton work in the North Adriatic and the 
fauna is well-known. Since the 1960s, there has been 
a trend in those waters toward growing oxygen deple
tion in near-bottom water, while at the same time the 
near-surface water was becoming increasingly hyper
saturated with oxygen. The authors report a substantial 
loss of metagenic anthomedusae (22 species) and lep
tomedusae (9 species), out of a total of 42 known 
regional species of hydromedusae, have disappeared 
from the northern Adriatic from 1910 to 1984. All 
of the affected species have benthic polyps that may 
have been eliminated by the low oxygen bottom water, 
while the holoplanktonic ( without benthic hydroids) 
trachymedusae and narcomedusae were only slightly 
affected by changes in the water column. The effects 
on polyps are all inferred, with no actual polyp stud
ies available. The continuation of this study for more 
than another decade, through 1997 (Benovic et al., 
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in press), shows that the biodiversity of hydromedu
sae in the northern Adriatic has remained low in spite 
of evidence for seasonal immigration by medusae of 
species previously established there. Low oxygen con
ditions on the bottom remain unfavorable to benthic 
polyps living in the northern Adriatic. 

Medusa biodiversity in St. Helena Bay, west coast of 
South Africa 

Buecher & Gibbons (2000) examined hydromedusa, 
scyphomedusa and ctenophore populations within this 
oceanically-influenced bay in a set of 264 samples 
taken from 1988 to 1997. The area is important as a 
major recruitment center for commercial pelagic fish 
in the southern Benguela ecosystem. The authors iden
tified a total of 53 species of pelagic Cnidaria and 
Ctenophora from the Bay, but show a decided trend 
towards a loss of species richness of this gelatinous 
fauna during the l 0-year study period, with 21-24 spe
cies present each of the first 5 years, declining to only 
11 or 12 species present the last 2 years. No reason 
for this decrease in biodiversity over the 10-year study 
period was proposed, and although it is likely that a 
decrease in sample numbers may account for loss of 
numerous rare species in later years, it is also possible 
that an undefined change in the ecosystem is recorded 
in this loss of biodiversity. 

Aequorea victoria in Washington State and British 
Columbia 

Aequorea victoria (Murbach & Shearer, 1902) (some
times locally reported as A. aequorea or A. forska/ea 
in the literature) has been perhaps the most abund
ant medusa both numerically and in terms of biomass 
in parts of the Puget Sound/Strait of Georgia in
land marine waters of Washington State, U.S.A., and 
British Columbia, Canada. Between the early 1960s 
and the mid- I 990s, hundreds of thousands of these 
medusae were collected by various different laborat
ory groups in order to extract natural aequorin and 
green fluorescent protein (gfp), respectively lumines
cent and fluorescent proteins that have proved useful 
in biological and medical research. Annual collec
tions varied enormously, but it is estimated that 25 000 
to 150 000 Aequorea mature medusae were harvested 
nearly every summer during that period in and around 
Friday Harbor, Washington (J. F. Blinks & 0. Shimo
mura, pers. comm.). Only the largest specimens were 
collected, not out of special concern for their ecology 
but because the protein yield per individual was more 

favorable. Since the early l 990s, both the numbers and 
maximum sizes of Aequorea mcdusae in the Friday 
Harbor area have fallen off gradually, but continu
ously, so that in the late 1990s, there have not been 
enough animals for commercial collections (although 
the ability to manufacture aequorin and gfp has also 
now largely supplanted the need for collection). Find
ing even 1000 Aequorea medusae over several weeks 
would have been difficult during the summers of 1997, 
1998, and 1999, and average size was much smaller 
than in earlier year (few were as large as the min
imum size example painted onto remaining collecting 
screens from the 1970s); in summer 2000, numbers 
have been the lowest yet (C. E. Mills, pers. obs.). 

In trying to assess this obvious population decrease 
in which little real population data is available, it 
should be noted that we also have no idea what might 
be the functional geographic limits of the Aequorea 
victoria population that is resident in and near Friday 
Harbor. We do not know if the decline is a slow re
sponse to nearly three decades of collections or (more 
likely) if it is the result of an unrelated environmental 
change. Furthermore, there is virtually no field data 
about the polyp phase of A. victoria, outside of a 
few isolated field collections over the decades. As 
in the cases of Polyorchis penicillatus (Eschscholtz, 
1829), Spirocodon saltatrix (Tilesius, 1818) (below) 
and Cluysaora melanaster (see above), one cannot de
termine whether the change has been effected by the 
medusa or polypoid phase of the life cycle of this spe
cies. We have no sense of when, if ever, the A. victoria 
medusa population will rebound. 

The family Polyorchidae in the North Pacific 

The hydrozoan family Polyorchidae is comprised of 
five species of anthomedusae that have historica11y in
habited many of the protected bays and inlets between 
about 30° and 55° N Latitude on both sides of the 
north Pacific Ocean (Uchida, 1927; Kramp, 1961; 
Rees & Larson, 1980; Y. M. Hirano, pers. comm.; C. 
E. Mills, unpublished). On the Asian side of the Pa
cific, two species have non-overlapping distributions: 
the medusa Spirocodon sa/tatrix used to be commonly 
found from southern Kyushu to the top of Honshu (Ja
pan), and Polyorchis karc{fi11oe11sis Kishinouye. J 910 
occurs from central Hokkaido to northern Sakhalin 
Island (Russia). On the west coast of North Amer
ica, Polyorchis penicillatus has been collected from 
the northern Gulf of California and San Diego to the 
Aleutian Islands, and is joined by Po/yorchis hap/us 



Skogsberg, 1948 and Scrippsia pac(fica Torrey, 1909 
in California. 

All of these large, easily recognized, hydromedu
sae seem to assume the same ecological role, spending 
much of their time perched on their tentacles and feed
ing on the bottom, but also swimming and feeding 
in the water column some of the time. All of them 
presumably have a benthic polyp phase in their life 
cycle, but it is not known for any species, in spite 
of many attempts to raise the easily-obtained planula 
larvae in the laboratory from field-collected medusae. 
The polyp could be the most vulnerable part of the 
polyorchid life cycle, yet we know nothing about it. 

Spimcodon saltatrix is now uncommon or rare 
throughout most of its range in Japan (Y. M. Hir
ano, pers. comm.) and P. penicil/atus is much less 
abundant in some Washington and British Columbian 
bays and probably throughout California than it was 
only a couple of decades ago (a strong showing of 
P. penicillatus in some central California bays in the 
winter of 1999-2000 now clouds the picture slightly). 
There is too little information about the remaining 3 
species to speculate on the robustness of their present 
populations. 

The problem of marine habitat loss as a result of 
coastal development is sadly exemplified by this fam
ily of large, showy hydromedusae. Once well-known 
in shallow bays along more than 1500 linear miles of 
coastlines on both sides of the North Pacific Ocean, 
these medusae are now increasingly rare. The general 
urbanization of many bays, accompanied by dredging 
and filling, and construction of marinas and tourist 
facilities along most of this range has all contributed 
to a vast degradation of their habitat. Additionally. 
both S. saltatrix and P. penicillatus have been favorite 
research animals and heavily collected from many of 
their previous haunts; one cannot discount the possib
ility that over-collection by scientists has led to their 
demise in some bays. These large medusae are cor
respondingly highly fecund, producing around I 0000 
eggs per day for much of their lives; it is possible 
that some aspect of their ecology requires this huge 
egg/embryo input in order to maintain stable local 
populations. One wonders how long into the next mil
lennium this family of unusual semi-benthic medusae 
will manage to persist. 
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Conclusions 

It has been said that many biologists who have ob
served marine communities over a period of time be
lieve they have seen significant declines in populations 
of some species, but that they do not have the data to 
confirm or refute these impressions (Thome-Miller & 
Catena, 1991 ). Even though relatively few scientists 
study pelagic medusae or ctenophores, many cases of 
upsets in medusa or ctenophore populations have been 
documented as man's influence on the oceans becomes 
increasingly apparent. The problem of ocean change is 
very real. 

It is unfortunate that we have so little population 
and ecological data about medusae and ctenophores in 
the field that we usually cannot presently distinguish 
between natural fluctuations and long term, possibly 
irreversible, change. Even in the case of Cl11ysaora 
melanaster in the Bering Sea, with an unusual 25 year 
data set (l 975-1999), it would require data from the 
preceding 20 years. when the international fin-fishing 
effort was considerably less, to understand if man's 
influence in the Bering Sea is driving the ecosystem 
toward a long-term increase in medusae. Seemingly 
enormous numbers of jellyfish are now being harves
ted in Southeast Asia for the global market (Omori & 
Nakano, 200 J ). We know nothing about the popula
tion biology of these species; in many cases, we do 
not even know the species names of the commodity
products coming to market, and certainly we do not 
know how these populations are responding either to 
to harvest pressure or to nearshore changes in recent 
decades. Uye & Kasuya ( 1999) suggest that num
bers of indigenous ctenophores, especially Bolinopsis 
mikado (Moser, 1907), may be rising in some Japan
ese coastal waters; this situation bears following in 
coming years. 

Although Cnidaria and Ctenophora are low on the 
phylogenetic tree, they generally feed high on mar
ine food chains, directly competing in many cases 
with fishes for food. Massive removals of fishes from 
ecosystems might be expected to open up food re
sources for gelatinous predators, which seems in some 
cases lo be what has happened. Further interactions 
between jellyfishes and fish are explored by Purcell 
& Arai (200 I), elsewhere in this volume. Although 
some jellyfishes are preyed upon by fishes, others of 
the carnivorous jellies prey nearly exclusively other 
jellies, forming a somewhat independent food web 
named the 'jelly web' by B.H. Robison (Robison & 
Connor, 1999). 
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Largely through the aquarium industry's handsome 
efforts to display jellyfish, the general public is becom
ing much better acquainted with this group of animals 
at the same time that jellyfish seem to be increasing 
their presence on the world stage of ocean ecosystems. 
If I could offer one piece of advice to young scient
ists seeking a project on pelagic Cnidaria, it would 
be to study the population dynamics of some of the 
common and abundant species that occur in coastal 
regions throughout the world, whose populations must 
be substantially influenced by changes in their local 
ecosystems, and about which we know next to nothing 
beyond their names. 
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Abstract 

Although eutrophication is a widespread problem in marine waters, its effects are often difficult to separate from 
normal fluctuations of pelagic coelenterate populations and from other anthropogenic changes due to industrial 
pollution, construction, introductions, global warming and overfishing. The least complex situations are in small 
coastal water bodies such as the Caribbean lagoons and Scandinavian fjords. Typically, the diversity of pelagic 
coelenterates decreases, but the biomass of a small number of species (such as the hydromedusaeAglantha digitale 
and Rathkea octoptmctata and the scyphomedusae Aurelia aurita and Cassiopea spp.) may increase. Adaptations 
that may allow these species to survive under eutrophic conditions are discussed. 

Introduction 

Eutrophication in the marine environment is a fairly 
recent concept (see history in Nixon, 1995). A number 
of different uses (definitions) of the term have come 
into common practice. For the purpose of this paper, 
eutrophication is defined as "the process of changing 
the nutritional status of a given water body by increas
ing the nutrient resources" (Richardson & Jorgensen, 
1996). Nixon ( 1995) suggested that eutrophication be 
defined more strictly as "an increase in the rate of sup
ply of organic carbon to an ecosystem". Nevertheless, 
most literature continues to describe eutrophication as 
increases in the input of mineral nutrients (primarily 
nitrogen and phosphorus) to a particular water body 
rather than considering other factors that might ef
fect primary production, such as trace metals and/or 
growth factors. 

Marine eutrophication can occur as a result of 
natural processes such as upwelling and river in
flow, however, modern concerns are centered on ·cul
tural' or anthropogenic eutrophication. Nutrients are 
primarily increased in water bodies due to addition 
of sewage, to forest cutting and fertilizer use on ad
joining land and to deposition of reactive nitrogen 
emitted to the atmosphere during fossil fuel com
bustion. If nutrients, rather than other factors such 
as light and temperature, have been limiting plant 

production, then production is increased. In most sys
tems, that causes an increase in phytoplankton and/or 
macrophyte biomass as plant production exceeds loss. 

Nixon (1995) redefined four trophic states (oli
gotrophic, mesotrophic, eutrophic and hypertrophic) 
along a quantitative cline of primary production rates. 
These terms are also still normally used with some 
degree of imprecision (Caddy, 1993; Richardson & 
Jorgensen, 1996). Oligotrophic systems have a low 
availability of nutrients due to a minor influence of 
upwelling, terrestrial and/or atmospheric inputs. As a 
result, mid-oceanic systems such as the Sargasso Sea 
have a low organismal biomass. Mesotrophic systems 
are moderately enriched with nutrients, allowing sup
plemented primary production. Typically, this allows 
a well-developed pelagic ecosystem and an oxygen
ated benthic system. Such moderate eutrophication 
may be advantageous from an anthropomorphic point 
of view, as fish biomass may increase at the expense 
of biodiversity. In eutrophic systems, a high influx of 
extrinsic nutrients allows very high primary produc
tion. Surplus detrital rain typically leads to seasonal 
anoxia of bottom water and sediments with impacts 
on benthic and demersal fauna. In coastal regions, in
creasing turbidity may cause a decline of sea grasses. 
In heterotrophic systems, chemical changes may occur 
leading to permanent, low oxygen levels in much of 
the system. 
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It is clear that some species of pelagic coelenter
ates are surviving and even thriving under modern 
eutrophic conditions. It is also well documented that 
eutrophic areas are increasing (Caddy, 1993; Kennish, 
1997). It is less clear what effect anthropogenic eu
trophication per se has had on coelenterate diversity 
and biomass. There is little quantitative historical data 
for most areas so that the level of previous natural 
variation in diversity and biomass is not known. Even 
where changes can be traced historically, it is also 
difficult to separate the direct and indirect effects of 
eutrophication from the effects of other anthropogenic 
activities, including industrial pollution, construction 
and dredging, overfishing, introductions and global 
warming. Some of these other anthropogenic activities 
are discussed in this volume by Mills (200 I), Purcell 
& Arai (2001) and Sullivan et al. (200 I). 

The first section of this review includes a sur
vey of world-wide literature on occurrence of pelagic 
coelenterates in eutrophic environments. Smallest wa
ter bodies are discussed first, followed by increasingly 
larger and more complex ones. A small number of 
species are widely present. The second section briefly 
considers the adaptations of these species that allow 
them to survive under eutrophic conditions. 

Pelagic coelenterates in eutrophic marine waters 

Most of the data on pelagic coelenterates in eutrophic 
waters are from the coastlines of Europe, North Amer
ica and eastern Asia (Table I). Only in these areas 
is it possible to correlate eutrophication with changes 
in diversity and biomass of coelenterates. Eutroph
ication is proceeding elsewhere, such as in coastal 
waters of Africa and south-east Asia, but there has 
been less work on coelenterates in these regions and 
few publications. 

In the following examples, I have attempted to 
distinguish the effects of eutrophication (and associ
ated hypoxia) from the effects of other anthropogenic 
activities. There are no cases where eutrophication is 
the only factor causing changes in coelenterate popu
lations. The simplest cases are usually in very small 
water bodies, although they may also be subject to 
construction and dredging. There may be a gradient 
from point sources of nutrients such as sewage but this 
is often accompanied by industrial pollution. Overfish
ing may contribute to changes in pelagic coelenterate 
biomass due to decreasing competition and to reduced 
predation by fish on the coelenterates. Blooms of in-

traduced species may partially obscure the effects of 
eutrophication. Finally, all water bodies are subject to 
temperature changes, including the possible effects of 
global warming. 

Small lagoons 

Localized eutrophication of coastlines is often caused 
by waste from resorts. Such development is usually ac
complished by construction and dredging, which also 
have effects on the ecosystem. 

Rhizostome scyphomedusae of the genus Cassi
opea are widely distributed in tropical lagoons. The 
adult medusae spend much of the time inverted on 
the bottom allowing light to reach their zooxanthellae. 
They are present throughout the Caribbean, extend
ing north to the southern tip of Florida (Wagenaar 
Hummelink, 1968; Zamponi et al., 1990). 

One of the earliest reports of anthropogenic effects 
on coelenterates was the appearance of large numbers 
of Cassiopea xamachana R. P. Bigelow in the moat of 
Fort Jefferson, Tortugas, Florida (Mayer, 191 O; Cary, 
1917). This dependable population was utilized by sci
entists for physiological work for many years. The 
moat at that time had a ·weedy' bottom with a fila
mentous algae mat indicating probable eutrophication. 
By 1936, the moat had silted up and the medusae had 
completely disappeared (Smith, 1936). 

In 1910, Cassiopea xamaclwna also occurred in 
many other semi-stagnant, salt lagoons along the Flor
ida Keys as far north as Miami (Mayer, 1910). At that 
time, Cassiopea frmulosa (Pallas) was also found in 
protected openings in mangroves in the cuts between 
the keys. Recently, the sea grass of lagoon habitats in 
the Florida Keys has been adversely affected by eu
trophication (Lapointe & Clark, 1992; Lapointe et al., 
1994 ). There are anecdotal accounts of large increases 
in numbers of Cassiopea spp. in nutrient-enriched 
areas (Lapointe et al., 1994; Fitt & Costley, 1998). 

The international resort of Cancun in Quintana 
Roo, Mexican Carribbean coast was developed around 
the shallow Nichupte Lagoon System in the last three 
decades (Reyes & Merino, 1991; Merino et al., 1992). 
The unaltered areas of the lagoon system are oligo
trophic resulting from the low-nutrient surface water 
of the Caribbean and the absence of runoff in the Yu
catan Peninsula. The submerged aquatic vegetation 
is dominated by a sea grass, Thalassia testudinum 
Banks, community. The Bojorquez lagoon, which is 
particularly impacted by development, has an area of 
2.47 km2 and a mean depth of 1.7 m. It has suffered 



Table• I. Pelagic coelenterates in cutrophic marine waters. For 
references sec text 

Water hodies Coelenterate responses Notes/Other 

anthropogenic 

activities 

Small Lagoons 

Florida Keys and Increased scyphomedusa Constniction. 

Nichuptc Lagoon Cassiopea with 

System. Mexico development 

Fjords 

Kertingc Nor 

Osloljord 

Bays/estuaries 

Elcfsis Bay 

l-lighest recorded 

population 

scyphomedusa Aurelia 

Decreasing diversity 

hydrozoa; Gradients of 

increasing pelagic 

hydromedusae Aglantha 

and Rarhkea and 

decreasing epibenthic 

TesserogastriCI towards 

sewage source 

Abundant Aurelia 

dredging 

Records only 

post

cutrophication 

Scyphomedusae 

and ctenophores 

not monitered 

Data 1983-1985; 

Industrial 

pollution 

Chesapeake Bay Abundant hydromedusae Abundances stable 

Tokyo and 

Osaka Bays 

liriope and Nemopsis, 

scyphomedusa 

C/11:vsaora, and 

ctenophore Mnemiopsis; 

Low diversity other 

hydromedusae 

Increased Aurelia: 

Abundant hydromedusae 

Rarhkea and liriope. 

siphonophore Muggiaea. 

ctenophorc Bolinopsis: 

Low diversity other 

hydromedusae 

since 1960; 

Industrial 

pollution 

Industrial 

pollution 

dredging of over 20% of its original bottom (which 
released nutrients and organic compounds from the 
sediments), continuous sewage discharge, increasing 
boat traffic, and destruction and filling of surrounding 
mangroves. In the Bojorquez lagoon, nutrient con-

1ctble I. Continued 

Water bodies 

Hangzhou Bay 

Semi-Open 

Enclosed Seas 

Baltic Sea 

North Sea 

North Adriatic 

Sea 

Black Sea 

Gulf of Mexico 

Coelenterate responses 

Fishing catch of 

rhizostome 

scyphomedusae peaked 

1966 and then declined 

sharply 

Abundance of 

scyphomedusae Aurelia 

and C.wmea and 

ctenophore 

Ple11rolm1chia not 

clearly correlated 

with eutrophication 

Distribution of 

pelagic coelenterates 

not correlated with 

cutrophication paucm 

Abundance of 

scyphomcdusa Pelagia 

not correlated with 

eutrophication: 

Decreased diversity of 

anthomedusae and 

lcptomedusae 

Increased A11relia 

I 960s- I 980s; Decreased 

stauromedusa 

Luce maria 

Increased Chrysaora 

and Aurelia 

Notes/Other 

anthropogenic 

activities 

Industrial 

pollution: 

Overfishing 
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Strong, variable 

salinity gradient 

Variable 

intrusion of 

North Atlantic 

water 

Industrial 

pollution 

Overfishing; 

Industrial 

pollution: 

Introduction of 

ctcnophorcs 

M11emiopsis and 

Beroe 

Industrial 

pollution: Oil rig 

construction 

centrations in the water column are not significantly 
higher than in the rest of the lagoon system, however, 
a soft unconsolidated layer of organic matter covers 
much of the bottom and the sea grass has been largely 
replaced by phytoplankton and macroalgae. 
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In the Bojorquez lagoon, Cassiopea xamachana 
and C. .frondosa are very abundant compared with the 
rest of the Nichupte lagoon system. The population 
observed at a control station in a neighbouring lagoon 
was less than one medusa m-2. In Bojorquez, the pop
ulation reached an average density of 42 medusae m-2 

in 1985-1986 (Collado Vides et al., 1988). 
Even in this simple case, eutrophication may not 

be the cause of all population changes. It should be 
noted that while the Florida and Mexican data clearly 
show increases in numbers of Cassiopea spp. medu
sae following human activity, they do not as clearly 
relate those increases to eutrophication per se rather 
than construction and dredging. Although Cassiopea 
xamachana medusae have zooxanthellae, they also 
must obtain a portion of their nutrients from feeding 
or other external sources (Larson, 1997; Vodenichar, 
1995 quoted in Fitt & Costley, 1998). In eutrophic 
conditions, it is, therefore, possible that Cassiopea 
spp. are able to utilize the increased organic matter 
near the bottom. On the other hand, construction or 
dredging may also allow Cassiopea spp. to expand 
its populations into areas where the seagrass or man
grove cover has been cleared away from the bottom. C. 
xamachana typically lives on soft, muddy and weedy 
bottoms, whereas C.Jrondosa lives on mud to coarser 
sediments in more open positions (Mayer, 1910; Lar
son, 1997). C. xamachana requires a peptide derived 
from the cell walls of decomposing plants such as 
mangrove leaves as an inducer of settling and meta
morphosis (Fleck & Fitt, 1999; Fleck et al., 1999). 
There may also be greater concentrations of such pep
tides in areas where construction is disturbing the 
surrounding plant cover. Finally there are no data re
lated to eutrophication or construction effects on the 
incidence of predators such as the nudibranchs known 
to eat Cassiopea spp. in the Caribbean (Brandon & 
Cutress, 1985). 

Although other scyphomedusan species are present 
in similar lagoons of Florida and the Caribbean, there 
have been no reports to date of increases in these 
species correlated with human activity. Laguna Joy
uda, a shallow lagoon in Puerto Rico, has blooms of 
the scyphomedusa Phyllorhiza punctata von Lenden
feld during the warm/wet season, (as well as smaller 
numbers of Cassiopea sp.) (Garcia & Lopez, 1989). 
Aurelia aurita (Linnaeus) and Stomolophus meleagris 
L. Agassiz are present in the shallow coastal lagoons 
of the southern Gulf of Mexico (Gonzalez, 1979; 
Gomez-Aguire, 1980). 

Fjords 

Fjords such as those in Scandinavia and NW Amer
ica are long, narrow inlets from the sea. They vary 
greatly in depth and are typically partially blocked by 
a sill near the mouth. The sill may separate a basin 
fauna from the open sea. Depending on the height 
and position of the sill (particularly above or below 
the halocline), the tidal range, and the extent of fresh 
water inflow water exchange in the basin also varies 
greatly. The deeper water of the basins may become 
stagnant and in extreme cases anoxic even without 
anthropogenic eutrophication. 

The Kertinge Nor is a 5.8 km2 cove connected to 
the Great Belt east of Denmark by the more narrow 
Kerteminde Fjord. The cove has a mean water depth of 
2 m (maximum 3 m). The tjord has a maximum depth 
of 8 m and a sill at its mouth. Domestic sewage had 
been fed into the cove which, with a mean residence 
time of water of approximately 2 mo., had become 
eutrophic. This input of domestic sewage was stopped 
in 1989 and investigations of a variety of factors were 
conducted in 1991-1992 (Riisgard et al., 1995, 1996). 
By this time, Kertinge Nor had a bottom partially 
covered with eel grass and partially with a dense mat 
of filamentous green algae over anoxic sediment. The 
sediment was the dominant source of nutrients. Ex
cept when the algal mat floated up due to production 
of oxygen bubbles, the water was exceptionally clear. 
High populations of benthic filter feeding ascidians 
reduced the phytoplankton. 

In the summers of 1991 and 1992, populations of 
up to 300 Aurelia aurita m-3 controlled the popula
tions of harpacticoid copepods and rotifers (Olesen et 
al., 1994; Olesen, 1995). The maximum mean um
brella diameter of the medusae was only 54 mm in 
1991 and 37 mm in 1992, indicating that the medu
sae were food limited. By I 995, maximum population 
had fallen to 98 m-3, and maximum mean umbrella 
diameter had risen to 73 mm (Nielsen et al., 1997). 

It is unclear to what extent the properties of the 
Aurelia aurita population in Kertinge Nor are due to 
the cutrophic conditions. The Kertinge Nor records 
are the highest populations recorded for the ubiquitous 
A. aurita. Of A. aurita populations described in the 
literature, the population dynamics in Kertinge Nor 
most resembles that in Horsea Lake in southern Eng
land (Lucas, 1996; Lucas et al., 1997). Horsea Lake 
is shallow, brackish and man-made, with a limited 
intermittent intake of salt water from Portsmouth Har
bour. Although not eutrophic, a simplified food chain 



supports a large population of small, food limited me
dusae there, also. The peak abundance in May 1994 
was 24.9 m-3• In neither location is it clear how the 
simplified food chain was established or why the pop
ulation numbers are so high. In both locations, the size 
at maturity is decreased, but there are no data on polyp 
or cyst populations. 

Oslofjord is one of the most polluted fjords of Nor
way (Rosenberg et al., 1987; Beyer & lndrehus, 1995). 
The inner fjord, is separated from the outer south
ern segments of the fjord by the Drobak Sound and a 
20 m deep sill. The inner tjord consists of two natural 
basins, Vesttjord and Bunnefjord, on which the city 
of Oslo is situated, which are 160 m and 164 m deep, 
respectively, and are separated by a sill at 50 m depth. 
In winter, oxygen-rich water flows over the Drobak sill 
and partially flushes the inner basins so that a complete 
renewal of water occurs approximately every 3 years. 

Prior to 1900, there was a commercial fishery for 
shrimp in Bunnefjord, the innermost basin. Addition 
of sewage caused increased phytoplankton, decreased 
benthic biomass and periodic anoxia as early as 1917, 
which accelerated in the l 960s. By 1981, 11 sewage 
plants discharged treated sewage into the inner (jord, 
producing a gradient in diversity of bottom fauna from 
the heavily polluted Bunnetjord to the Drobak sill 
(Mirza & Gray, 1981 ). Since 1982, some sewage has 
been piped farther down the fjord and cellulose indus
trial discharge to the outer fjord has increased, but the 
areas outside the Drobak sill remain well oxygenated 
(Rosenberg et al., 1987). 

There has been less examination of plankton than 
bottom fauna but, nevertheless, trends can be identi
fied. Sverdrup (1921) and Kramp and Damas ( 1925) 
described a number of Norwegian hydromedusae. si
phonophores and ctenophores but confined their work 
to the Drobak region of Oslot]ord (then Kristiani
afjorden). 

In June 1947, Sarsia tubulosa (M. Sars) hy
dromedusae were present in the 8-14 m deep ther
mocline of Bunne(jord (Hansen, 1951 ). Beneath the 
thennocline was found the hydromedusa Aglantlw di
gitale (0. F. Millier) and 5 species of siphonophores. 
By 1962-1964, the hydromedusae A. digitale and 
Rathkea octopunctata (M. Sars) each had a horizontal 
gradient of increasing population from Drobak to the 
innermost eutrophic part of the Bunnefjord (Beyer. 
1968). For A. digitale, there was a range from 0.3 m-3 

near the sill to l 6 m-3 at the most polluted sta
tion. A. digitale is holoplanktonic and R. octopunctata 
can reproduce by manubrial budding. The siphono-
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phore Lensia conoidia (Keferstein & Ehlers) was also 
abundant in Bunnefjord (Tveite, 1969). but the other 
siphonophores and S. tubu/osa were not recorded. In 
1967-1968, A. digitale in Bunnetjord was the subject 
of a detailed study of population numbers and growth 
in relation to season, diet, depth and concentration of 
oxygen and hydrogen sulphide (Smedstad, 1972). The 
small copepods, Oithona sp. and Oncaea sp., which 
were the most important prey of A. digitale, were also 
most abundant in the inner most eutrophic parts of the 
tjord. 

The epibenthic trachymedusa, Tesserogastria mus
cu/osa Beyer, was first described from soft bottom in 
Oslotjord (Beyer, 1958). By I 962, this species showed 
a decreasing population gradient toward the source of 
sewage near Oslo (Beyer, 1968). Sampling in 1981-
1993 showed population decreases in more extensive 
areas of both Bunnefjord and Vestfjord (Beyer & 
lndrehus, 1995). 

Bays and estuaries 

Bays and estuaries differ primarily in the degree of 
freshwater input. On a worldwide basis, many are 
highly polluted by human populations, but sewage 
and other nutrients producing eutrophic conditions are 
usually mixed with a high proportion of toxic wastes. 
In very few cases is there enough historical inform
ation about pelagic coelenterates to enable tracing 
population changes to eutrophication. Also because 
most bays where eutrophication is occurring are ports, 
there is a high incidence of introduced species. 

Elefsis Bay is a small (67 km2) and shallow (max
imum depth 33 m) bay separated by sills and break
waters from the inner part of the Saranikos Gulf at 
the southern end of the Aegean Sea. It is highly 
eutrophic due primarily to outflow of sewage and in
dustrial wastes such as petroleum products from the 
city of Athens (Friligos, 1982). In February 1985, 
populations of Aurelia aurita in the bay reached a 
maximum of 44 ephyrae m-3 (Papathanassiou et 
al., 1986, 1987). During 1983-1985, the maximum 
mean umbrella diameter was approximately 200 mm 
(Panayotidis et al., 1985, 1986; Papathanassiou et al., 
1987). The medusae carried out diet vertical migra
tions between 1 and IO m, i.e. above the zone of oxy
gen depleted water. Unfortunately, there are no data 
on how the population developed as eutrophication 
increased. 

Chesapeake Bay is the largest U.S. estuary, a 
300 km long shallow system with a central mainstem 



74 

communicating with the Atlantic Ocean, and several 
major tributaries including the Susquehanna River. 
Historically, this bay was very productive, but fisheries 
have been threatened for many years by eutrophication 
and toxic substances from farming and urban centers 
such as Washington (D.C.) and Baltimore (Kennish, 
1997). In addition, deposit of atmospheric nitrogen 
had reached approximately40% of total nitrogen input 
by 1990 (Paerl, 1995). In summer, hypoxia and anoxia 
develop below the pycnocline in the deeper parts of 
the mainstream bay and tributaries. Much of the ex
tensive research on the ecosystem has recently been 
summarized in Malone et al. ( 1999). 

Chrysaora quinquecirrha (Desor) is the predomin
ant species of scyphomedusa, although Aurelia aurita, 
Cyanea capillata (Linnaeus) and Rhopilema verrilli 
(Fewkes) are also present (Purcell et al., 1999a). The 
C. quinquecirrha medusae appear first in the tributar
ies in the spring, and continue more dense in those 
locations than in the main bay (Purcell, 1992). Unfor
tunately, little is known about coelenterate abundances 
prior to 1960 when the bay was already heavily im
pacted by human activity (Cargo & King, 1990). There 
has been no obvious trend in abundance of C. quin
quecirrha since 1960, possibly because there is wide 
interannual variablity correlated with salinity and tem
perature (Purcell et al., 1999b ). The effects of hypoxic 
bottom water on medusae and polyps in the bay have 
been described by i.e., Keister et al. (2000), Condon 
et al. (2001) and Purcell et al. (200 I b ). Neverthe
less, Purcell et al. ( 1999a), reviewing the potential 
links of C. quinquecirrha in the bay to eutrophica
tion, concluded that the interactions between physical 
and biological factors are very complex and without 
historical data "direct connections between human ef
fects on estuarine systems and changes in jellyfish 
populations are difficult to make". 

Hydromedusae and ctenophores are also present. 
The most abundant hydromedusan species is the holo
planktonic liriope tetraphylla (Chamisso & Eysen
hardt) in the lower bay, although the euryhaline an
thomedusan, Nemopsis bachei L. Agassiz, which has 
a hydroid stage, is widely distributed in the spring 
(Calder, I 971; Purcell & Nemazie, 1992; Purcell et 
al., 1999a). The abundance and diversity of other hy
dromedusae is low. The most abundant ctenophore is 
Mnemiopsis leidyi A. Agassiz (Kremer, 1994; Purcell 
& Cowan, 1995) which is discussed elsewhere in this 
volume (Purcell et al., 2001a). 

Eutrophication in Japan has most greatly affected 
Tokyo Bay, which receives the output of nutrients and 

industrial waste from Tokyo, Yokohama and Kawa
saki. Osaka Bay, at the eastern end of the Seto Inland 
Sea, receives input from the next largest human pop
ulation center with a group of cities including Kobe 
and Osaka. The nutrient load to both bays increased 
drastically in the I 960s and I 970s (Tatara, 1991 ). The 
rate of increase since has been partially controlled, 
but they remain highly eutrophic (Uye & Shimazu, 
1997; Uye et al., 1999). Freshwater discharge into in
ner Tokyo Bay and water exchange with the outer bay 
has increased since 1988 (Nomura & Ishimaru, 1998). 
Tokyo Bay is usually stratified, but in the summer, 
wind-driven upwelling may bring anoxic, hydrogen 
sulfide-containing, water to the surface. Oxidation 
produces colloidal sulfur particles which cause the 
sea surface to become milky-blue in the 'Aishio' phe
nomenon (Otsubo et al., 1991 ). Little fishery remains 
in Tokyo Bay. In the Inland Sea, away from the most 
concentrated pollution, total fishing catch increased 
during the 1960s and 1970s, but the trophic level of 
that catch decreased (Tatara, 1991 ). 

The most dramatic changes in pelagic coelenterate 
populations with eutrophication have been the blooms 
of Aurelia aurita, which first caused clogging of in
takes of power plants along the coast of Tokyo Bay 
in 1963 (Kuwahara et al., 1969; Uye, 1994). Similar 
problems also appeared in the Inland Sea (Matsueda, 
1969). Aggregations form in the most polluted and 
shallow (less than 30 m depth) inner part of Tokyo Bay 
(Kuwahara et al., 1969; Toyokawa & Terazaki, 1994; 
Omori et al., 1995; Ishii et al., 1995; Toyokawa et 
al., 1997; Nomura & Ishimaru, 1998). Although these 
aggregations are often referred to as 'dense', the max
imum density in the aggregations reported in the inner 
harbour was 25 ind. m-3 (Kuwabana et al., 1969), 
whereas the overall population is less than I m-3 

(Toyokawa & Terazaki, 1994; Omori et al., 1995; No
maru & Ishimaru, 1998 ). This should be compared 
with other populations cited in this paper, or with ag
gregations of up to 600 m-3 and population density of 
71 m-3 in Urazoko Bay, Japan Sea (Yasuda, 1969, 
1970). Ephyrae mainly originate from canals in the 
innermost bay where salinity is reduced (Toyokawa et 
al., 2000; Watanabe & Ishii, 200 I). Smaller numbers 
of the scyphomedusa Chrysaora melanaster Brandt 
have been present since 1988 and Pelagia noctiluca 
(Forsskal) was recorded in October, 1992 (Toyokawa 
et al., 1997; Nomura & Ishimura, 1998). 

The most abundant hydromedusae in inner Tokyo 
Bay 1977-1978 and 1988-1989 was the manubrial
budding Rathkea octopunctata (in Sugiura, 1980; Toy-



okawa & Terazaki, 1994 ). In the latter period, the 
holoplanktonic hydromedusa, Liriope tetraphylla, and 
the siphonophore, Muggiaea atlallfica Cunningham, 
were also common. The most abundant ctenophore 
is Bolinopsis mikado (Moser) (Nomura & Ishimura, 
1998; Uye & Kasuya, 1999), and since 1988, Beroe 
cucumis Fabricius has also been present (Toyokawa & 
Terazaki, 1994; Nomura & Ishimura, 1998). 

Although eutrophication has occurred in many 
bays of eastern and southeastern Asia, there is little 
documentation of the effects on pelagic coelenterates. 
The most polluted bay in eastern China is Hangzhou 
Bay. Four rivers, including the Yangtze River, de
liver almost 50% of the national discharge of nutrients, 
petroleum residues and heavy metals from a num
ber of cities including Shanghai (Liu et al., 1991 ). 
The fishing output and zooplankton biomass from 
the Zhoushan fishing ground in the bay has dropped 
since the early 1970s due to pollution and overfishing. 
Scyphomedusae of the order Rhizostomae are import
ant food in Chinese and Japanese cooking (Hsieh et 
al., 200 I; Omori & Nakano, 200 I). The fishery of 
scyphozoan jellyfish also reached a maximum in 1966 
and has declined precipitously, while the diameter of 
the medusae was reduced by 50% by 1985 (Liu et al., 
1991). 

Serni-open and enclosed seas 

As the size of the water body increases, point sources 
of nitrogen such as localized agricultural, municipal 
and industrial wastes become less important. and air 
borne nitrogen becomes a more significant propor
tion of the input. This atmospheric nitrogen. primarily 
as nitrogen oxides and ammonia, is generated by in
dustrial and automobile fossil fuel combustion and 
discharges from agriculture such as dairy farms (Paerl, 
1995). It may be borne long distances down wind to 
affect areas such as the eastern coastal zone of North 
America and the Baltic, North and Western Mediter
ranean Seas. In these areas, it may reach more than 
50% of the total nitrogen input. 

Other factors that significantly affect production 
over wide areas, and may be confused with eutroph
ication, are changes in temperature and salinity. Tem
perature may be affected by normal climate variations 
or by global warming. For example, a temperature re
gime shift over the northern hemisphere in 1989/90 
coincided with changes in the biomass and composi
tion of gelatinous zooplankton in the Okhotsk, Bering, 
North, Adriatic and Black Seas (Avian & Rottini 
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Sandrini, 1994; Shuntov et al., 1996; Niermann & 
Greve, 1997; Niermann et al., 1998; Brodeur et al., 
1999). However, in the Baltic and western Medi
terranean Seas, changes in salinity were not always 
synchronous with temperature and also affected zo
oplankton populations (Buecher, 1997, 1999; Buecher 
et al., 1997). 

It is also in these larger water bodies that the effects 
of overfishing may become more apparent. Removal 
of fish may allow increase of gelatinous organisms, 
both by removing direct predation of fish on pelagic 
coelenterates and by decreasing competition for other 
food (Arai, 1988; Purcell & Arai, 2001 ). 

The Baltic Sea is an enclosed basin connected 
to the North Sea only through narrow and shallow 
sounds. Eutrophication has increased nutrient con
centrations in the water and organic contents in the 
sediments this century, but particularly since the 1970s 
(Schulz et al., 1992; Nehring, 1992; Bonsdorff et al., 
1997). There has been increased production of phyto
plankton and decreased oxygen concentrations leading 
to anoxic bottom water in the main basins. Although 
total fish catch has increased, the population of cod, 
the main apical species, has decreased since 1980 due 
to changing food chains and to poor survival of the 
sinking demersal eggs in hypoxic or anoxic bottom 
water (Elmgren, 1989; Caddy, 1993). 

It is difficult to distinguish the effects of eutrophic
ation on zooplankton and fish from temperature effects 
and more importantly from the effects of changes in 
salinity (Vuorinen & Ranta, 1988). There is a gradient 
in salinity through the Gulf of Bothnia (Bothnian Bay 
to Bothnian Sea) and the Gulf of Finland to the Baltic 
Sea proper and thence through the Kattegat and Sk
agerrak to the North Sea, and a strong halocline over 
most of the area. Changes in freshwater runoff and 
irregular intrusions of saline water through the Kat
tegat can affect the composition and abundance of the 
plankton as far north as the Bothnian Sea (Yuorinen 
& Ranta, 1987). From the beginning of the century 
to 1977, salinity rose irregularly, but in the period of 
less intrusion during the 1980s, the salinity dropped 
(Schulz et al., 1992; Hanninen et al.. 2000). 

No pelagic coelenterates are present in the Both
nian Bay, however, the ctenophore Pleumbrachia 
pileus (0. F. Muller) penetrates into the Bothnian Sea 
(Sandstrom & Sorlin, 1981; Vuorinen, 1987). It pen
etrates to salinities down to at least 6.5, but at these 
low salinities it becomes very fragile. Nevertheless, 
the species is, surprisingly, more abundant in the Both
nian Sea and the Gulf of Finland than in the Baltic Sea 
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proper (Vuorinen & Vihersaari, 1989). Since temperat
ure, salinity and food all increase toward the south, it is 
unlikely to be limited by those factors in the Baltic Sea 
proper. It is possible that this distribution reflects bet
ter oxygenation of the shallow northern water bodies 
than in the Baltic proper. It may also reflect decreased 
predation by predators such as cod. 

In the Baltic Sea proper during 1968-1972, four 
coelenterates were commonly present; Pleurobrachia 
pileus, the hydromedusa Sarsia tubulosa only in the 
south, the scyphomedusa Cyanea capillata sparsely 
as far north as the Gulf of Finland, and Aurelia 
aurita (Haahtela & Lassig, 1967; Hernroth & Acke
fors, 1979). A. aurelia was already present in 'large 
concentrations' in the south and had been extending 
its range in the north further into the Gulf of Fin
land as salinity increased (Segerstrale, 1951; Pal men, 
1953; Hernroth & Ackefors, 1979). Against this non
quantitative picture of earlier abundance of A. aurelia, 
it is not possible to ascribe the more recent populations 
in the southern Baltic (Moller, 1980; Janas & Witek, 
1993; Margonski & Horbowa, 1996) to the effects of 
eutrophication as done by Schulz ( 1989). 

Although largely a shallow sea, the North Sea 
is less affected by pollution than the Baltic due to 
its interchange with the Norwegian Sea to the north 
and access to the North Atlantic via the English 
Channel to the south. The main currents move south 
along the east coast of the British Isles and north 
again along the European coast. The output from the 
European rivers is carried north so that the greatest 
nutrient levels, phytoplankton blooms and most oxy
gen depleted bottom waters occur off Denmark and 
Germany in the German Bight (Caddy, 1993). Eu
trophication increased from 1950 through the 1980s, 
but has decreased in the 1990s especially with respect 
to phosphorus. Increasing catches of demersal fish and 
changes in species caught have been attributed to this 
eutrophication, increased fishing effort and climatic 
changes. 

ICES surveys of gadoid fishes sampled by-catch 
of scyphomedusae from early summers of 1971-1986 
(Hay et al., 1990). Aurelia aurita, Cyanea capillata 
and Cyanea lamarckii Peron and Lesueur were the 
most abundant species. While A. aurita was found 
primarily in the coastal waters, it was not more abund
ant off the coast of continental Europe than off the 
Scottish east coast. C. capillata was widely distrib
uted. Only C. lamarckii showed a concentration off 
the European coast which, if only this species were 
examined, might be interpreted as correlated with 

eutrophication. A survey by Moller in August 1978 
showed a similar distribution, although Chrysaora 
hysoscella (Linnaeus), which appears later in the year, 
was also collected off the Netherlands and Germany 
(Moller, 1980). These data do not differ substantially 
from those collected off the Netherlands 1933-39, 
prior to eutrophication, by Maaden ( 1942) and previ
ous literature from the North Sea reviewed by Verwey 
(1942). 

Irregular interannual changes in biomass and dis
tribution of zooplankton, including hydromedusan, si
phonophore and ctenophore populations, in the North 
Sea area have been documented for many years (Rus
sell, 1939; Fraser, 1969, 1970). These changes were 
early correlated with variations in transport of wa
ter from the North Atlantic with associated effects on 
North Sea salinity and temperature, and more recently 
with more widely distributed climate changes (Aebis
cher et al., 1990; Fransz et al., 1991; Nicholas & Frid, 
1999). For example, there was an exceptional influx 
of southern oceanic species coincident with the tem
perature regime shift in 1988-1989 (Edwards et al., 
1999; Reid et al., 200 I). The siphonophore, Muggiaea 
atlantica, which previously had been rarely reported 
in the North Sea off the east coast of Scotland (Fraser, 
1967), bloomed in the German Bight (Greve, 1994). 
Against this shifting backgound, it is not possible to 
evaluate the effect of eutrophication on hydromedusae, 
siphonophores or ctenophores in the North Sea. 

The Mediterranean Sea was historically oligo
trophic with evaporative losses exceeding river inflow 
(Caddy, 1993). The nutrient poor near-surface inflow 
from the Atlantic Ocean flows over the shallow sill 
at the Strait of Gibraltar, eastward along the African 
coast and then westward along southern Europe. To 
the east the Levantine Basin was the most oligotrophic 
area, whereas the Adriatic Sea had input from the 
Po River, and the Aegean Sea from the Black Sea. 
With the operation of the Aswan Dam on the Nile 
River in 1965, the Levantine Basin has become one 
of the most nutrient limited areas in the world's oceans 
(Azov, 1991 ). Under these oligotrophic conditions, the 
anthropogenic addition of nutrients can lead to partic
ularly striking changes. The effects in small bays such 
as Elefsis Bay on the coast of Greece have already 
been mentioned, but in the northern Adriatic Sea, 
changes are more widespread. 

Nutrient inputs to the shallow n011hern Adriatic 
Sea, particularly from the Po River and in the Bay of 
Trieste, have been increasing over the last four dec
ades. Water from the Po River flows south along the 



Italian coast creating a nutrient gradient across the 
Adriatic from west to east, as well as from north to 
south. Inflow from the southern Adriatic occurs along 
the eastern coast particularly in the fall and winter 
(Boicourt et al., 1999). Phytoplankton blooms, and 
since 1988, formation of gelatinous aggregates, oc
cur over much of the northern portion of the sea, the 
distribution depending on the extent of the Po out
flow but also on wind driven currents (Degobbis et al., 
1995). Hypoxia in bottom layers, under a halocline 
or thermocline, has increased since the period 1955-
1965 (Legovic & Justic, 1997). It was particularly 
widespread in summers of 1977 and 1988 (Boicourt 
et al., 1999). The dynamics of eutrophication, as well 
as comparisons with Chesapeake Bay, are reviewed in 
Malone et al. ( 1999). The over 150 year history of 
observations on medusae are reviewed by Purcell et 
al. ( 1999a) in that volume. 

Periodic blooms of the holoplanktonic scypho
medusa, Pelagia noctiluca, have been documented 
in the Mediterranean Sea for over two centuries. In 
the western Mediterranean, they have appeared with 
a periodicity of about 12 years, which is correlated 
(not necessarily causally) with fluctuations in temper
ature and rainfall (Goy et al., 1989). In the Adriatic. 
population changes have been more irregular, large 
swarms appearing between 1910-14 and 1976-86 in 
both northern and southern regions of the Adriatic 
(UNEP, 1984, 1991; Rottini-Sandrini & Avian, 1986). 
Although P. noctiluca can grow and reproduce more 
rapidly in nutrient-rich environments (Purcell et al., 
1999a), the populations in the northern Adriatic are 
more dependent on the hydrographic and climatic con
ditions and the extent of intrusion of water from the 
southern Adriatic and Ionian Sea (Vucetic, 1991 ). The 
bloom has not continued beyond 1986, in spite of 
continuing eutrophication. 

Seven other species of Scyphozoa have been repor
ted from the North Adriatic (Avian & Rottini-Sandrini, 
1994 ). There is insufficient evidence to clearly cor
relate abundance or distribution of these species with 
eutrophication. Aurelia aurita has been reported as 
abundant in 1962, 1989 and 1994-1997 (Avian & 
Rottini-Sandrini, 1994; Purcell et al., 1999a), so its 
numbers may be increasing. 

The number of species of hydromedusae recor
ded in the northern Adriatic declined from 40 to I 0 
between 1910 and 1984/85 (Benovic et al., 1987). This 
was a gradual decrease in numbers first of leptomedu
sae and then of anthomedusae, both with benthic 
hydroids, which was correlated with decreasing oxy-
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gen concentrations of the bottom water. Seven of 
these species reappeared in 1992-1993, although three 
Trachymedusae were no longer collected (Benovic & 
Lucic, 1995; Purcell et al., 1999a). Present diversity 
is greatest on the eastern side of the northern Adri
atic where eutrophication is less extensive and species 
might be reintroduced by currents from the south 
(Benovic & Lucic, 1996). 

The Black Sea is the largest body of eutrophic or 
hypertrophic water in the world. The sea has a broad 
shallow northwestern coastal shelf with input from the 
Danube, Dniester and Dnieper Rivers. To the north
east, the Don River drains into the Black Sea through 
the brackish Sea of Azov. The remainder of the Black 
Sea has only narrow coastal shelves. To the south
west, the sea drains into the Mediterranean Sea via 
the shallow Bosporus, the Sea of Marmara and the 
Dardanelles. The Black Sea has a permanent halo
cline at I 00-200 m. Above the halocline, there is a 
cyclonically meandering rim current and two (west
ern and eastern) central gyres. Below the halocline, 
thousands of years of accumulation of organic material 
dropping from above has led to a permanent anoxic 
zone (Caddy. 1993). The rate of accumulation has in
creased in recent years with greater input of nutrients 
(as well as toxic wastes) from the Danube and Dniester 
Rivers and resulting algal blooms (Bologa et al., 1995; 
Cociasu et al., 1997). At present, more than 90% of 
the water volume below the halocline is anoxic. The 
shallow coastal waters have been affected so that on 
the previously very productive northwestern shelf, fa
vourable benthic environmental conditions at present 
remain only at the edge of the sea in depths of less than 
5-6 m (Zaitsev, 1992; Zaitsev & Alexandrov, 1997; 
Gucu, 1997). 

It is difficult to separate the effects of eutroph
ication on coelenterate populations from effects of 
overfishing, temperature and salinity changes, and 
especially introductions to the Black Sea. Prior to 
1982, the pelagic coelenterates present included the 
scyphomedusae, Aurelia aurita and Rhizostoma pu/1110 
(Macri), and the ctenophore, Pleurobrachia pileus. 
There were also a small number of native hydrozoans 
and early introductions (Zaitsev & Mamaev, 1997). 
R. pulmo is largely confined to coastal areas, but the 
other scyphomedusae and ctenophore species are more 
widely distributed. P. pileus is found in hypoxic water 
above the anoxic zone but below the pycnocline by 
day, and migrates up toward the surface at night (Vino
gradov et al., 1985; Mutlu & Bingel, 1999). Small A. 
aurita medusae are found from the surface to the ther-
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mocline, and larger individuals are found just below it, 
with planulae concentrated just above the anoxic layer 
(Vinogradov & Shushkina, 1982). 

There was a poorly documented bloom of 
Rhizostoma pu/mo starting in the late 1960s and sub
siding by 1974 (Zaitsev & Mamaev, 1997). There was 
also an increase of several orders of magnitude in the 
population of Aurelia aurita through the I 960s, I 970s 
and I 980s (Gomoiu, 1980; Shushkina & Musayeva, 
1983; Shushkina & Vinogradov. 1991 ). Most authors 
have stressed eutrophication, and increased prey pro
duction as the cause of these increases (Caddy & 
Griffiths, I 990; Kideys, 1994; Zaitsev, 1994). In ad
dition to eutrophication, increases may have been due 
at least in part to removal of predators. Mackerel, 
Scomber scombrus Linnaeus, are predators of pelagic 
coelenterates (Scott, 1914, 1924; Runge et al., 1987), 
and have been observed eating medusae in the Black 
Sea (Zaitsev & Polischuk, 1984 ). Mackerel repro
duced primarily outside the Black Sea, but there were 
massive seasonal migrations from the Marmara Sea 
onto the Northwestern Shelf of the sea in most years 
prior to the 1960s. Mackerel had disappeared as a 
commercial species of the Black Sea by the end of the 
1960s due to over fishing (Caddy, 1993), which may 
have allowed the medusae to increase (Zaitsev, 1992). 
Also during this time, the worsening conditions of the 
Romanian littoral caused a number of benthic species, 
including the stauromedusan Luce maria campanulata 
Lamouroux, to became extinct or very rare (Gomoiu, 
1981 ). It is probable that, as Roginskaya (1988) sug
gested, there was a decrease in predation by Black Sea 
nudibranchs of the genera Trinchesia and Face/ilw, 
which are known to feed on Aurelia aurita polyps in 
other waters. 

Introduction of the ctenophore Mnemiopsis /eidyi 
was first recorded in 1982 (Zaika & Sergeeva, 1990). 
The species first bloomed in 1988-9 (Vinogradov et 
al., 1989; Shushkina & Vinogradov, 199 I). This was 
at the time of a major temperature regime shift up
wards (Niermann & Greve, 1997; Niermann et al., 
1998). Following that massive bloom of a new species 
in the ecosystem, it is not possible to clearly dis
tinguish eutrophication effects on coelenterates dur
ing the I 990s. After the initial dramatic bloom, the 
population numbers of M. leidyi have decreased and 
fluctuated (Shiganova, 1997, 1998; Mutlu, 1999; Pur
cell et al., 2001 a). The greatest competition is with 
Aurelia aurita which overlaps in depth range and food 
resources. A. aurita at first declined in 1989, then 
fluctuated at lower levels than M. /eidyi (Shushkina 

& Vinogradov, 1991; Shiganova, 1997; Kideys et 
al., 2000). Pleu,vbrachia pileus, remained somewhat 
more stable (Shiganova et al., 1998; Mutlu & Bingel, 
1999; Kideys et al., 2000). The interactions between 
the three species have been reviewed by Mutlu et al. 
(1994 ), Kovalev & Piontkovski (1998), Kideys et al. 
(2000) and Purcell et al. (200 I a). In addition to com
petition for zooplankton prey, A. aurita may feed on 
small M. /eidyi (Weisse & Gomoiu, 2000). 

The roles of the three main coelenterates as pred
ators and competitors of fish in the 1990s have been 
reviewed or modelled by Kideys ( 1994 ), Vinogradov 
et al. ( 1996), Gucu ( 1997), Shiganova ( 1997, 1998), 
Berdnikov et al. ( 1999) and Shiganova & Bulgakova 
(2000). There has been little consideration given to the 
reverse possibility, that population fluctuations of fish 
predators may have affected the pelagic coelenterate 
populations. Anchovy, Engraulis encrasico/us (Lin
naeus), and horse mackerel, Traclmrus mediterraneus 
(Steindachner) both belong to genera that include spe
cies that feed on gelatinous prey (Arai, 1988; Ates, 
1988; Mianzan et al., 1996; Mianzan et al., 200 I). 
Zaika (quoted in Kideys, 1994) has noted that T. medi
terraneus consume Mnemiopsis /eidyi juveniles off the 
Bulgarian coast. Anchovy and horse mackerel popula
tions rose during the 1970 and I 980's and collapsed 
at the end of the 1980s due to overfishing as well as 
trophic interactions (Prodanov et al., 1997). This col
lapse may have released the coelenterate populations 
from predation. 

The recent bloom of the ctenophore Beroe ovata 
Bruguiere, which eats other ctenophores (Swanberg, 
1974), has been recorded in the Black Sea since 1997, 
and has increased the predation on ctenophores Mne
miopsis leidyi and Pleurobrachia pileus (in Fincnko 
et al., 2001; Shiganova et al., 2001). This is again 
shifting the balances between M. /eidyi, Aurelia aurita, 
and their predators and prey (Shiganova & Bulgakova. 
2000; Shiganova et al., 200 I). The exact effects of 
eutrophication continue to be difficult to distinguish, 
although the Black Sea certainly constitutes an ex
ample of large pelagic coelenterate populations in 
eutrophic conditions. 

In the Gulf of Mexico and Carribbean Sea, the 
prime instance of eutrophication is the input of the 
Mississippi and Atchafalaya Rivers to the broad shal
low coastal shelf of the northern Gulf of Mexico. The 
Mississippi watershed covers 41 % of the continental 
United States including over 50% of the farmland. Al
though the river carries toxic waste from as far north 
as the Chicago industrial complex, the main pollution 



is by nutrients derived from fertilizer from the central 
United States (Rabelais et al., 1996). The freshwater 
discharge flows primarily westward over more saline 
water along the Louisiana coast to the south Texas 
coast. The 'Dead Zone' of hypoxic water that forms 
in summer below the pycnocline has increased. Since 
1993, it may cover up to 18 000 km2 of the bottom 
between the 5 and 60 m depth contours of the shelf 
(Malakoff, 1998; Rabalais & Turner, 200 I). 

Before the 1980s, the scyphomedusa Cl11ysaora 
quinquecirrha was confined to the near shore estuarine 
areas of the northern Gulf. Since 1985, trawl by-catch 
data has shown that the distribution is extending off 
shore as the area of hypoxic water increases (Purcell et 
al., 200 lb; Graham, 200 I). In 1987, an aerial survey of 
Aurelia aurita aggregations found them to be common 
east of the Mississippi River, but not to the west either 
spring or fall (Roden et al., 1990). Between 1987 
and 1997, this species also increased, particularly in
shore (Graham, 2001). These changes may be linked 
to the eutrophication, however, they may also reflect 
up-current increased hard surface for the polyps on oil 
and gas structures and climate changes that influence 
the rate of river discharge (Graham, 200 I). 

Adaptations of pelagic coelenterates 

At this time, it is not possible to predict what the 
results of anthropogenic eutrophication will be in any 
given location. This is partly due to the presence of the 
other complicating factors that have been considered 
above. It is also because of our poor knowledge of 
the effects of eutrophication itself, not only on the 
adult pelagic coelenterates, but also on the develop
mental stages and on other fauna which may compete 
with, be preyed on, or prey upon the coelenterates. 
The most direct effect is the increased availability of 
dissolved organic material (DOM) for uptake by the 
coelenterates. Then, when increased nutrients allow 
increased phytoplankton production, the coelenterates 
are affected by decreased oxygen and light. Finally, 
the coelenterates are affected by changes in the abund
ance of prey, predators and competitors, and by their 
responses to turbidity and hypoxia. 

The known effects of hypoxia on pelagic Cnid
aria and Ctenophora have recently been extensively 
reviewed by Purcell et al. (200 lb). Many species are 
able to survive by avoidance of oxygen-depleted lay
ers. Since surface layers are well oxygenated even 
under eutrophic conditions, it is to be expected that 
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near-surface holoplanktonic forms will be able to sur
vive. This presumably applies to hydromedusae like 
Aglantha digitale and Liriope tetraphylla, siphono
phores such as Muggiaea atlantica and Lensia spp., 
as well as several ctenophores. Species of Scypho
zoa such as Aurelia aurita, with benthic stages in 
shallow water may also survive in this manner. To 
date, there are no recorded blooms in eutrophic wa
ters of anthomedusae and leptomedusae with hydroids 
in the littoral zones or on floating objects. This may 
simply reflect the lack of knowledge of the distribu
tion of many hydroids. For example, the anthomedusa, 
Nemopsis bachei, is abundant in eutrophic Chesapeake 
Bay in the spring but the hydroid, less than I mm in 
height, has not been collected in the field (Kuhl, 1962; 
Purcell & Nemazie, 1992). 

Other species may have at least one stage able 
to survive hypoxic, or even temporary anoxic, con
ditions. The tolerance of low oxygen levels has not 
been extensively measured in the laboratory, however, 
Chrysaora quinquecirrha medusae and Mnemiopsis 
leidyi ctenophores have prolonged survival in dis
solved oxygen concentrations <2 mg 1-1 (Purcell et 
al., 2001 b). Forty percent of C. quinquecirrha polyps 
can survive 0.5 mg 1- 1 dissolved oxygen for >20 d 
although mortality is less and development enhanced 
at higher oxygen levels (Condon et al., 2001). A large 
amount of field data shows that many other coelenter
ates are tolerant of hypoxic water (reviewed by Purcell 
et al., 2001 b ). A few, such as Rathkea lizzioides 
O'Sullivan even penetrate, at least briefly, into anoxic 
water (Bayly, 1986). Developmental stages may differ 
in tolerance. Aurelia aurita planulae are more tolerant 
than the medusae, as indicated by their presence in the 
Black Sea, below the medusae, at < 1.0 mg 1-1 (Vino
gradov et al., 1985). Scyphozoa such as Cyanea spp., 
produce short-term cysts (planulocysts) from the plan
ulae, and produce podocysts from the polyps, which 
may remain encysted until the following year (Brewer 
& Feingold, 1991 ). There are no measurements to date 
on the tolerance of these presumably resistant cysts to 
low oxygen levels. 

Anaerobic metabolism is often ignored in calcu
lating coelenterate energy budgets but could be very 
important to survival in oxygen depleted water (Arai, 
1997 a, b ). Very Ii ttle is known as yet about the relevant 
chemical reactions. The production of lactate, as indic
ated by the presence of lactate dehydrogenase, occurs 
in the swimming muscle of several hydrozoan and 
scyphozoan medusae (Thuesen & Childress, 1994). 
The lactate is probably only temporarily produced 
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during strenuous swimming bouts and then further 
metabolized. An alternate pathway for anaerobiosis of 
some invertebrates is production of succinate rather 
than pyruvate from phosphoeno) pyruvate. The en
zyme phosphoenoJpyruvate carboxykinase, present in 
scyphistomae of Aurelia aurita and Chrysaora quin
quecirrha indicates that this pathway may be present 
(Lin & Zubkoff, 1977). There have been no measure
ments in coelenterates of accumulation or excretion of 
succinate, or of the fatty acid, proprionate, which may 
be produced from it. 

Like anaerobic metabolism, nutrition is a term of 
the energy budget that is not welJ understood (Arai, 
1997a). Dissolved organic material (DOM) and trans
location from symbionts may be utilized by coelen
terates. To date, there are no pelagic coelenterates 
known to feed directly on phytoplankton, although 
they may ultilize microzooplankton such as ciliates. 
Aurelia aurita and Mnemiopsis leidyi feed on the lar
ger aloricate ciliates rather than on tintinnids (Stoecker 
et al., 1987 a & b; Bamstedt, 1990). Most work 
has concentrated on animal prey, especially fish and 
arthropods. 

DOM uptake is potentially especially important 
in eutrophic situations (Wilkerson & Dugdale, 1984 ). 
Uptake of labelled glucose or amino acids by hy
dromedusae, scyphomedusae and siphonophores has 
been observed in the laboratory (Shick, 1975; Erokhin, 
1980; Ferguson, 1988; Wilkerson & Kremer, 1992). 
Shick ( 1975) demonstrated that uptake of glycine 
could benefit otherwise starved, strobilizing Aurelia 
aurita. Labeled DOM is incorporated into complex 
organic compounds and labeled carbon dioxide is re
leased during metabolism. However, Cnidaria may 
also release amino acids to the environment. Until 
measurements are made of the net influx or loss of 
organic compounds, it is not possible to quantitatively 
evaluate the importance of DOM to the survival of 
coelenterates. 

With eutrophication there is not only an increase 
in production of phytoplankton, but often a change in 
the type produced. Diatoms require silicate to form 
the external shell and their growth becomes silicate 
limited if the ratio of silicate to nitrogen falls below 
1: 1 (Justic et al., 1995; Turner et al., 1998). This may 
result in an increase in populations of flageJlates re
placing the diatoms. In turn, there may be changes in 
the composition of the higher trophic levels. In many 
cases, small copepods are favored over larger forms in 
eutrophic situations. For example in Tokyo Bay, the 
populations of Jarger copepods such as Acartia omorii 

Bradford have decreased and been replaced by smaller 
forms such as 0ithona davisae Ferrari & Orsi since 
the J960s (Nomura & Murano, 1992; Uye, 1994). A. 
omorii feeds on diatoms whereas 0. davisae utilizes 
flagellates (Uchima, 1988). It is not clear how changes 
in the size of available copepods would affect survival 
of coelenterate predators. Aurelia aurita preferentially 
decreases the abundance of A. omorii rather than the 
smaJler 0. davisae in Tokyo Bay (Omori et al., 1995), 
although A. aurita can also utilize 0. davisae (Ishii 
& Tanaka, 200 J ). In Kiel Bight ( a)so eutrophic, the 
reverse is true; in the presence of A. aurita 0ithona 
similis is decreased but Acantia spp. are unaffected 
(Behrends & Schneider, 1995). 

Rates of budding of Hydrozoa and strobilation of 
Scyphozoa, and growth depend on nutrition (see re
views in Arai, 1992, 1997b; Purcell et al., 1999b). 
Nevertheless, there is very little known about the re
lative ability of coelenterates to assimilate and utilize 
alternative diets for growth and reproduction. It has 
recently been shown that growth of ephyrae of Cyanea 
capillata and Chry1saora quinquecirrha is enhanced 
by ctenophore prey rather than alternative zooplank
ton prey (Olesen et al., 1996; Bamstedt et al., 1997). 
Further data of this type are necessary to evaluate 
what effects changes in population structure caused by 
eutrophication might have on nutrition and resulting 
population changes of coelenterates. 

When an increase of phytoplankton biomass is 
associated with eutrophication, there is increased tur
bidity. Decreased light may have direct effects on 
coelenterates. Triggered by changes in light intensity, 
many pelagic Cnidaria carry out diel vertical migra
tion, which may be important for contact with prey 
(Pages et al., 2001 ). On the other hand, aside from 
a few cubozoans, actual feeding by coelenterates is 
not visual and is therefore not affected by decreas
ing light. Strobilation of Scyphozoa and budding of 
hydroids may be affected by light (reviewed in Arai, 
l 992, 1997b ). For rhizostome scyphomedusae. such 
as Cassiopea spp., light is essential for activity of the 
symbionts (Arai, 1997b ). In the Nichupte Lagoon Sys
tem, described above, most of the organic material is 
deposited in a layer on the bottom of the lagoon, which 
allows light to reach the medusae. 

The relative ability of coelenterates and their pred
ators and prey to survive and to hunt under eutrophic 
conditions will influence the food webs. The relative 
resistance of nudibranchs and their scyphozoan and 
hydrozoan prey to oxygen deficiencies or turbidity is 
not known, however, copepod prey are more sens-



itive to hypoxia than are medusae and ctenophores 
(Purcell el al., 200 I b ). Breitburg and her co-workers 
have shown that hypoxia can increase predation by 
Chrysaora quinquecirrha on fish larvae, but decrease 
predation by striped bass (Breitburg et al., I 997, 
1999). Mnemiopsis /eidyi is also more tolerant of hyp
oxia than are fish (Purcell et al., 200 I b ). Turbidity 
also favors predation by tactile predators such as the 
scyphomedusa Periphylla periphylla (Peron and Le
sueur) over that by visual predators such as fish (Eiane 
et al., 1997; Eiane el al., 1999). 

Summary 

In the above survey, the changes of pelagic coelenter
ate populations in particular eutrophic areas can rarely 
be unequivocally linked only to results of eutrophica
tion rather than to normal fluctuations of coelenterate 
populations or other anthropogenic changes. Never
theless, a general picture does begin to emerge from 
the accumulated data. The biomass of coelenterates 
usually, but not necessarily, increases as a result of 
eutrophication. Typically, there is a loss of species 
diversity. This loss is demonstrated most clearly for 
Hydrozoa with polyp stages. The coelenterate species 
that most often survive and may increase in bio
mass are holoplanktonic or shallow water forms. They 
are widely distributed and common in non-eutrophic 
areas as well. For example, there have been spec
tacular increases of the scyphomedusa Aurelia aurita 
in some eutrophic locations, however, the population 
may remain low as in Chesapeake Bay. Elsewhere, the 
biomass of A. aurita may also be very high in some 
locations with oligotrophic or mesotrophic conditions 
such as Horsea Lake or Wakasa Bay. 

In order to understand responses to eutrophica
tion, there will need to be a great deal more research 
on the effects of changed diets, and decreased oxy
gen and light. There are some data on the ability of 
adult medusae and ctenophores to avoid or tolerate low 
oxygen levels, however, there are very few data on 
developmental stages and none on scyphozoan cysts. 
Anaerobic metabolism, which could be very import
ant to survival in oxygen depleted water, has not been 
investigated in these animals. In respect to nutrition, 
uptake of dissolved organic material is known to occur, 
but its quantitative importance is not clear. The ability 
to utilize different diets for growth and reproduction is 
little understood. Finally, the relative ability of predat
ors and prey to adapt to the changed conditions will 
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modify the food webs. For example, Cnidaria and 
Ctenophora are non-visual predators and may compete 
more successfully with visual predators, such as fish, 
in turbid conditions. 
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Abstract 

Hypoxic conditions are common in many coastal environments such as Chesapeake Bay. While medusae appear to 
be quite tolerant of low dissolved oxygen (DO) concentrations, the effects of hypoxia on the benthic polyp stages 
are unknown. C/11:vsaora quinquecirrha (DeSor) polyps, and were subjected to 5 DO treatments (air-saturated 
[ control J, 3.5, 2.5, 1.5 and 0.5 mg 1- 1) in the laboratory. Polyp survival and development were documented over 24 
d. Virtually no mortality occurred in any treatment during the first 5 d. Total polyp mortality after 24 d was 59.3% 
at the lowest DO concentration, whereas <3% mortality was observed in the air-saturated treatment. Formation 
of stolons and strobilae occurred in all treatments, however, the proportions of polyps undergoing stolonation 
and strobilation were significantly greater in all DO concentrations above 0.5 mg 1- 1• Polyp encystment was not 
observed in any treatment over the course of the 24 d experiment. These results indicate that polyps can survive 
and asexually propagate even during prolonged exposure to hypoxic conditions. 

Introduction 

Scyphozoan medusae, Chrysaora quinquecirrha (De
Sor), are dominant predators in the Chesapeake Bay 
estuary. During the summer months, peak numbers 
of medusae occur in the mesohaline regions of the 
bay and its tributaries, although abundance varies spa
tially and annually (Cargo & King, 1990; Purcell, 
1992; Purcell et al., 1999). At these times, high 
predation rates by C. quinquecirrha significantly af
fect zooplankton and ichthyoplankton stocks and may 
reduce prey available to zooplanktivorous fish popula
tions (Baird & Ulanowicz, 1989; Purcell et al., 1994a, 
b). 

Like most semaeostome species, the life cycle 
of C. quinquecirrha includes a benthic polyp stage 
(scyphistoma) and a pelagic stage (medusa). Through
out the cold winter months, scyphistomae per
sist as dormant cysts, which excyst in the spring 
to form polyps (Cargo & Schultz, 1966. 1967). 
Polyps reproduce asexually by stolon formation (at-

tached buds) and strobilation, a process that liberates 
free-swimming ephyrae (Cargo & Rabenold, 1980). 
Ephyrae are propagated from polyps during spring 
and summer, and subsequently develop into sexually 
mature medusae. 

Each summer, the bottom waters of the mainslem 
Chesapeake Bay and its tributaries experience low dis
solved oxygen (DO) concentrations (hypoxia,< 2 mg 
02 1- 1) as a result of density stratification of the water 
column combined with microbial degradation of or
ganic matter ('faft et al., 1980; Sanford et al., 1990; 
Jonas, 1992; Malone, 1992). Hypoxic waters < 2 mg 
02 1- 1 are stressful to fish and many other organ
isms, and can be lethal. Organism abundance, vertical 
distribution and behavior can be significantly affected 
(Roman et al., 1993; Breitburg, 1994; Breitburg et al., 
1994, 1997). Recent studies on C. quinquecirrha me
dusae have shown that the medusan stage can survive 
up to 48 h in severely hypoxic conditions (0.5 mg 02 
1- 1 ), however, longer exposure can be fatal (Houde 
& Zastrow, unpublished data see Purcell et al., 2001 ). 
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Hypoxic conditions also can affect their vertical dis
tributions. In the mainstem Chesapeake Bay, more C. 
quinquecirrha medusae were found above and within 
the pycnocline than below it in summer (Purcell et al., 
1994b ). In a tributary of Chesapeake Bay, medusae 
were absent from bottom waters only when DO was < 
1.0 mg 1- 1 (Keister et al., 2000). 

Although medusae appear to be tolerant of low DO 
concentrations at least for short periods, the effect of 
hypoxia on the polyp stage is unknown. Polyps occur 
on oyster reefs above 11 m depth (Cargo & Schultz, 
1966, 1967), where waters sometimes are exposed to 
severely low DO. The response of polyps to salinity 
and temperature stress is to encyst (Cargo & Schultz, 
1967), however, the response to oxygen stress has not 
been tested. The purpose of our study was to examine 
the effects of long-term exposure to low DO concen
trations on the survival and asexual reproduction of C. 
quinquecirrha polyps. 

Materials and methods 

Specimens 

Chrysaora quinquecirrha polyps were collected on 
oyster shells dredged from the Choptank River, a sub
estuary of Chesapeake Bay, during August, 1999. 
The polyps were immediately transported to labor
atory facilities and were temporarily maintained in 
20 I buckets in flowing water. Encrusting materi
als and epifauna were removed from shells having 
polyps by use of jeweler's forceps and a dissecting 
microscope ( x 20). Unhealthy polyps ( e.g. those that 
showed evidence of bacterial infection) were also re
moved. Only early stage scyphistomae were kept for 
experimentation (i.e. polyps with 4-8 tentacles and 
no buds or stolons; see Calder, 1982). Each shell 
was mapped and individual polyp locations recorded 
prior to experimentation. Shells used in the experi
ment had approximately similar polyp densities (ca. 
3-4 polyps cm-2). 

Experimental design and conditions 

Chrysaora quinquecirrha scyphistomae on oyster 
shells were subjected to experimental conditions in 
the laboratory for 24 d in 20 l plastic containers filled 
with filtered ( I µm) Choptank River water. Shells with 
polyps were distributed among 5 DO treatments and 
acclimated for 12 h (Table I). Two shells were placed 
in each treatment, and one in the air-saturated control. 
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Figure I. Survival and development of Chrysaora q11i11q11ecirrha 
polyps at five dissolved oxygen concentrations (mg 1- 1) o\er 24 d 
in a laboratory experiment; (a) the proportions of polyps surviving, 
(h) the proportions of polyps with stolons. and (c) the proportions 
of polyps undergoing strobilation. 

In all treatments except the control, target DO 
concentrations (3.5, 2.5, 1.5 and 0.5 mg 1- 1) were 
established and maintained by sparging nitrogen gas 
into each experimental chamber (see Breitburg et al., 
1994). The control container was bubbled with ambi
ent air. All containers were sealed airtight to prevent 
the diffusion of air into the containers. These con-
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Table I. Experimental and physical conditions in each dissolved oxygen (mg 1- 1) 

treatment throughout the 24 d C/11:r.mora quiuquecirr/,a polyp experiment. 

Treatment Polyps (No.) DO(mg 1- 1) 

Air sat 69 7.1±0.5 

3.5 43 3.5±0.2 

2.5 52 2.5±0.2 

1.5 65 1.6±0.2 

0.5 36 0.5±0.1 

tainers maintained stable oxygen concentrations for > 
12 h. 

A YSI™ 30 Temperature, Conductivity, Salinity 
meter and a YSI™ 55 Dissolved Oxygen meter were 
used to monitor temperature, salinity and DO within 
each chamber 4 times daily (Table l ). Probes were 
inserted through small holes in the container lid, which 
were resealed after the measurements and adjustments 
were made to DO concentrations, as needed. To pre
vent bacterial infection of the polyps, the water in 
each container was replaced once every 5 days with 
filtered Choptank River water previously adjusted to 
the appropriate DO level. 

Polyp monitoring and maintenance 

All polyps were fed daily on cultured brine shrimp 
nauplii (Artemia sp.) over a l h period in separate 
4 1 plastic containers. Target DO concentrations in 
the feeding containers were established according to 
the method described above. The polyps were fed in 
their respective DO conditions, however, due to high 
prey mortality in the 0.5 mg 1- 1 DO treatment, those 
polyps were fed at 1 .0 mg 02 1- 1 • Polyps in all treat
ments readily captured prey items with their tentacles, 
and in most cases ingested more than one Anemia sp. 
nauplius at each feeding. Temperature, salinity and 
DO levels within each feeding chamber were recor
ded before and after feeding and varied little ( < 1 % ) 
from the conditions in the respective 20 l experimental 
container. 

Survival and asexual reproduction of polyps were 
monitored on days l through 11, 17 and 24 of the 
experiment by placing the oyster shells in small glass 
dishes containing water from their experimental cham
ber and observing them with a dissecting microscope 
( x 20). Whitish color, reduced or deformed tentacles 
and the presence of wounds or bacterial infestations 
indicated polyp death. Moribund polyps were removed 

Temp range (°C) Salinity range 

22.0-24.0 13.1-15.6 

22.0-24.0 13.1-15.6 

22.0-24.0 13.1-15.6 

22.()-24.0 13.1-15.6 

22.()-24.0 13.1-15.6 

from the shells and their locations noted. Asexual de
velopment was measured in terms of the numbers of 
buds, stolons and strobilae discs produced per polyp, 
and the numbers of polyps undergoing stolonation and 
strobilation (as defined in Cargo & Rabenold, 1980). 
This process took approximately 15 min to complete 
for each treatment. 

Data analysis 

Data were analyzed using Sigma Stat™ (Version 2.0) 
software. Chi-square (x 2) analyses were used to test 
for independence between measures of polyp survival 
and asexual development at day 24 and DO concentra
tion. When the x 2 test detected significant differences 
across all treatments, pair-wise x 2 comparisons were 
made to determine which treatments differed. The null 
hypothesis (Ho) for each x2 test was that no relation
ships existed between the numbers of surviving polyps 
or the numbers of asexual products and DO concentra
tion. Data are presented as means ± l standard error 
(SE). 

Results 

Effects of hypoxia on surl'ivorship 

High polyp survival was observed during the first 5 d 
of the experiment in all treatments (Fig. I a). Survival 
at 5 d in air-saturated, 3.5, 1.5 and 0.5 mg 02 1- 1 

was 100% and in 2.5 mg 02 1- 1 was 98.0%. After 
24 d in the treatments, the fewest polyps survived in 
the 0.5 mg 02 1- 1 treatment (41.7% survival). Polyp 
survival in the 0.5 mg 1- 1 treatment was significantly 
lower than all other DO treatments (Table 2). The 
most polyps survived in the air-saturated (97.1 %) and 
2.5 mg 1-1 (92.2%) treatments (Fig. I a). Polyp sur
vival in these treatments was significantly greater than 
in the 3.5 mg 1- 1 (83.7%) and 1.5 mg 1- 1 (78.5%) 
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treatments (Table 2). x2 comparisons failed to show 
significant differences in polyp survivorship between 
any other DO treatments. We did not observe polyp 
encystment in any of the treatments over the course of 
the 24 d experiment. 

Effects of hypoxia on asexual reproduction 

Stolons were first observed on day 4, and the percent
ages of polyps with stolons increased rapidly between 
days 5 and IO of the 24 d experiment (Fig. I b ). The 
average number of stolons produced per polyp at day 
24 was greatest in the air-saturated control (2.5±0.2 
stolons polyp-I). By contrast, polyps in the 0.5 02 mg 
1-1 treatment produced far fewer stolons per polyp 
(0.3±0.2) than any other treatment at 24 d (Fig. 2a). 
A x 2 test indicated that there were significant rela
tionships between the proportions of polyps producing 
stolons (stolonation) and DO concentration (Table 2). 
x2 pair-wise comparisons demonstrated that propor
tion of polyps stolonating was significantly lower at 24 
din the 0.5 02 mg 1- 1 treatment (25.0%) than in the 
other DO treatments (62.5-83.8%) (Fig. 2c; Table 2). 
In addition, stolonation in the 2.5 mg 1- 1 treatment 
(62.5%) was significantly lower than in the control 
(83.8%). x2 comparisons failed to detect significant 
differences in polyp stolonation between any other DO 
treatments (Table 2). 

The transverse segmentation characteristic of 
strobilating polyps (formation of strobilae discs) was 
first observed on day 8 (Fig. I c ), however, no ephyrae 
were released in any treatment during the experi
ment. The proportions of strobilating polyps increased 
rapidly between days 8 and 11, and more slowly 
thereafter. Results of a x2 analysis indicated signi
ficant relationships between the proportions of polyps 
strobilating at 24 d and DO concentration (Table 2). 
The greatest proportion of polyps strobilating occurred 
in the air-saturated control (82.9%; Figs le and 2d; 
Table 2), which was significantly different from all 
other DO treatments. The proportion of polyps strobil
ating in the 0.5 mg 1- 1 treatment was significantly 
lower (16.7%) than in the 2.5 (42.0%) and 3.5 mg 
02 1- 1 (51.2%) treatments, although the x2 test did 
not detect significant differences from the 1.5 mg 1- 1 

treatment (Table 2). 
The numbers of strobilae discs produced per polyp 

were highest in the air-saturated treatment after 24 
days (5.5±0.4 ), although strobilae were observed in 
all treatments (Fig. 2b). In general, the average num-

ber of strobilae produced per polyp decreased linearly 
with DO concentration (Fig. 2b ). 

Discussion 

Effects of hypoxia on surviv01:\·hip 

Few previous studies have examined the effects of 
hypoxia on benthic cnidarian polyps. Benovic et al. 
( 1987) documented the disappearance of 31 species 
of meroplanktonic hydromedusae from the northern 
Adriatic Sea over a 20-year period and concurrent 
increases in bottom water hypoxic events. They attrib
uted these findings to the inability of benthic hydroids 
to survive hypoxic conditions. 

In Chesapeake Bay, C. quinquecirrha polyps 
primarily occur at depths above 11 m (Cargo & 
Schultz, 1966, 1967), where they generally are ex
posed to favorable DO concentrations (Breitburg, 
1990; Sanford et al., 1990). However, polyps distrib
uted within these high productivity zones may also be 
subjected to short-term fluxes of anoxia (0 mg 1- 1) 

or severe hypoxia ( <0.5 mg 1- 1) through the natural 
seiching of oxygen-depleted bottom waters onto the 
flanks of Chesapeake Bay (Breitburg, 1990). Seich
ing events may persist for as long as 2 days at DO 
concentrations <2 mg 1- 1, and can occur during ap
proximately 40% of the days in the summer. The 
overall frequency of events, time scale and severity of 
hypoxia are dependent upon several physical paramet
ers, including tides and wind strength and direction 
(Breitburg, 1990; Sanford et al., I 990). DO concen
trations also can fluctuate dramatically over relatively 
short time periods (e.g. decrease of 6 mg 1- 1 in only 
4 h). Even at depths as shallow as 4 m, concentrations 
may drop below 0.5 mg 1- 1 and persist for up to 10 h. 

The results of this study suggest that C. quin
quecirrha polyps can survive in moderately hypoxic 
conditions(:::: 1.5 mg 1- 1) for extended periods of time 
(24 d; Fig. I). Furthermore, polyps can persist in 
severe hypoxic conditions (0.5 mg 1- 1) for short peri
ods (5 d), after which survivorship is detrimentally 
affected (Fig. I a). Therefore, our results suggest that 
C. quinquecirrha polyps would be able to survive hyp
oxic seiching events in Chesapeake Bay for periods up 
to 5 d and possibly longer. 

High polyp mortality was observed after prolonged 
exposure to 0.5 and 1.5 mg 02 1- 1 compared with very 
low mortality in the air-saturated control (Fig. 1 a). In 
our experiment, polyps submerged in water of the ap
propriate DO concentration were monitored in open 
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Table 2. C/11ysaom quinquecirdw. Results of Chi-square tests of independence 
between dissolved oxygen concentration (Treatments) and measures of polyp 
survivorship and asexual propagation after 24 din a laboratory experiment. 

Treatments Survival Stolonation Strobilation 

(mgl- 1) x- df p x- df p x- df p 

Overall 53.7 4 *** 20.8 4 *** 52.8 4 *** 
7.0 vs. 3.5 4.6 * 2.1 NS 10.8 *** 
7.0 vs. 2.5 0.6 NS 5.7 * 19.9 *** 
7.0 vs. 1.5 9.2 ** 2.1 NS 31.2 *** 
7.0 vs. 0.5 38.8 *** 17.8 *** 39.5 *** 
3.5 vs. 2.5 0.9 NS 0.2 NS 0.6 NS 

3.5 vs. 1.5 0.2 NS 0.004 NS 2.4 NS 

3.5 vs. 0.5 13.4 *** 6.3 * 8.7 ** 
2.5 vs. 1.5 3.1 NS 0.5 NS 0.3 NS 

2.5 vs. 0.5 23.9 *** 4.6 * 4.8 * 
).5 vs. 0.5 12.3 *** 7.9 ** 3.0 NS 

* =p < 0.05: ** =p < 0.01; *** =p < 0.001: NS= not significant: overall= 
comparisons nmong treatments. 
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Figure 2. Stolonation, strobilation and stolon and strobilae disc formation of Chrysaora quinquecirrha polyps at 24 d versus dissolved oxygen 
concentration: (a) the numbers of stolons produced per polyp (means± SE), (b) the numbers of strobilae produced per polyp (means± SE), 
(e) the proportions of polyps with stolons, and (d) the proportions of polyps undergoing strobilation. 
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glass dishes for up to 15 min 13 times during the 
experiment, which may have allowed oxygen concen
trations to increase slightly. Also, polyps in the 0.5 mg 
02 1- 1 treatment were fed at 1.0 mg 02 1- 1 for I 
h daily. It is possible that these brief exposures to 
slightly higheroxygen conditions allowed some of the 
polyps in the severely hypoxic treatments to survive 
the 24 d exposure. 

Childress & Seibel ( 1998) proposed 3 physiolo
gical adaptations that animals in oceanic oxygen min
imum layers exhibit in order to survive: (I) develop
ment of mechanisms for highly effective removal of 
oxygen from water, (2) reduction in metabolic rates, 
and (3) use of anaerobic metabolism. The tolerance of 
C. quinquecirrlw polyps to potentially fatal DO con
centrations may be due to their ability to use anaerobic 
metabolism. C. quinquecirrha polyps contain the en
zyme phosphoenol pyruvate carboxykinase, which is 
present in many anaerobic pathways (Lin & Zubkoff, 
1977). It is plausible that the polyps can survive short
term hypoxia by utilizing this anaerobic pathway. To 
date, no studies have examined the metabolic rates 
and aerobic capabilities of any scyphozoan polyps un
der oxygen stress. In our study, approximately 40% 
of the polyps survived severely hypoxic conditions 
(0.5 mg 02 1-1; Fig. la). It is doubtful that polyps 
can sustain adequate energy levels through anaerobic 
pathways (glycolysis) in order to survive long-term 
hypoxia (Erik Thuesen, pers. comm.). A more likely 
explanation is that polyps alternate between aerobic 
and anaerobic metabolism during prolonged expos
ure to hypoxia, as do several related medusan species 
(Thuesen & Childress, 1994; Childress & Seibel, 
1998). 

The ability of polyps to form dormant cysts when 
conditions are unfavorable is an important survival 
strategy of C. quinquecirrha (Cargo & Schultz, I 966, 
1967; Cargo & Rabenold, 1980). For example, C. 
quinquecirrha polyps often form cysts in response to 
seasonal changes in temperature and salinity. Laborat
ory experiments showed encystment at extreme tem
peratures (:::3 °C and :::34 °C) and salinities of 5, with 
incipient encystment at :::30 (Cargo & Schultz, 1967). 
It was surprising that we did not observe encystment of 
polyps in even the most severe treatment (0.5 mg 02 
1- 1). Cargo & Schultz (1966) induced polyp encyst
ment in aquaria "by causing an oxygen-depleted situ
ation associated with some hydrogen sulfide, in which 
the polyps formed cysts within a few weeks". The au
thors did not present data relating to temperature, sa
linity or DO during those observations. Consequently, 

it is difficult to compare our results with theirs, how
ever, anoxia and hydrogen sulfide did not occur in 
our treatments. Encystment probably is a metabolic
ally demanding process, and is not quickly reversible. 
Therefore, encystment most likely is used to sur
vive long-term (i.e. seasonal) changes, not short-term 
environmental fluctuations (i.e. periodic exposure to 
hypoxia). Since polyps in Chesapeake Bay probably 
only experience short-term reductions in DO on the 
scale of days (see Breitburg, 1990), low DO may 
not provide a stimulus for C. quinquecirrha polyps to 
encyst. 

Effects of hypoxia on asexual repmduction 

It is remarkable that C. quinquecirrha polyps not only 
survived, but also began asexual reproduction during 
prolonged exposure to severe hypoxia. Several stud
ies have demonstrated that unfavorable environmental 
conditions, such as decreases in water temperature, 
high or low salinity ( <7 and >25 %0), and physical 
disturbance, can negatively affect asexual propagation 
of C. quinquecirrha polyps (Cargo & Schultz, 1966, 
1967; Calder, 1974; Cargo & Rabenold, 1980; Purcell 
et al., 1999). Temperature also affects strobilation of 
other semaeostome species (e.g. Spangenberg, 1968; 
Grondahl & Hernroth, 1987; Grondahl, 1988). Our 
study showed that prolonged exposure of polyps to 
low DO concentrations also reduces strobilation and 
stolon formation, however, this is dependent on the 
severity of hypoxia and length of exposure (Figs. I b
e and 2 ). A general decreasing trend was observed 
from the high (air-saturated) to low (0.5 mg 1- 1) DO 
concentrations with respect to stolon and strobilae pro
duction per polyp, as well as the proportion of polyps 
undergoing strobilation. As a result of suppression 
of polyp asexual reproduction, hypoxia could directly 
reduce C. quinquecirrha medusae populations within 
Chesapeake Bay. 

Despite their essential role in the life cycle of 
jellyfish, benthic polyps of scyphozoans have received 
little attention. In order to gain greater insights into 
the causes of jellyfish blooms, further research is re
quired on the ecological, behavioral and physiological 
responses of polyps to environmental factors. 
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Abstract 

Fisheries resource trawl survey data from the National Marine Fisheries Service from a 11-13-year period to 
1997 were examined to quantify numerical and distributional changes of two species of northern Gulf of Mexico 
scyphomedusae: the Atlantic sea nettle, Chrysaora quinquecirrha (Desor), and the moon jelly, Aurelia aurita 
(Linne). Trawl surveys were grouped into IO statistical regions from Mobile Bay, Alabama to the southern extent 
of Texas, and extended seaward to the shelf break. Records of summertime C. quinquecirrha medusa populations 
show both an overall numerical increase and a distributional expansion away from shore in the down-stream 
productivity field of two major river system outflows: Mobile Bay and the Mississippi-Atchafalaya Rivers. In 
addition, there is a significant overlap between summer C. quinquecirrha and lower water column hypoxia on the 
Louisiana shelf. In trawl surveys from the fall, A. aurita medusae showed significant trends of numerical increase in 
over half of the regions analyzed. For both species, there were statistical regions of no significant change, but there 
were no regions that showed significant decrease in number or distribution. The relationships between natural 
and human-induced (e.g. coastal eutrophication, fishing activity and hard substrate supplementation) ecosystem 
modifications are very complex in the Gulf of Mexico, and the potential impact of increased jellyfish populations 
in one of North America's most valuable fishing grounds is a most critical issue. Several hypotheses are developed 
and discussed to guide future research efforts in the Gulf of Mexico. 

Introduction 

The role of jellyfish in long-term ecosystem change 
is receiving increased attention. A number of mar
ine ecosystems, identified by Mills (200 I ) have either 
documented or suspected cases of long-term eco
logical variations that involve jellyfish populations. 
However, systematically collected, long-term data
sets involving jellyfish numbers or biomass are rare. 
Among the notable cases where ecological change is 
best documented with respect to jellyfish are the Black 
and Azov Seas (Kideys, 1994; Kovalev & Piontkovski, 
1998; Shiganova, 1998; Purcell et al., 200 l ), the Ber
ing Sea (Brodeur et al., 1999) and the Mediterranean 
Sea (Goy et al., 1989). 

Increased jellyfish production in marine ecosys
tems is perhaps a symptom of larger ecosystem de
gradation due to coastal eutrophication and over
fishing (Caddy, 1993; Mills, 1995). During 'bloom' 
events, jellyfish are capable of exerting considerable 
control over the flow of energy and nutrients through 
the ecosystem due to extremely high consumption 
rates (Purcell, 1989, 1992, 1997). As such, coastal 
seas with a high degree of susceptibility to eutrophic
ation and with high fisheries yields should be closely 
watched for similar ecological change. Yet, again, the 
availability of existing long-term data-sets involving 
jellyfish numbers is rare. 

The northern Gulf of Mexico continental shelf is 
among the most productive and highly fished regions 
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of North America. Pulsed delivery of nutrients to the 
Gulf of Mexico through the Mississippi River Delta 
and numerous other river-dominated estuaries of the 
northern Gulf account for a cumulative regional estu
arine surface area of 30 000 km2. The drainage area 
emptying into the Gulf of Mexico is over 4 mil
lion km2 or approximately 55% of the conterminous 
United States with the Mississippi River and Mo
bile Bay estuary discharging the I st and 4th largest 
volumes, respectively. To complicate ecological vari
ations, the Gulf of Mexico yields about 1/3 of the 
total United States fishery production and supports the 
largest fishery by volume in North America in the 
planktivorous Gulf Menhaden, Brevoortia patronus. 

Fluvial discharge of nutrients directly onto the 
shelf is responsible for the high production rates 
(Lohrenz et al., 1997). Rivers and estuaries of the 
northern Gulf of Mexico, from the Florida panhandle 
to southern Texas (Fig. 1 ), discharge the greatest 
volume of water during winter and spring months. 
Low estuarine residence times due to high freshwater 
discharge and typically shallow estuarine geomorpho
logy rapidly displace nutrients and production out onto 
the shelf (Pennock et al., 1999). The greatest sea
sonal primary production rates in the northern Gulf of 
Mexico are associated with the Mississippi-Atchafalya 
River system and Mobile Bay estuary outflows; pro
ductivity rates are depressed accordingly with the 
lower-discharge estuaries of Texas (reviewed in Pen
nock et al., 1999). Zooplankton grazing and secondary 
production are intense at the coastal transition zone 
(Dagg & Whitledge, 1991; Dagg, I 995; Ortner & 
Dagg, 1995) and trophic transfer of this energy to 
fish is highly coupled to estuarine delivery in the Gulf 
(Deegan et al., 1986). The alternate pathway of en
ergy to gelatinous zooplankton predators has thus far 
received little, if any, attention. 

The historical lack of interest in the ecological role 
of jellyfish is surprising. The Gulf of Mexico supports 
among the greatest diversity of pelagic cnidarians in 
the world. Over 115 epipelagic species were listed 
by Phillips ( 1971) including 16 species of Scypho
zoa and Cubozoa. Given that Phillips' ( 1971) synopsis 
is nearly 30 years old and lacks deep-water inform
ation, certainly this number severely under-estimates 
the real diversity. Given such diversity and potential 
importance of jellyfish in this very productive sys
tem, long-term data on jellyfish variations are crucial 
for realizing current or future ecological changes as 
identified by Caddy (1993) and Mills (1995). 

The goal of the present study is to analyze more 
than IO years of data from large-scale trawling efforts 
in the northern Gulf of Mexico. These fishery resource 
survey data will be used to assess long-term vari
ations in two important jellyfish species: the Atlantic 
sea nettle, Chrysaora quinquecirrha (Desor), and the 
moon jellyfish, Aurelia aurita (Linne). Similar ana
lyses of fisheries trawl data have been used previously 
to identify long-term changes of jellyfish populations 
in the Bering Sea (Brodeur et al., 1999). 

Methods 

SEAMAP trawl data-set 

The data presented in this analysis are from the United 
States National Marine Fisheries Service (NMFS) 
Southeast Area Monitoring and Assessment Program 
(SEAMAP) managed through the Southeast Fisheries 
Science Center in St. Petersburg, Florida. The spe
cific subset of data used for this study were collected 
as part of the twice-yearly shrimp/groundfish surveys 
from 1985 to 1997 in the northern Gulf of Mexico 
between Mobile Bay, Alabama and the southern bor
der of Texas. Though SEAMAP shrimp/groundfish 
surveys were initiated in 1982, I have omitted 1982-
1984 entirely from analysis because of inconsistent 
coverage. 

The SEAMAP shrimp/groundfish survey protocol 
is detailed in Stuntz et al. ( 1985). In summary, surveys 
over the entire sampling area were divided into 11 stat
istical regions. Only NMFS designated regions 11 and 
13 through 21 were used; regions 1-10 east of this area 
did not have shrimp/groundfish survey data, and re
gion 12 was only occasionally surveyed. Surveys were 
conducted twice-annually: once in the summer (May
July) and once in the fall (October-November). Trawl 
sites (typically 30-50 trawls per statistical region per 
survey) were randomly located within each region in 
5 depth strata. The location of stations within depth 
strata caused sampling frequency to be higher near the 
coast but consistent between regions and years. An 
example of station density and arrangement (for fall 
1991) is given in Figure I. A preliminary analysis of 
variance was petformed as a check on the randomness 
of distribution within and between statistical regions 
and depth strata in order to avoid errors in the inter
pretation of the data. Because of this, I eliminated 
statistical region 12 entirely from the study, and the 
years l 985-1986 from analysis of the summer trawls. 



99 

(':' 

\ 
'·, 
\ 
\ 

Alabama / ___ _ 
., 

.. 
'"': 

~ ·, 

~~--= 
.:... . 

Figure I. Map of study region in the northern Gulf of Mexico. Boxes indicate JO statistical regions of the SEAMAP sampling program. Points 
within the boxes arc an example of station distribution for a single trawl series in the Fall of 1991 (446 stations). The 20 m and 40 m isobaths 
are indicated with heavy lines. 

Table I. Summary of SEAMAP trawls conducted in the northern 
Gulf of Mexico from 1985 to 1997. Chrysaom q11i11q11edrrha me
dusae were analyzed only from summer trawls and Aurelia aurita 
medusae were analyzed from fall trawls 

Year No. Trawls Collected 

Summer Fall 

1985 404 

1986 236 

1987 615 365 

1988 500 701 

1989 359 631 

1990 432 451 

1991 433 446 

1992 420 364 

1993 454 402 

1994 483 380 

1995 363 337 

1996 388 438 

1997 365 377 

Total 4812 5532 

I limited the present study to the two species of 
scyphomedusae that are most abundant and widely 
distributed throughout the northern Gulf of Mexico. In 
addition to their prevalence. both species also reach 

sizes large enough to be captured in the trawl net
ting, and they are hardy enough to be retained without 
so much damage that they are unrecognizable or un
countable. Chrysaora quinquecirrha medusae occur 
during summer months in the Gulf of Mexico with 
peak abundance usually in June-July (Burke, 1975, 
1976). Some reporting of 'Dactylometra quinquecir
rha' from Texas regions has been combined with the 
C. quinquecirrha since these are widely considered 
to be the same species. Aurelia aurita medusae occur 
during the fall months with peak abundance usually in 
October-November (Burke, 1975, 1976). Therefore, 
analysis of C. quinquecirrha is limited to the summer 
surveys (l 987-1997) and A. aurita is limited to fall 
surveys ( 1985-1997). As seen in the trawl summary of 
Table 1, over 10 000 individual trawls were included in 
the present analysis. 

Numerical trawl data are reported here as a stand
ardized catch. Other studies have used indexed trawl 
data in this fashion (Brodeur et al., 1999), and a stand
ardized trawl allows for sufficient comparison between 
years and between regions even if some differences in 
gear or vessels existed. Most collections were made 
with a standard 12 m wide shrimp trawl for a max
imum 60 min tow. In some nearshore cases, a 5 m 
wide trawl was used; these data have been standard-
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ized to a 12 m swath. All data were standardized 
to a 60 min trawl. The trawl and cod-end mesh was 
nominally 2.5 cm (fully stretched). Since, the typical 
size of Chrysaora quinquecirrha medusae during mid
summer is about IO cm and Aurelia aurita medusae 
is 35-40 cm (Phillips, 1971 ), it is assumed that at 
least individuals larger than 5 cm of both species were 
retained in the trawl. 

Numerical recording of all by-catch by taxon has 
been consistent during the SEAMAP surveys, how
ever, the trawls were conducted for the purpose of 
collecting shrimp and groundfish on the sea floor. 
Therefore, collections of jellyfish and other water 
column fauna should be viewed with some degree 
of caution, since they were not target species. The 
expectation here is that the large number of trawls 
collected over a long period of time will allow a ro
bust view of changes in numbers and distributions of 
jellyfish. Also, the jellyfish data reflect an integrated 
sample of the entire water column. As such, they must 
be interpreted as an integrated or areal concentration 
of jellyfish rather than as a volumetric concentration. 
Some biomass and length data are available for jelly
fish collected in trawls, but these are not consistent 
over the same time frame, and I chose to omit them 
from this analysis. 

Dissolved oxygen records from the SEAMAP 
database also were used in the present analysis. Water 
samples from the lower water column were collected 
by NMFS scientists using Niskin-type bottle samplers. 
Dissolved oxygen was measured either by polaro
graphic oxygen probe or by Winkler titration. Oxygen 
probes were calibrated by the air saturation technique 
prior to each cruise. Specific sampling technique de
pended on participating institutional resources, how
ever, measurements were primarily made with YSI 
Oxygen Probes. 

Analytical considerations 

The standardized catch data used to derive means and 
standard deviations presented in Figures 2 and 3 were 
not conducive to traditional parametric analyses des
pite attempts to normalize the data through various 
transformations. In order to test whether variations 
in jellyfish populations increased or decreased with 
time, an alternative non-parametric Spearman rank
order analysis was employed. This was accomplished 
by using the regionally averaged standard catch data 
presented in Figures 2 and 3 and then testing whether 

those average catches tended to increase or decrease 
with sample year. 

Variations of jellyfish distribution within a statist
ical region were determined as changes in frequency 
in all trawls within a region that recorded either 
Chry.mora quinquecirrha or Aurelia aurita. Change in 
distribution in the cross-shelf direction is an import
ant consideration for determining whether numerical 
changes of jellyfish reflect increased local abundance 
or whether there has been a distributional expansion 
across the shelf. Expansion of the population's dis
tribution from shore was determined by frequency of 
species occurrence in trawls from stations in less than 
20 m total water depth or greater than 20 m water 
depth. 

Results 

Variations in jellyfish numbers 

Time-series of jellyfish catches in summer ( Chrysaora 
quinquecirrha) and fall (Aurelia aurita) are plotted as 
regional averages each year (Figs 2 and 3). Qualitat
ively, and independent of longer trends, the magnitude 
of year-to-year variations in regional A. aurita density 
was greater than that of C. quinquecirrha variations. 
Log-transformed data in Figures 2 and 3 are used to 
resolve better the long-term trends. Variations in re
gional A. aurita densities between consecutive years 
frequently vary by as much as an order of magnitude; 
similar magnitude variations in C. quinquecirrha were 
less frequent. It is apparent that differences in number 
and pattern are not consistent across statistical regions 
within or between species. It is important, therefore. to 
separate statistically those regions that exhibit consist
ent long-term changes from those regions that simply 
have large year-to-year variations. 

Only regions 15 and 16 experienced statistically 
significant long-term ( defined as the entire period of 
study) numerical increase of Chrysaora quinquecirrha 
(rank order test, p <0.05). Proximity of regions 15 and 
16 suggests that this increase may have been over a 
larger, contiguous area of the Louisiana shelf of the 
northern Gulf of Mexico. In regions 15 and 16, C. 
quinquecirrlw medusae were absent prior to 1992, but 
between I 992 and 1997, they increased numerically 
by as much as 2 orders of magnitude. 

Despite lack of significance in the long-term trend 
in other regions, a particularly interesting numerical 
jump in C/11:v:wora quinquecirrha also occurred at 
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Figure 2. Standardized catch of C/11:rsaora q11i11q11ecirrlw from summer SEAMAP trawl samples. 1987-1997, in each statistical region 
identified in Figure I. Solid lines represent the mean catch; the dashed line represents one standard deviation above the mean. An asterisk 
beside the region number(*) indicntcs signilicant increase with time at p<0.05. Standardized catch reflects a 60 minute trawl using a 12 m 
wide trawl. 
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Figure 3. Standardized catch of Aurelia aurita from fall SEAM AP trawl samples, 1987-1997, in each statistical region identified in Figure I. 

All else as in Figure 2. 



regions 11, 13 and 14 in the northern Gulf (Fig. 2). Re
gion 11 at the eastern extent of the study area showed a 
dramatic increase by two orders of magnitude in 1992, 
yet only a statistically marginal long-term increase in 
this species with time (rank order analysis, p = 0.055). 
However, in region 11, this transition marked a period 
when C. quinquecirrha densities remained consist
ently higher than pre-1992 numbers (Fig. 2). Region 
13, near the outflow of the Mississippi river, recorded 
C. quinquecirrha only in I 992. This species was not 
recorded in Region 14 from 1987 to 1991, however, 
their appearance in 1992 in region 14 marked a 5 year 
period of presence. Significant trends of C. quinque
cirrha densities did not occur to the west of region 16 
on the Texas shelf. With the exception of region 21 
at the southwestern extent of the study area, C. quin
quecirrha was usually present in varying abundance 
in all years (Fig. 2). The apparent cycling of medu
sae of this species in regions 19 and 20 (and possibly 
21) is note-worthy and seems consistent among these 
adjacent regions, but independent of variations in any 
other region. 

Significant trends of numerical Aurelia aurita in
crease occurred in 6 of the 10 statistical regions 
(Fig. 3). Regions 13, 14 and 16 on the Louisiana 
shelf showed a 5-10-fold increase A. aurita densities 
between the mid 1980s and the mid 1990s; in fact, the 
species was virtually absent over much of the study 
area in the 1980s compared with densities of the mid
l 990s. Toward the Texas shelf, regions 17, 18 and 20 
each showed nearly a two order of magnitude increase 
from 1985 to 1986 numbers by 1997. Particularly in
teresting features across most of the study area were 
consistent depressions in A. aurita densities in 1988 
and 1994 across the study area. 

Distribution shifts 

Variations in the distribution of summer Chrysaora 
quinquecirrha and fall Aurelia aurita medusae are 
presented in Figures 4 and 5. The data in these figures 
are summarized into three trawl-depth categories (0-
20 m, 20-40 m and >40 m) in order to resolve the 
extent that a population occurs offshore in comparison 
with isobaths (Fig. 1 ). Table 2 summarizes results of 
the rank order test of whether frequency of occurrence 
tends to increase (or decrease) with time either within 
the entire statistical region or as changes in frequency 
of occurrence in <20 m or >20 m deep trawl stations. 
In Table 2, increased frequency of occurrence in the 
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> 20 m trawl stations is assumed to represent offshore 
expansion of the population. 

Overall, Chrysaora quinquecirrha medusae exhib
ited a trend toward increased distribution offshore in 4 
of the l O statistical regions, which is in contrast to the 
numerical increases in only 2 regions. Between 1987 
and 1992 in regions 11-16 (Alabama-Louisiana), C. 
quinquecirrha occurred only rarely and was never re
corded at stations seaward of the 20 m isobath (Fig. 
4 ). In 1992, however, frequency of C. quinquecirrha 
occurrence in trawl collections increased markedly at 
both inshore and offshore stations on the Alabama
Louisiana shelf. For C. quinquecirrha, distributional 
expansion with time was significant throughout re
gions 11, 15 and I 6 (Table 2). By 1997, C. quinque
cirrha were recovered from 20 to 25% of all trawl 
stations in regions 11, 15 and 16; 40-75% of these 
stations were seaward of the 20 m isobath. Interest
ingly, although few C. quinquecirrha were recovered 
in region 13 during 1992, they occurred in more than 
30% of all trawl stations in that region (Fig. 4 ). To the 
west of region 16 (i.e. the Texas shelf), the only off
shore shift of C. quinquecirrha was in region 17, but 
this did not resull in an overall increase in frequency 
of occurrence (Table 2). Chrysaora quinquecirrha was 
widely distributed among stations within all statistical 
regions on the Texas shelf during all years with the 
exception of region 21. 

Significant shifts toward offshore distribution of 
Aurelia aurita medusae occurred in only 3 of the 10 
statistical regions, which contrasts with numerical in
creases in 6 of the regions. Since the study began in 
1985, A. aurita has been widely distributed across the 
study area (Fig. 5). Significant trends of increased 
catch frequency of A. aurita occurred from the mouth 
of the Mississippi river to the northeastern Texas coast 
(regions 13, 15-18). In these five regions, the mag
nitude of increased frequency of A. aurita occurrence 
ranged from 2-fold to more than IO-fold between 1985 
and 1997. The majority of this increase in overall 
frequency with time can be explained by increased 
frequency of occurrence at stations inshore of the 20 
m isobath (i.e. no offshore expansion of A. aurita dis
tribution, Table 2). However, significant expansion of 
the A. aurita distribution away from shore occurred in 
regions 14, 16 and 17 on the Louisiana she If. 
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FiK1tre 4. Variations in frequency of occurrence of Chrysaora q11i11q11ecirrha in summer SEAMAP trawl collections. 1987-1997 at stations 
<20 m, 20-40 m and >40 m depth. Depth bins are used as surrogates of distance from shore: refer to Figure I for the location of the 20 m and 
40 m isobaths within the study regions. 

Relationship between summer hypoxia and Chrysaora 
quinquecirrha distribution 

The relationship between summer hypoxia and sum
mertime occurrence of Chrysaora quinquecirrha me
dusae was explored in Regions 15 and 16 only since 
these regions have experienced the most consistent 
change in both distribution and in numbers of this spe-

cies. The extent of summertime hypoxia (stations with 
bottom water dissolved oxygen below 2 mg 1- 1) in 
the northern Gulf of Mexico over the period of study 
is represented in Figures 6 and 7. Figure 6 presents 
the spatial contrast in hypoxia distribution between 
the years 1987 and 1997. By 1997, hypoxic bottom 
waters had extended to a band across the Louisiana 
shelf, which coincides with statistical regions 13--17. 
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FiJ.:ure 5. Variations in frequency of occurrence of Aurelia aurita in summer SEAMAP trawl collections. 1985-1997 at stations <20 m, 
20-40 m and >40 m depth. Depth bins are used as surrogates of distance from shore: refer to Figure I for the location of the 20 m and 40 m 
isobaths within the study regions. 

Additional patches of hypoxic waters occurred off the 
Texas and Alabama coasts but were not as extensive as 
hypoxia on the Louisiana shelf. Though both hypoxia 
and C. quinquecirrha increased in frequency with time 
during the study period, there is no significant correla
tion between frequency of occurrence of hypoxia and 
of this species. 

Despite the lack of a temporal relationship, there 
was substantial spatial overlap between hypoxia and 
the Chrysaora quinquecirrha medusa distribution on 
the Louisiana shelf. Mean bottom water oxygen con
centration was compared between stations that did and 
stations that did not record C. quinquecirrha in trawls. 
Over all years, stations that recorded this species in 
regions 15 and 16 had significantly lower dissolved 
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Table 2. Summary of the results of Spearman rank-order analysis of jellyfish distributional shift. Data arc presented for the statistical regions 
identified in Figure I. Significance within a statistical region indicates that there was a trend toward increased frequency of occurrence 
with time at stations within or seaward of the 20 m isobath, or over the entire region (overall). 1987-1997 for Chry.mora quinquecirrha; 
1985-1997 for Aurelia aurilll. (* = p <0.05; ** = p <0.0 I: * ** = p <0.00 I; ns = not significant) 
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Figure 6. Distribution of hypoxic bottom waters in summers of 
1987 and in 1997. Solid circles represent stations where dis
solved oxygen concentrations were measured below 2 mg 1- 1: 'x' 
represents stations where oxygen was measured above 2 mg 1- 1• 

oxygen in the lower water column (Student's T-test, 
t = -4.287,p <0.001) (Fig. 8). 
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Figure 7. Variations in the frequency of occurrence of hypoxia and 
summer Chry.mora quinquecirrha catch in SEAMAP trawls (as per
centage of all stations sampled) in Statistical Regions 15 and 16 
only. 

Discussion 

The fisheries resource survey data used in this study 
show significant increasing trends in the number and 
distribution of jellyfish within the northern and north
western Gulf of Mexico over the past 11-13 years. 
However, these numerical and distributional trends 
were neither uniform nor consistent between regions 
and species. Changes in summer Chrysaora quinque
cirrha medusae tended to be more in distribution than 
in abundance, whereas trends involving fall Aurelia 
aurita medusae tended towards increased numbers, 
but with little distributional change. Both numer
ical and distributional changes occurred in the north
ern Gulf of Mexico, within regions 14-17 on the 
Louisiana shelf. C/11ysaora quinquecirrha showed the 
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greatest change in regions 15 and 16, and A. c111r

ita showed the greatest change in regions 14, 16 and 
17. As such, the following discussion emphasizes the 
changes that have occurred on the Louisiana shelf. 

Long-term ecosystem change that favors jellyfish 
has been the focus of recent discussion since increased 
jellyfish production may be symptomatic of degraded 
ecosystem health (Caddy, 1993; Mills, 1995, 200 I; 
Pauly et al., 1998). While changes in Gulf of Mex
ico jellyfish populations over the past 11-13 years are 
unequivocal, whether these changes reflect a degraded 
ecosystem remains to be determined through future re
search. As a foundation for future jellyfish research in 
the Gulf of Mexico, it is instructive to discuss several 
key hypotheses that might individually or collectively 
explain the long-term trends identified in this paper. 

Increased trophic transfer to jell):fish: effects of 
coastal eutrophication and ove,fishing 

Numerical increases of jellyfish as a function of in
creased trophic transfer can result from independ
ent effects of overfishing or eutrophication (Legovic, 
1987) or from their combined, synergistic effects 
(Caddy, 1993). This has happened in the Black Sea 
where combined effects of eutrophication and severe 
overfishing, working in concert with species inva
sions and altered hydrology, have led to an increase 
in the zooplanktivorous ctenophore Mnemiopsis /eidyi 
(A. Agassiz) (in Kideys, 1994; Shiganova, 1998). 
Semi-enclosed seas like the Black Sea are understand-
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ably more sensitive to the effects of eutrophication 
and overfishing (Caddy, 1993 ). By contrast, the size 
of the Gulf of Mexico and openness of its north
ern shelf waters to exchange makes eutrophication, at 
least superficially, a dubious explanation for increased 
jellyfish production. 

Very large rivers like the Mississippi-Atchafa1aya 
River system, which alone discharges about 90% of 
the Gulf's freshwater input, can in fact regulate pro
duction rates and patterns on the shelf (Lohrenz et al., 
1997). The Mississippi River, like most Gulf estuaries, 
has greatest discharge rates of freshwater and nutri
ents during winter and spring and lowest discharge 
by late summer and fall (Lohrenz et a1., 1997). Light 
limitation due to turbidity is responsible for a lag in 
primary production away from the river mouth (Ran
dall & Day, 1987; Lohrenz et al., 1990). Peak nutrient 
utilization by phytoplankton (Lohrenz et al., 1990) and 
subsequent secondary production (Dagg, 1995; Ortner 
& Dagg, I 995) occurs well downstream of the dis
charge point. This is typically toward the west along 
the Louisiana shelf (Wiseman & Gurvine, 1995). Al
though rapid utilization of nutrients probably occurs 
within 100 km (Nelson & Dortch, 1996) once suspen
ded sediments are removed through settling (Lohrenz 
et al., 1990), decoupled downstream (i.e. westward) 
effects will continue due to the high organic load 
carried by the coastal current. 

The combined effects of high nutrient loading and 
retention of productive water on the shelf to the west of 
the river mouth makes the Louisiana shelf susceptible 
to the ecological effects of eutrophication typically ex
perienced by semi-enclosed seas. Moreover, the high 
volume of freshwater and nutrient discharge coupled 
with the low residence time of nutrients within shallow 
Gulf estuaries makes the shelf ecosystem particularly 
sensitive to long-term land-use changes (Bricker & 
Stevenson, 1996; Pennock et al., 1999). In the Mis
sissippi River, nutrient concentrations have more than 
doubled in four decades (Bratkovich ct al., 1994; 
Turner & Rabalais, 1994) corresponding with a long
term production increase on the shelf (Walsh et al., 
1989; Mi.iller-Karger et al., 1991; Eadie et al., 1994; 
Turner & Rabalais, 1994; Rabalais et al., 1996). 

An indirect effect of eutrophication on jellyfish 
ecology is the seasonal development of hypoxia in 
the northern Gulf of Mexico. Hypoxic waters with 
dissolved oxygen concentrations < 2 mg 1- 1 appear 
to favour the distribution of jellies through enhanced 
ecological interactions with other organisms. These 
interactions can be manifested as increased jellyfish 
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predation rates (Breitburg et al., 1999) and reduced 
competition or predation with less hypoxia-tolerant 
species (reviewed in Purcell et al., 200 I). Severe sum
mertime hypoxia in the northern Gulf of Mexico may 
explain, in part, the success of Chry.mora quinque
cirrha on the Louisiana shelf. Hypoxic bottom waters 
on the Louisiana shelf are a result of seasonally high 
organic loading via particle sinking and high stratifica
tion suppressing deep-water oxygenation (Justic et al., 
1993). 

The relationship between Chrysaora quinquecir
rha and reduced oxygen concentration is not clear 
(Figs 7 and 8). This species overlaps extensively with 
hypoxic waters, yet there is no significant relationship 
between occurrence of hypoxia and its occurrence. It 
could be concluded, then, that while hypoxia does 
not appear to cause distribution shifts of C. quinque
cirrha, hypoxia potentially creates an advantageous 
environment promoting its success on the Louisiana 
shelf. 

The potential interaction between overfishing and 
jellyfish populations in the Gulf of Mexico is less 
clear than for coastal eutrophication, and these two ef
fects may be difficult to separate. The Gulf of Mexico 
supports among the highest regional fisheries produc
tion in North America due to nutrient inputs through 
Gulf estuaries (Deegan et al., 1986). This includes the 
largest fishery by volume in Gulf menhaden, which 
has production cycles mediated by nutrient inputs 
from the Mississippi River (Warlen, 1988). Despite 
the heavy fishing pressure placed on Gulf menhaden, 
which may be a zooplanktivorous competitor of jelly
fish in the northern Gulf of Mexico, there has been 
no formal stock assessment to indicate that Gulf men
haden are overfished (R. Shipp, pers. comm.). Thus, 
it is not possible in this case to attribute fish removal 
alone as a cause of enhanced trophic transfer to jelly
fish populations as has been suggested by Pauly et al. 
( 1998). Certainly, this is an area of intense interest 
for future research in the Gulf of Mexico since fishing 
effects are so pervasive to jellyfish dynamics in other 
ecosystems (Caddy, 1993; Pauly et al., 1998; Purcell 
& Arai, 200 I) and may explain, in part, increased 
jellyfish biomass in other 'open' ecosystems like the 
Bering Sea (Brodeur et al., 1999). 

Expansion of benthic polyp populations 

Changes in medusa populations and distribution in 
the northern Gulf of Mexico may alternatively re
flect a change in the distribution or production of 

benthic polyp stages. While both Cluysaora quinque
cirrha and Aurelia aurita have polyp stages that are 
dependent on hard substrate, it cannot be concluded 
that local presence of adult medusae reflects local 
polyp populations. One enigmatic characteristic of C. 
qui11quecirrha in the vicinity of Mobile Bay and the 
Mississippi Sound is that large, mature medusac ar
rive in large numbers despite the lack of scyphopolyp 
populations or the occurrence of ephyrae and young 
medusae in the region (Burke, 1975: Johnson et al., 
200 l; Graham, unpublished data). 

The location of Chrysaora quinquecirrha and 
Aurelia aurita polyp populations remains speculative 
in the absence of basin-wide benthic surveys; how
ever, a great deal of hard substrate exists on the Gulf 
of Mexico shelf. This includes both contemporary and 
ancient natural oyster reef, which Johnson et al. (2001) 
suspect as the source, and artificially placed structures 
such as fixed oil and gas production rigs and artifi
cial reefs. While natural hard substrate has likely re
mained relatively constant over ecological time scales, 
artificial substrate has increased dramatically in re
cent decades. On the continental shelf between Texas 
and Alabama, there are currently about 6000 operat
ing and discontinued oil and gas structures. Most of 
these structures extend from the seafloor to sea-surface 
such that polyp populations could thrive in appropri
ate physical and chemical conditions within the water 
column (e.g. away from deleterious effects of low dis
solved oxygen: Condon et al., 200 I). Interestingly, 
the greatest density of oil and gas structures occurs 
on the Louisiana shelf between statistical regions 13-
17 (Fig. I), which coincidentally are the regions of 
consistent numerical and distributional change for C. 
quinquecirrha and A. aurita medusae. 

Long-tenn climate variations 

The 11-13-year changes documented in this study 
might be a reflection of longer period climate vari
ations. Climate oscillations such as the El Nino South
ern Oscillation (ENSO) and the North Atlantic Oscil
lation (NAO) force large-scale variations in the hydro
logical cycle of North America, and consequently the 
rate of discharge of freshwater and nutrients into the 
northern Gulf of Mexico. Large-scale climate fluctu
ations may serve as a major source of the interannual 
variability in jellyfish populations of the Gulf of Mex
ico as has been identified in the Bering Sea (Brodeur 
et al., 1999) and in Narragansett Bay, Rhode Island 
(Sullivan et al., 200 I). 



The years 1992 and 1993 serve as an example 
of how jellyfish populations respond to hydrological 
changes. In 1992, an unusually dry winter-spring 
over the eastern half of the United States dramatic
ally decreased freshwater discharge, and subsequently 
depressed salinity proximal to the Mississippi River 
and Mobile Bay estuary (Lohrenz et al., 1997; Pen
nock et al., 1999). Consequently, very high primary 
production occurred close to the discharge point of 
the Mississippi River (Prasad et al., 1995; Lohrenz et 
al., 1997). Locally increased primary production and 
salinities likely allowed the incursion of large num
bers of Chrysaora quinquecirrha into regions 13 and 
14, a distribution much closer to the Mississippi River 
discharge than observed in other non-drought years. 
In Chesapeake Bay, production of ephyrae from the 
polyp stage is enhanced by food, and is also very 
sensitive to salinity regime (Purcell et al., 1999). 

By contrast, by mid-late summer 1993, the Mis
sissippi River experienced record flooding as a result 
of 'El Nino' -induced weather patterns. The excessive 
input of freshwater and nutrients onto the Louisiana 
shelf during the summer 1993 led to the most extens
ive hypoxic zone recorded on the shelf in 1993 with 
effects that carried into 1994 (Rabalais et al., 1998). 
Depressions in the number and distribution of summer 
Chrysaora quinquecirrha occurred during the height 
of the flooding on the Louisiana shelf (Figs 2 and 
4). Fall Aurelia aurita numbers and distributions were 
consistently reduced only in 1994, a 1 year lag behind 
the flood. This might suggest that perhaps the flood 
impacted polyp habitat more than it impacted exist
ing medusa populations. Purcell et al. ( 1999) have 
shown experimentally that success of C. quinquecir
rha polyps is strongly tied to salinity regime. Since 
climate variations occur at decadal scales or longer, 
I cannot at this point resolve their relevance to pop
ulation changes experienced in the past 11-13 years. 
Climate variations may also play a key role in Gulf 
circulation such as spin-off eddies from the tropical 
Loop Current, which may be critical in advection of 
medusae from their origin to adult nearshore habitats 
(e.g. Johnson et al., 200 I). Loop Current spin-offed
dies have been implicated in the transport of sporadic 
tropical cubomedusae (Graham, 1998) and large num
bers of the rhizostome medusa, Phyllorhiza punctata 
von Lendenfeld in 2000 (Graham, unpublished data). 

Another source of long-term variability is hur
ricane activity. The depression in Aurelia aurita num
bers and distribution in fall l 988 across the western 
and northwestern Gulf of Mexico was likely a con-
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sequence of flooding due to the passage of two major 
hurricanes. Hurricane Florence landed on the Missis
sippi River delta in early September 1988 and Hur
ricane Gilbert - one of the strongest Atlantic storms 
in recorded history - made landfall 2 weeks later in 
northern Mexico and traveled over southern and cent
ral Texas causing widespread flooding. The sudden 
flooding by these two storms most likely resulted in 
depressed coastal salinities, primary production and 
trophic transfer to jellyfish. 

Future trends in jellyfish populations of the northern 
Gulf of Mexico 

What might be the long-term prognosis for jellyfish 
population changes across the northern Gulf of Mex
ico? Given our current understanding of how jelly
fish populations function in coastal ecosystems, this 
question is probably best addressed in the context of 
nutrient loading to the shelf from large river systems. 
Additional nutrient loadings to the Gulf of Mexico 
shelf could enhance jellyfish populations if loading led 
to increased secondary production on the shelf and, 
perhaps, to increased distribution and magnitude of 
hypoxia. Inputs of new dissolved nutrients into the 
northern Gulf of Mexico are linked to the hydrological 
cycle and climate, and if global warming is incorpor
ated into this scenario nutrient loading to the shelf may 
indeed increase. In a recent study, Justic et al. ( 1997) 
modeled a 50% increased in shelf primary production 
as a function of a 20% increase in Mississippi River 
discharge - a reasonable expectation under current 
global warming scenarios for the coming decades. An 
additional consequence of this climate change scen
ario is the potential expansion and duration of hypoxic 
bottom waters in the northern Gulf of Mexico (Justic et 
al., 1996). Therefore, if shelf production and hypoxia 
are in fact driving jellyfish populations, a long-term 
increase in population numbers may be expected. 

Summary and conclusions 

Cluysaora quinquecirrlw medusae have increased 
both numerically and in breadth of distribution during 
summers 1987-1997 in the northern Gulf of Mexico. 
These increases have occurred in the vicinity of two 
major river systems: Mobile Bay and the Mississippi
Atchafalaya River systems. Most importantly, these 
total numerical increases are linked to an offshore 
expansion of the population,s distribution. This is es
pecially troublesome off the Louisiana and northeast 
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Texas shelf where summertime hypoxia significantly 
overlaps with the distribution of C. quinquecirrha me
dusae, and it is predicted that long-term changes in 
nutrient loadings may yield greater densities and dis
tributions of C. quinquecirrha medusae in the future. 

Aurelia aurita medusae have increased numeric
ally within fall collections I 985-1997 to a greater ex
tent than summer Cluysaora quinquecirrha although 
these increases typically did not correspond to wide
spread change in distribution. Numerical increase and 
distributional expansion away from shore occurred to
gether in three regions located off the mouth of the 
Mississippi River and the western Louisiana shelf. 

This paper presents evidence that two species of 
Gulf of Mexico jellyfish have increased both in dis
tribution and abundance over a I 1-13-year period. 
However, beyond the distributional overlap between 
summer Chrysaora quinquecirrha and hypoxia, it is 
not possible to definitively link this ecological change 
to human activity either through coastal fertilization or 
through increased habitat availability. Rather, it is sug
gested that long-term variations in jellyfish abundance 
and distribution may be influenced by environmental 
changes. A great deal of additional work is now 
needed so that we can understand how jellyfish pop
ulations respond to both natural and human-induced 
modifications of the Gulf of Mexico shelf ecosystem. 
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Abstract 

The ctenophore Mnemiopsis leidyi is at the northern extreme of its geographic range in Narragansett Bay, an 
estuary on the northeast coast of the United States. Blooms have typically been observed in late summer and 
fall according to records from 1950 to 1979. We document an expansion of the seasonal range of this important 
planktonic predator to include springtime blooms during the 1980s and 1990s. This shift to an earlier seasonal 
maximum is associated with increasing water temperature in Narragansett Bay. Temperatures in spring have risen, 
on average, 2 °C from 1950 to 1999 with warm years being associated with the positive phase of the North Atlantic 
Oscillation. During 1999, M. leidyi appeared earlier in spring and was more abundant than during any previous year 
for which records are available. Changes in the seasonal pattern and abundance of this predator are likely to have 
important effects on planktonic ecosystem dynamics of Narragansett Bay. These include reduction of zooplankton 
abundance in spring followed by increases in size and frequency of summer phytoplankton blooms. Earlier blooms 
of M. leidyi may also reduce survival of eggs and larvae of fish because, as in 1999, they coincide with the period 
of peak spawning. 

Introduction 

The ctenophore Mnemiopsis leidyi Agassiz inhabits 
estuaries along the Atlantic coastline of the United 
States sometimes occurring in dense blooms. Its range 
extends north to Cape Cod (Mayer, 1912). Thus, in 
Narragansett Bay, RI, this species is near the north
ern limit of its distribution. Typically, this species 
has bloomed later in the summer in estuaries of the 
northeast compared to spring or early summer blooms 
typical of warmer waters to the south (Kremer, 1994; 
Purcell et al., 1994 ). The earliest reports of M. leidyi 
in Narragansett Bay (Fewkes, 1881) describe blooms 
in" ... the latter part of summer and autumn ... ". 

Ctenophores in Narragansett Bay were the focus 
of intensive studies in the 1970s which documented 
the seasonal distribution of Mnemiopsis leidyi and 
established the importance of this predator in regulat
ing both zooplankton and phytoplankton dynamics in 
Narragansett Bay. Peak abundance of M. leidyi was 
observed in August and September (Kremer, 1975; 
Kremer, 1979; Deason, 1982). In 4 of 6 years studied, 

the pulse of ctenophore numbers was accompanied by 
a rapid decline in copepod abundance and a summer 
phytoplankton bloom following relaxation of grazing 
pressure by copepods (Deason & Smayda, 1982). The 
timing and magnitude of plankton events and their re
lationship to the magnitude of the ctenophore pulse 
provided evidence of top-down control exerted by M. 
leidyi. Despite the key part played by M. leidyi in 
planktonic food web dynamics of Narragansett Bay, 
there have been no recent published studies describing 
current patterns of abundance there. 

Anecdotal reports of 'unseasonably' early spring 
appearances of Mnemiopsis leidyi (Costello, pers. 
com.) during the l 990s indicated the possibility of 
important shifts in the bay ecosystem. The fact that a 
warming trend in water temperatures of Narragansett 
Bay has been reported (Hawk, 1998) suggests the 
hypothesis that these early blooms were related to 
temperature. Hawk ( 1998) documented a significant 
long-term increase of l.73 °C in Narragansett Bay 
from 1956 to J 998 and found that winter temperatures 
correlated with the North Atlantic Oscillation (NAO). 



114 

Table I. Mnemiopsis leidyi > I cm. Date of first appearance and bloom peak obtained from pub
lished and unpublished records from 1950 lo 1999. Bloom peak was determined by the date al 
which maximum numbers of M. /eidyi were reported. No data available= n.d. 

Date First Bloom Peak Average Reference 

appearance peak Abundance Temperature 

no m-3 in May °C 

1950 July 25 Oct2 11.d. n.d. Frolander ( 1955) 

1951 July 25 Sept7 n.d. n.d. Frolander ( 19 5 5) 

1971 July 29 Aug20 27 9.67 Kremer ( 1975) 

1972 July 6 Sept8 18 10.61 Kremer ( 1975) 

1973 July 15 July 31 70 12.11 Hulsizer ( 1976) 

1974 July 15 Aug20 38 10.94 Kremer (1975) 

1975 July 20 Aug 3 27 10.89 Deason & Smayda ( 1982) 

1976 July 26 Aug I 5 12.11 Deason & Smayda ( I 982) 

1977 n.d. Aug 30 7 13.22 Deason & Smayda (1982) 

1978 July 20 Sept 23 8" 11.61 Deason ( 1982) 

1979 n.d. Aug 11 7CY' 13.56 Deason ( 1982) 

1983 Aug 15 Sept5 80 12.39 MERL (unpublished) 

1985 June 10 June 16 250 12.50 MERL (unpublished) 

1986 May 18 n.d. 60.5 13.00 MERL {unpublished) 

1990 n.d. early July n.a. 12.06 Keller el al. ( 1999) 

1999 May 18 June 12 350 14.60 this study 

a Estimated number> I cm from total biomass and total number. Figure 2. using> I cm= 10% of 
total as in Deason & Smayda (1982). 

The period 1940-1979 versus 1980-1998 exhibited 
extremes in the NAO index; winter water temperatures 
in the earlier period were as much as 3.6 °C colder than 
during the latter period. 

Water temperature can be expected to influence 
metabolic and reproductive rates of pelagic species 
as well as their latitudinal distribution patterns. In 
Narragansett Bay, Jeffries & Terciero (1985) found 
a strong correlation between warmer winters and the 
collapse of the winter flounder, a species with north
ern affinities. Several studies report correlation of 
ecosystem dynamics with temperature increases asso
ciated with the NAO (Colebrook, 1986; Dickson et al., 
1988). Similarly, abundance of copepods (Fromentin 
& Planque, 1996) fish, shellfish and lobster stocks 
(Mann & Drinkwater, 1994) appears to relate to the 
NAO. 

Here, we describe changing patterns in seasonal 
distribution and increasing abundance of Mnemiopsis 
leidyi associated with warmer spring temperatures in 
Narragansett Bay. We also discuss the possible trophic 
consequences of a shift in predation pressure on cope
pods from fall to spring. Impacts on fisheries could 
also shift because peak numbers of M. /eidyi could co
incide with the peak spawning period of many species 

of fish during warm years. We calculate predation rates 
on fish eggs in Narragansett Bay using published data 
on filtering rates of M. /eidyi on fish eggs together with 
ctenophore abundance reported in this study. Given 
that fish eggs and larvae have experienced 2-4-fold 
reductions in abundance in Narragansett Bay since the 
1970s (Keller et al., 1999), we believe further attention 
to this important predator and competitor of larval fish 
is indeed warranted by fisheries managers. 

Materials and methods 

Collections for ctenophores were made from the dock 
of the Graduate School of Oceanography (GSO) at 
the University of Rhode Island and from transects 
near the southern edge of the Bay using small boats 
(Fig. I). Samples from the GSO dock have been ac
quired by the Marine Ecosystem Research Laboratory 
(MERL) to assess patterns in Narragansett Bay plank
ton since 1980. Unpublished MERL data for the years 
of 1982-1986 are used in this study to compare abund
ance and distribution with data from published studies 
1950-1979 (Table I). 

Samples were taken approximately weekly during 
MERL experiments and from June through Novem-
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ber 1999 using a plankton net with a 0.25 m diameter 
opening and 64 µm mesh. Tows were vertical from 
top to bottom of the water column (3-6 m depending 
on tide) and made only at the slack water phase of the 
tide. Initial tows were made with a flow meter but since 
the meter produced inaccurate readings for such short 
tows, volume filtered was calculated from the length 
of the vertical tow. The tow was sufficiently short 
to prevent clogging so that this provided an accurate 
measure of volume filtered. 

Samples were counted immediately without pre
servation under a dissecting scope. During 1999 each 
individual was measured or I 00 live ctenophores were 
randomly sampled to measure diameter to the nearest 
0.1 mm for smaller specimens. Total length was meas
ured to the nearest I .0 mm for larger ctenophores. 

Additional samples for 1999 were collected from 
transects near the mouth of Narragansett Bay for a 
survey of larval fish beginning in May (Fig. l ). A 
75 cm ring net with 500 µm mesh was used on the 
first sampling date. Subsequent samples employed a l -
m2 Tucker Trawl with I 000 µm mesh. Volume filtered 
was measured with a flow meter or estimated from 
metered tows of similar duration and varied from 225 
to 550 m3. Except on 4 June, ctenophores were sep
arated from the live sample, drained and total volume 
of ctenophores measured in ml. Abundance of cten
ophores on 4 June was too great to quantify (filling 
up to 1/3 of the net). Ctenophores were not measured 
individually. 

For the time period prior to 1999, we used 14 
years of data from both published and unpublished re
ports to establish date of first appearance of M. leidyi 
and date of maximum abundance for each of those 
years (Table I). Since different mesh nets were used 
for these collections comparisons were made only 
for ctenophores > I cm in diameter. All comparis
ons using earlier studies include only those stations in 
lower Narragansett Bay closest to the 1999 sampling 
locations (Fig. I). Regression analysis was used to 
determine the relationship of the date of first appear
ance of ctenophores to average monthly temperatures 
in March-May. Timing of the bloom peak was determ
ined simply as the date at which maximum abundance 
was observed. 

Temperature records were obtained from the 
NOAA weather station in Newport, Rhode Island for 
1955-1994 (National Ocean Service, Rockville Mary
land). Monthly means were calculated from hourly 
data. NOAA ceased temperature recording in Nar
ragansett Bay in 1994. Weekly temperatures for 1994-
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Figure 2. Abundance of Mnemiopsis leidyi and water temperature 
in Narragansett Bay. (A) Abundance in 1999 at the Graduate School 
of Oceanography dock. Open circles are ctenophores < I cm length; 
closed circles are > I cm in length. (B) Abundance of M. leidyi 
> I cm during 1971 from Kremer ( 1975), Appendix II, Station 3. (C) 
Surface temperatures in Narragansett Bay during spring and summer 
of 1971 and 1999. 

1999 were obtained from the University of Rhode 
Island Fish Trawl Survey at the Fox Island station and 
averaged to obtain monthly means. 

Results 

Mnemiopsis leidyi were already very abundant on the 
first sampling date, 12 June, 1999, at the Graduate 
School of Oceanography dock station (Fig. 2). The 
bloom peak at the dock station probably occurred in 
mid-June or earlier, since ctenophores became less 
abundant during early July. Ctenophores ranging in 
size from 0.1 to 5 cm long were collected. Small 
ctenophores (<I cm) were present in low numbers all 
summer and became more abundant again in the fall. 

M. leidyi were observed during May 1999 at the 
mouth of Narragansett Bay on the first sampling date 
for the larval fish study. On 4 June, ctenophores were 
so abundant in either deep or shallow tows at all 5 
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Figure 4. Surface water temperature in Narragansett Bay from 1955 
to 1999. Mean monthly averages were calculated from weekly data 
for the months of March through June. Regression lines indicate 
statistically significant trends of increasing temperature over the 
time period for all months (see text). 

stations that is was not possible to quantify them ac
curately (Fig. 3). A second peak in abundance at the 
lower Bay stations was observed in July and coincided 
with the peak abundance of larval fish collected in the 
same samples (Fig. 3). 

The ctenophore bloom reached peak numbers fully 
2 months earlier in 1999 than during 1971, a typical 
year during the early 1970s (Fig. 2). In addition, cten
ophores were 2-3 times more abundant in 1999 than 
in 1971. Temperatures were warmer throughout the 
spring of 1999 than in spring 1971 (Fig. 2). An ex
amination of temperature records for the entire period 
for which records of ctenophores exist, 1950-1999, 
indicates a warming trend, although there were some 
years with cold springs even into the 1990s (Fig. 4 ). 
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Regression analysis indicated a significant increase 
in average temperature during the months of March, 
April, May and June (March: F = 18.1, p < 0.00 l, n = 
44; April: F= 18.9,p < 0.001,n =43; May: F= 16.5, 
p < 0.001, 11 = 43; June: F = 8.5, p = 0.005, 11 = 42) . 
During this time, ctenophores were observed earlier in 
the year or reached maximum abundance in spring or 
early summer in 1985, 1986, 1990 and 1999 (Table I). 

Average temperature during the month of May 
explained 25.8% of the variation in date on which 
maximum numbers were observed (F = 5.172; p = 
0.044; 11 = 13). Regression analysis showed no sig
nificant relationship between temperatures in March 
or April and bloom peak, but the average temperature 
over March - May was significantly related to bloom 
date (r 2 = 0.383; F = 6.83; p = 0.024; 11 = 13). There 
was no relationship between temperatures in January 
or February and bloom date. 

Maximum abundance of ctenophores > 1 cm 
(Table I) also appears to have increased significantly 
since 1971 (Mann-Whitney Rank Sum Test, T = 44; 
p=O.O 17). Median bloom size of ctenophores > I cm 
during 1971-1979 was 46 m-3 versus 300 m-3 during 
1983-1999. 

Conclusions 

Prior to 1985, there were no records of spring or 
early summer blooms of Mnemiopsis leidyi in lower 
Narragansett Bay. We report here 4 recent years in 
which M. leidyi were first observed in May or June and 
reached peak abundance in June or July. In addition, 
maximum numbers of ctenophores in these years were 
higher than had been previously typical and higher 
than reported in other estuaries on the Atlantic coast 
of the United States (Kremer & Nixon, 1976; Kre
mer, 1994; Purcell et al., 1994a). Unfortunately, a lack 
of monitoring programs to collect the species in the 
1990s precludes obtaining a complete picture of how 
frequent these early blooms have become. Neverthe
less, it is clear that in recent years, the seasonal pattern 
of ctenophore distribution in Narragansett Bay has 
more nearly resembled that typical of warmer estuaries 
to the south (Kremer, 1994; Purcell et al., 1994a). 

It is tempting to ascribe the change in the sea
sonal pattern of abundance of Mnemiopsis leidyi to 
the warming of Bay water temperatures during this 
time period; regression analysis did reveal a significant 
correlation, but temperature explained only 25-38% 
of the variation in bloom date. Also consistent with 
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Figure 5. Tempoml pattern of abundance of fish eggs and fish larvae in Narragansett Bay (redrawn from Keller ct al.. 1999). The hatched box 
indicates the possible coincidence in the ctenophore bloom peak with the ichthyoplankton during warm years. indicating potential for predation 
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our hypothesis is the observation of higher densities 
of M. leidyi following warm winters in other estu
aries (Purcell et al., 2001 ). It has been suggested 
that other factors, primarily zooplankton prey abund
ance, strongly limit size of ctenophore blooms in 
Narragansett Bay (Deason & Smayda, 1982); but the 
effect of zooplankton availability on timing of cteno
phore blooms has never been specifically investigated. 
Hulsizer ( 1976) did suggest a relationship between 
early warming in spring of 1973 and increased zo
oplankton populations followed by a large and rel
atively early (31 July) ctenophore bloom compared 
with 1972. We did not have sufficient data to exam
ine influence of zooplankton prey availability for the 
1980-1999 period. Examination of available data lead 
us to hypothesize that both a warm spring and an 
adequate food supply are necessary for early bloom 
formation. For example, in 1977, ctenophores were 
low in number and the bloom was delayed until mid
August despite quite a warm spring, but this was also 
a year with low numbers of zooplankton preceding 
the ctenophore bloom (Deason & Smayda, 1982). A 
resumption of monitoring of both zooplankton and 
ctenophores in Narragansett Bay and other northeast 
estuaries could resolve this issue. It is surprising that 
remarkably few data exist for ctenophores in the north
east coastal waters of the United States despite the 
capacity for this predator to exert top down control on 
zooplankton populations (Deason & Smayda, 1982; 
Feigenbaum & Kelly, 1984 ). In addition, this species 

can be a significant predator of ichthyoplankton and 
potentially compete for food with larval fish (Montele
one & Duguay, 1988; Cowan & Houde, 1993; Purcell 
et al., 1994 a, b, 200 I; Purcell & Arai, 2001; Purcell 
et al., 200 I). 

Although we cannot conclusively determine at this 
time the cause of earlier blooms of Mnemiopsis leidyi 
in Narragansett Bay, it is important to investigate po
tential consequences of an increased prevalence of 
this predator in the Narragansett Bay ecosystem and 
possibly other estuaries at the northern edge of its 
range. Increased numbers of ctenophores could lead 
to decreased zooplankton abundance, increased phyto
plankton blooms in summer due to relaxation of graz
ing pressure by copepods, and decreased survival of 
fish eggs and larvae resulting from predation as well as 
competition with larvae for zooplankton food supplies. 

Mnemiopsis leidyi were estimated to have con
siderable impact on zooplankton populations in Nar
ragansett Bay even at abundance levels typical in the 
l 970s (Deason, 1982). Numbers of M. leidyi (Table I) 
generally exceeded those reported for M. /eidyi in the 
Chesapeake Bay (Purcell et al., 1994a) where copepod 
populations were not found to be limited by gelatinous 
zooplankton. Deason ( 1982) estimated that M. leidyi 
removed a bay-wide mean of 20% of the zooplank
ton standing stock daily in August of 1975 and 1976. 
A rapid decline in zooplankton abundance followed 
the summer pulse of M. leidyi and was associated 
with late summer phytoplankton blooms (Deason & 



Smayda, 1982). Earlier appearance of abundant M. 
leidyi may result in early declines in zooplankton and 
early summer phytoplankton blooms. 

A change in timing of ctenophore blooms could 
result in a significant impact on fisheries in Nar
ragansett Bay (Fig. 5). There could be depletion of 
zooplankton stocks at a critical time for larval feed
ing. The previous pattern of late summer blooms 
of ctenophores posed no significant problem because 
spawning of abundant species occurred in June, prior 
to the appearance of ctenophores (Bourne & Govoni, 
1988). Since the seasonal pattern of spawning does 
not appeared to have changed with warming of the 
Bay (Keller et al., 1999), earlier ctenophore blooms 
are likely to overlap the period of peak abundance 
of fish eggs and larvae. In fact, peak abundance in 
both ctenophores and larval fish did coincide in 1999 
(Fig. 3). 

Early blooms of Mnemiopsis leidyi could impact 
fish recruitment in Narragansett Bay directly by pred
ation on fish eggs. Predation by M. leidyi on fish eggs 
has been confirmed. Purcell et al. (1994b) detected 
eggs of bay anchovy in guts of M. leidyi collected 
from Chesapeake Bay, reporting average clearance 
rates of 1281 d- 1predatrn·- 1• Cowan & Houde (1993) 
reported clearance rates of 3.7-50 l d- 1ctenophore- 1 

in large enclosures; rates were independent of cteno
phore size. A similar range was reported by Montele
one & Duguay ( 1988) for 2.0-2.5 cm M. /eidyi feeding 
in a variety of container sizes. As a conservative estim
ate of predation, we applied these lower rates to our 
June, 1999 data on M. leidyi ( 1.7 cm average length). 
At the dock station, 300 ctenophores m-3 would have 
cleared 1110-15000 l m-3 d- 1(= 111-1500% d- 1). 

Few eggs would be expected to survive in this high 
abundance of ctenophores. In lower Narragansett Bay, 
ctenophores were less dense (averaging 15 ml m-3 or 
approximately 7.5 ctenophores m-3). Here they would 
have cleared 26-350 l m-3 d- 1 or 2.5-35% of any 
eggs present per day. 

Predation rates by Mnemiopsis /eidyi on fish larvae 
are not yet well quantified. Purcell et al. ( 1994b) did 
not find larvae in gut contents of field collected cten
ophores; Cowan & Houde ( 1992) reported variable 
clearance rates on larvae due to presence of alternative 
prey and container size. Nevertheless, predation by 
M. leidyi frequently results in precipitous declines in 
zooplankton abundance in Narragansett Bay (Deason 
& Smayda, 1982); such extensive depletion of the 
prey of larval fish is likely to reduce larval growth 
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and survival, making M. leidyi a potentially important 
competitor. 

The potential for Mnemiopsis leidyi to influence 
ecosystem structure and have significant impacts on 
fisheries is clearly evident in the Black and Azov Seas 
where declines in ichthyoplankton, mesozooplankton, 
and weight and catches of zooplanktivorous fish have 
been attributed to introduction of M. /eidyi to these 
ecosystems (Purcell et al., 200 I). Warm winters in the 
Black Sea also are correlated with high numbers of M. 
/eidyi there (Purcell et al., 2001 ). In areas like Nar
ragansett Bay where the ecological role of M. /eidyi 
may be increasing in importance due to expansion of 
the seasonal range, renewed attention to programs that 
monitor ctenophores is certainly warranted. 
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Abstract 

For over 10 years, the midwater ecology group at MBARI has compiled video and accompanying physical data 
with the ROY Ve111ana operating in mesopelagic depths of Monterey Bay, CA in order to elucidate patterns in 
midwater ecology. Two El Nino events have occurred during this time period, in 1991-92 and in 1997-98. 
The oceanographic metric of spiciness combines temperature and salinity data into one sensitive measurement. 
Although temperature and salinity measurements alone revealed no clear patterns, clear signals of spiciness were 
observed that corresponded to water mass intrusions into the deep waters of the bay during the two El Nino events. 
During these events, some seldom-seen species were observed in high numbers in the midwater, while historically 
common species became rare. During non-El Nino years, the leptomedusa Mitrocoma ce/lularia (A. Agassiz, 
1865) was common in the surface waters (0-50 m) of Monterey Bay, but it was not abundant at depth, while 
the trachymedusa Colobonema sericeum Yanhoffen, 1902 was found in relatively high numbers at mesopelagic 
depths. During the last two EI Nino events, M. cellularia was observed in higher numbers at mesopelagic depths, 
whereas C. sericeum was scarce. M. cellularia was found in a wider range of temperatures, salinities, and dissolved 
oxygen values than was C. sericeum. Transport and tolerance hypotheses are proposed to explain differences in the 
presence and numerical density of the medusae. 

Introduction 

El Nino events are associated with a variety of physical 
oceanographic phenomena that affect the distribution, 
abundance, growth and reproduction of marine organ
isms throughout the Pacific basin. It is now known that 
the El Nino-Southern Oscillation is the single most 
important factor in governing interannual oceanic vari
ability on the sub-decadal to decadal time scale in the 
Pacific (Chavez, 1996; Chavez et al., 1999). This vari
ability is often expressed off California as unusually 
warm surface ocean temperatures. The consequences 
of this mass transport of warm water are primarily a 
reduction of upwelling and a concomitant reduction 
in phytoplankton productivity (Glynn, 1988; Chavez, 
1996). 

During the 1997-98 El Nino, a weakening and re
versal of trade winds preceded the generation of high 
temperature surface waters in the equatorial Pacific 

(Chavez et al., 1999). One of the consequences of this 
warming was the cessation of equatorial upwelling. 
Normal upwelling did not recur until the trade winds 
abruptly returned in the eastern Pacific in mid-May of 
1998, at which time the cold subsurface waters were 
upwelled to the surface (Chavez et al., 1999). 

Pennington & Chavez (2000) present a long-term 
( 1989-1996) characterization of the physical and bio
logical (primary production) properties of Monterey 
Bay, California. Primary productivity in Monterey 
Bay during the 1991-92 El Nino showed a 25% de
crease from the 1989 to 91 period (Lenarz et al., 
1995). In addition, the beginning of the productive 
season was delayed by several months (Lenarz et 
al., 1995; Pennington & Chavez, 2000). This delay 
and reduction in primary productivity and the elev
ated temperatures caused substantial changes in local 
marine populations. Graham ( 1994) found that the 
scyphozoan Chrysaora fuscescens Brandt, 1835 in 
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Monterey Bay was several orders of magnitude less 
abundant during the 1991-92 El Nino event than in 
the preceding non-El Nino years. He suggested that C. 
Juscescens may have shifted north, although the data 
to support this contention was inconclusive. 

El Nino events have also affected the distribution 
and abundance of fish throughout the Pacific (Barber 
& Chavez, 1983, 1986; Glynn, 1988; Bailey et al., 
1995; Dorn, 1995; Hammann et al., 1995; Lenarz et 
al., 1995). The most widely discussed El Nino impact 
is the crash of the Peruvian anchovy, Engaulis ringens, 
once the world's largest fishery, with the 1972-73 and 
1982-83 El Nifio events (Barber & Chavez, 1983, 
1986; Glynn, 1988). In addition to those on fishes, 
there are well documented studies of the effects of El 
Nifio on surface-dwe1ling populations of marine rep
tiles, birds, and mammals (Barber & Chavez, 1983; 
Gibbs & Grant, 1987; Glynn, 1988; Laurie, 1990; 
Ainley et al., 1995; Culik & Luna-Jorquera, 1997). 

The effects of El Nino events on mesopelagic com
munities are not understood, however, recent studies 
have shown that the surface waters and the mesopela
gic community are inextricably linked. Robison et al. 
( 1998) and Silguero & Robison (2000) have shown 
that the physonect siphonophore, Nanomia bijuga, 
and calycophoran siphonophores have seasonal cycles 
that are significantly correlated with both the onset 
of upwelling in the surface waters, and with peaks 
in primary production. N. bijuga 's seasonal peaks 
were found to follow the peak chlorophyll values by 
a 3-4 month lag, while the calycophoran siphono
phores lagged by 1-2 months. The dominant prey of 
N. bijuga were euphausiid krill, which were able to 
feed directly on the phytoplankton. This short, trophic 
link between the surface waters and the mesopelagic 
gelatinous community shows that physical changes in 
the epipelagic waters can have a direct and dramatic 
impact on the organisms of the mesopelagic. 

Many of the dominant macroscopic organisms in 
the mesopelagic depths of Monterey Bay are cnidari
ans (Widder et al., 1989; Raskoff, 1998; Robison et 
al., 1998; Silguero & Robison, 2000). Hydromedu
sae are often the most abundant organism in the lower 
mesopelagic depths, especially in low oxygen regions 
(Purcell et al., 200 I). Medusae typically occupy high 
trophic positions, which are normally thought of as 
dominated by fish (Mills, 1995), and thereby play an 
important role in the overall cycling of nutrients in the 
deepsea. 

Mitrocoma cellularia is a hydromedusa (Lep
tomedusae: Mitrocomidae) found from the Bering 

Sea to southern California (Kramp, 1968; Arai & 
Brinkmann-Voss, 1980). It reaches a maximum dia
meter of 100 mm and has over 300 fine tentacles. 
In Friday Harbor, Washington it is found season
ally from April-November (Arai & Brinkmann-Voss, 
1980; Mills, 1983, 1993). In Monterey Bay, M. cellu
laria is a common member of the epipelagic gelatin
ous community (surface to I 00 m) from fall to early
spring (Wrobel & Mills, 1998), but it can be found in 
low numbers at other times of the year (Raskoff, pers. 
obs.). Co/obonema sericeum is a hydromedusa (Tra
chymedusae: Rhopalonematidae) found in the mcso
pelagic depths of the Pacific, Atlantic and Indian 
Oceans (Kramp, 1968; Wrobel & Mills, 1998). Its 
bell diameter reaches 45 mm and it has 32 thick 
tentacles. 

This study focused on two important medu
sae in the mesopelagic gelatinous community of 
Monterey Bay, California. Observations were made 
with the Monterey Bay Aquarium Research lnstitute's 
(MBARI) remotely operated vehicle (ROY) over a 
9 year time period ( 1990 through 1998). Temper
ature, salinity and dissolved oxygen measurements 
taken in tandem with the video observations have 
permitted physical characterization of the midwater 
habitat. The ROY observations overlapped the El 
Nino events of 1991-92 and 1997-98. The resultant 
MBARI video database has permitted evaluation of 
patterns of abundance of midwater medusae as they 
relate to El Nino events. 

Materials and methods 

Midwater study site 

The MBARI midwater time-series site (MWTS) is loc
ated at 36° 42' 00" N - 122° 02' 00" W, at the mouth 
of Monterey Bay (Robison et. al. 1998). This site lies 
over the meandering axis of the Monterey Submarine 
Canyon in 1600 m of water. This location allows ac
cess to deepwater, as it enters the bay, yet permits 
transport of organisms back to the laboratory within 
1.5 h. The canyon head is at Moss Landing, and the 
canyon stretches west southwest through the bay to 
join the continental rise at 3000 m, roughly 80 km off 
shore. The deep water currents of Monterey Bay are 
not well understood. The flow is thought to be primar
ily up-canyon at the mesopelagic depths, with across 
canyon currents with differing directions depending on 
depth (Breaker & Broenkow, 1994 ). The MWTS site 



was sampled with a ROY twice a month, on average, 
from 1989 to the present. Data for this study are from 
1990 to 1998. 

Remotely Operated Vehicle ( ROV) data and spiciness 

The RN Poim Lobos and the ROY Ventana have 
been in operation at MBARI since 1988. Since that 
time, an active research program on the ecology of the 
mesopelagic zone ( 100-1000 m in depth) has been un
derway at the MWTS site. The Ventana has completed 
over 290 mesopelagic dives at this MBARI midwater 
site, making it the most visited location in the world 
for mesopelagic studies. The sub is an ISE Hysub 
40 with a variety of sensors and modifications added 
for midwater research (Robison, 1993). A Falmouth 
Scientific, Inc. Micro-CTD (conductivity, temperature 
and depth) sensor and a Sea-Bird Electronics SBE 13 
dissolved oxygen (DO) sensor with Beckman oxygen 
electrode, recorded data every 4 s. The data were then 
automatically averaged and logged into the database 
in I 5 s intervals. CTD-DO data were collected start
ing at the end of 1990, therefore only data from 1991 
to 1998 are presented. The ROY dove no deeper than 
400-500 m until the middle of 199 I, at which point it 
began regular dives to l 000 m. Secondary processing 
of the CTD data determined that the information from 
June, 1995 to June, 1996 were erroneous and those 
data were excluded from analysis. 

Individual plots of temperature and salinity data 
were insufficient to detect differences in water masses 
brought into Monterey Bay by El Nino events at 
mesopelagic depths (Raskoff, unpubl. data). It was 
necessary to look at an oceanographic metric that was 
more sensitive to changes in water masses than either 
temperature or salinity individually. The dynamic in
teraction of temperature and salinity can be described 
by the calculation of a metric called spiciness (Fla
ment, 1986; Lynn et al., 1995). This metric has been 
used in the past to identify water mass intrusions and 
the onset of El Nino events (Lynn et al., 1995). Warm, 
salty water has a high spiciness, while cold, fresh wa
ter has a low spiciness (Jackett & McDougall, 1985; 
Flament, 1986; Lynn et al., 1995; Ramp et al., 1997; 
Schlining, 1999; Schmitt, 1999). Spiciness calcula
tions were created from ROY CTD data from the dives 
at the MWTS site between 1990 and 1998 (excluding 
June 1995-June 1996). Missing data are shown in Fig
ure I as blank areas. Twenty meter depth strata were 
binned and averaged over weekly intervals. From this, 
an average CTD profile was created by averaging all 
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the binned depth strata over the 9 years. From this 
average profile, anomalies of spiciness, in terms of 
standard deviations from the mean, were calculated 
and plotted onto a contour graph. Spiciness anom
alies were used to elucidate the very subtle differences 
found in water masses at these mesopelagic depths. 
The calculations and graphing of spiciness were per
formed in Matlab (MathWorks, Inc., Version 5.3) and 
are based on the algorithms of Flament (1986) as mod
ified and programmed by Sch lining ( 1999). Contours 
of spiciness were gridded using the Kriging method 
(Keckler, 1995). 

BetaCam video tapes were annotated by the 
MBARI video lab staff and all resulting records of 
organisms were placed into a database. Individual an
notations were linked to their corresponding CTD-DO 
data by timecode. The database was queried for or
ganisms of interest and the resulting numbers were 
normalized to a proxy of abundance, number observed 
h- 1• Normalization was accomplished by dividing the 
number of organisms observed in a particular parcel 
of water by the amount of time the ROY spent in that 
same parcel. Data were then binned into 100 m depth 
strata by month, for the 9 years of the study ( 1990-
1998). Contour plots of medusae vertical distributions 
(Fig. 2) were constructed for analysis with the inverse 
distance gridding method (SPSS Inc., 1998). 

The CTD-DO data associated with the individual 
organisms of interest were culled from the data base. 
The organism-based temperature (0 C), salinity, and 
dissolved oxygen (ml 1- 1) bubble plots (Fig. 3) were 
created from weekly averaged data over the 9-year 
time period. This provides a descriptive way of de
picting the physical parameters of the water in which 
the organisms were found. In addition, the values 
for each species were compared statistically to test 
for differences in the means with the nonparametric 
Mann-Whitney U two-sample test. These nonpara
metric tests were used because of the data's violation 
of parametric tests requirement of equal variances 
(Zar, 1996). 

Results 

ROVCTDdata 

Contours of spiciness anomalies for the MWTS site 
over the 9-year period showed rapid and marked 
changes in the waters of the mesopelagic depths when 
warm, salty waters were brought into the bay during 
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the two El Nino evenls, as indicalecl by the orange/red 
coloration in Figure I. Although consistent data col

lection was 1101 deeper than 400- 500 111 from January. 
1990 to June, 199 1. the onset or the 1991 - 92 El 
Nino in June/July. 1991 apparently was captured with 
the ROV's CTD. The near instantaneous onset of the 
spiciness signal is observed from the surface waters 
clown to 800 m in the middle of 199 1. The collapse 
of the spiciness signal showed a gradual decl ine in 
spice in the surface waters down to 300 111 over a 3 
month period from Oclober to December, 199 1. Dur
ing this time, there were still high spice waters in 
the 300- 600 m depth range, which fi nally left ab
ruptly in February. 1992. The overall magnitude of the 
1991 - 92 El Nino wa moderate as de1erminecl by 1he 

spiciness anomal ies (averaged 1.0 standard deviation 
(SD) from lhe mean). The years fol lowing the 1991 -
92 El Nino were marked with a fairly regular pallern 
of eleva1ecl spiciness from July to October. These res
ul ts correspond to those found by Schlining ( 1999). 
who observed that these elevations were the signature 
or the California Undercurrent. which seasonally runs 
up the coast. A n unusually strong undercurrent sig
nal was seen at the end of 1996, but missing cla1a in 
the CTD record for the beginn ing of that year make 
interpretation cl i ffieult. 

The onset or the 1997- 98 El Nino was observed in 
the miclwaters in June. 1997. This strongly positive 
anomaly signal was found from near-surface waiers 
clown 10 800 m and was nearly l wice as strong a. the 
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1991-92 El Nino (average of 2.0 SD from the mean). 
Like the 1991-92 El Nino, the 1997-98 signal had a 
rapid onset. The decline of the 1997-98 signal was, 
however, much different than in the previous El Nino. 
Whereas in 1991-92, the deep mesopelagic waters 
were the last to recede back to normal spiciness val
ues, in 1997-98 they were the first to fall. There was 
a gradual decline in spiciness from October, 1997 to 
January, 1998. Unlike the 1991-92 El Nino, the 1997-
98 El Nino was followed not by a period of average 
spiciness, but by a very strong negative spiciness sig
nal (dark blue), which could be indicative of a major 
upwelling event. 

Mitrocoma cellularia distribution 

The population of Mitmcoma cellularia experienced 
a pronounced increase (Fig. 2A) that coincided with 
the El Nino signatures found in the ROY CTD phys
ical data (Fig. 1 ). Both the onsets of the population 
increase and the elevated spiciness signal from the 
1991 to 92 El Nino were first observed in June/July, 
1991. Medusa abundance decreased in February of 
1992. The high spiciness signals also began to de
crease at this same time. High medusa abundance 
in 1992 reached from the surface waters down to 
>500 m, with a peak abundance of 36 ind. h- 1, 

centered at 300-400 m in November, I 991. From 
1992 to 97, there were low numbers of M. cellularia 
in the midwaters, with a few medusae appearing in 
summer/fall. High abundance of medusae recurred in 
June/July, 1997 (Fig. 2A) at the same time that the 
spiciness signal from the 1997 to 98 El Nino was 
also first observed. Medusa abundance declined in 
November. In 1997-98, the M. cellularia population 
was abundant from the surface waters down to 900 m, 
with peak abundance in October, 1997of52 ind. h- 1, 

centered at 600-700 m. The decrease of medusae in 
1997 was correlated with the spiciness decrease, as 
it was in 1991-92. Although the onset of the M. ce/
lularia blooms in the bay closely matched the onset 
of the spiciness signals, the peaks in abundance for 
both the 1991-92 and 1997-98 blooms did not corres
pond to the beginning of the spice signal but instead 
they followed the onset of the spice signal by several 
months. 

Colobonema sericeum distribution 

The vertical distribution of Colobonema sericeum was 
very different from that found for M. cellularia. C. 
sericeum 's vertical distribution (Fig. 28) appeared to 

be inversely related to high spice events (Fig. I). In 
years with a high spiciness signal, 1991-92 and 1997-
98, C. sericeum were scarce, whereas during the years 
in-between these El Nino events C. sericeum were 
abundant. March/ April, 1993 began a 3-year period of 
relatively high abundance. Peaks in abundance were 
observed from September to November in both 1993 
and in 1994, while 1995 showed an early peak in 
February, with over 20 medusae observed h- 1• By 
July, 1995 the numbers of C. sericeum had dropped 
to more typical levels. With the onset of the 1997-
98 El Nino, C. sericeum populations dropped to very 
low levels in the mesopelagic waters of the bay. Over 
the entire nine years of the study, the depth range of 
C. sericeum varied little, with the population centered 
around 400-500 m. 

Organismal T-S-DO plots 

Analysis of temperature, salinity and dissolved oxy
gen (T-S-DO) plots provide information on the phys
ical parameters of the water mass in which the medu
sae are associated (Fig. 3). The axis scales represent 
the minimum and maximum values the medusae are 
subject to in their natural environment. 

The T-S-DO bounding values for M. cellularia 
were: temperature, 4.21-14.09 °C (mean= 7.36, SD 
= 1.69); salinity, 32.39-34.70 (mean = 34.09, SD = 
0.23); dissolved oxygen, 0.30-6.75 ml 1- 1 (mean = 
1.55, SD= 1.23). The bounding values for C. sericeum 
were: temperature, 3.78-7.64 °C (mean = 6.49, SD 
= 0.57); salinity, 34.16-34.78 (mean = 34.16, SD = 
0.09); dissolved oxygen, 0.07-3.42 ml 1- 1 (mean = 
0.90, SD = 0.43). Thus M. cellularia was found to 
occupy a wide range of temperature and dissolved 
oxygen values. Conversely, C. sericeum was found 
in a narrow range of temperature and dissolved oxy
gen values. The temperature, salinity and dissolved 
oxygen values found with the two medusae were com
pared with a Mann-Whitney U test to examine the 
hypothesis that the means were equal for both species. 
The resulting P values: temperature (°C) was found 
to be significantly different (P <0.001 ), salinity was 
not found to be different (P = 0.239), and dissolved 
oxygen (ml 1- 1) was found to be significantly differ
ent (P <0.00 I). The standard deviations of the three 
physical parameters were consistently much greater 
for M. cellularia than for C. sericeum. In summary, 
M. cellularia could be found in waters almost twice as 
warm, of lower salinity, and with twice the dissolved 
oxygen than C. sericewn. 



Discussion 

CTD data recorded from nine years of ROY dives at 
the MWTS site were used to characterize the meso
pelagic environment of Monterey Bay. These data, 
when examined with the sensitive calculation of spici
ness, permit visualization of the El Nifio water masses 
as these enter the bay (Fig. I). The quick onset of both 
the 1991-92 and 1997-98 El Ninos was observed. In 
addition to the quick onset, spice signals were found 
down to depths of 800 m and these signals persisted for 
many months. Further analysis is needed to determine 
the origin of these intruding water masses, as high
spiciness water masses could have been transported 
northward from off southern California or could rep
resent an on-shore transport of waters residing initially 
far off the coast of central California. A similar tem
perature signal was observed down to 200 m (the limit 
of the sensors) from mooring data during the 1991-92 
El Nifio (Pennington & Chavez, 2000). These results 
show that the spiciness metric can be of great value 
in finding and visualizing subtle changes in water 
masses, which can be biologically important. 

Patterns of change in the vertical distribution and 
abundance of both species are associated, both directly 
and inversely, with the two El Nino events measured 
(Fig. 2). Mitrocoma cellularia vertical distribution and 
abundance closely mirrored the spiciness signals of the 
two El Nino events (Fig. 2A). In both 1991-92 and 
1997-98 the M. ce/lularia population had a sudden 
increase in numbers as well as a widening of depth 
range. During the El Nifio events, the depth range of 
the population extended from the surface waters down 
to 800 m. Conversely, Colobonema sericeum vertical 
distribution and abundance were inversely related to 
the El Nifio events (Fig. 2B). During the two El Nino 
events, C. sericeum vertical abundance dropped to 
very low levels. In the years between the two events, 
C. sericeum was found in high numbers. 

A comparison of the physical properties of the 
water in which the two medusae were found was per
formed to ascertain the possibility of physiological 
differences which might lead to the differing responses 
to the El Nino events. The ROY CTD-DO measure
ments which corresponded with the individual medu
sae observed were used to construct T-S-DO bubble 
plots of abundance related to the various physical para
meters. M. cellularia showed a much wider tolerance 
for temperature, salinity and dissolved oxygen ranges 
than did C. sericeum (Fig. 3). Although the means 
for the three parameters were similar between the two 
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medusae, the amount of variation exhibited by M. 
ce/lularia proved to be large enough for temperature 
and dissolved oxygen to be significantly different from 
each other. M. cellularia was found over a much wider 
range of physical values than C. sericeum. A large 
part of this variation was due to the fact that M. cellu
laria was found over a wider range of depths (surface 
to 900 m) compared with C. sericeum (200-700 m). 
These results indicate there may be distinct physiolo
gical differences in the two medusae with respect to 
their preferred habitat and their tolerance of changing 
water properties. 

A number of hypotheses for the different distribu
tion patterns of the two medusae can be considered. 
The first, a tolerance hypothesis, supposes that the 
medusae are limited by their physiological tolerance 
to various physical parameters. This premise has some 
support from the T-S-DO plots. C. sericeum occured 
within a much narrower range of salinity, temperature 
and dissolved oxygen values than did M. cel/ularia. M. 
cel/11/aria was not found in the midwaters of Monterey 
Bay all year long, yet its observed T-S-DO ranges 
should allow it to effectively live in the deep waters of 
the bay nearly year-round. It is not known what affect 
changes in T, Sand DO would have on the reproduc
tion and survivability of these species. Experimental 
data are needed to assess the relative importance of 
each of these factors. 

Other researchers have found that variation in 
physical parameters can have a pronounced effect on 
the reproductive success of jellyfish. Purcell et al. 
( 1999) found that changes in temperature and salinity 
had significant affects on ephyra and polyp production 
in the scyphozoan Chrysaora quinquecirrha. Increas
ing temperature, in combination with high salinity, 
provided for increased ephyra production, while de
creasing temperature delayed the strobilation event. 
Salinity was also important, with more ephyra and 
polyps produced at intermediate salinities than at the 
low or high end. Dawson et al. (2001) found that high 
temperatures associated with the 1997-98 El Nino 
caused a prolonged crash of the rhizostome Mastigias 
sp. in the marine "Jellyfish Lake" of Palau. Both re
production and survivability of the medusae and the 
scyphistomae decreased dramatically, partly due to 
bleaching of the zooxanthellae in the polyps. Only 
after the waters started to cool down did the population 
start to rebound. 

A second possible explanation for the differ
ences in patterns of abundance is related to transport, 
with medusae carried into or out of the bay with 
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the intruding water masses, as was suggested for 
the scyphomedusa C/uysaora fuscescens during the 
1991-92 El Nino (Graham, 1994). In both 1991-92 
and 1997-98 El Ninos, the M. cellularia bloom onset 
corresponded with the beginning of the spice signal 
(intrusion event), however peaks of abundance were 
not observed for several months thereafter. This delay 
could be explained if the jellies were invected and 
then reproduce locally in the months following their 
arrival in the bay. M. cellularia is a medusa with 
a benthic polyp stage which could settle from free
spawned eggs and sperm and reproduce additional 
medusae asexually within the 3-4 month period. Al
ternatively, the medusae could have been produced 
from resident polyps in the bay, which responded to 
the physical changes in the water by increasing me
dusa production, as was found for C. quinquecirrha 
(Purcell et al., 1999). Barring a detectable genetic sig
nature which could delineate between M. cellularia of 
southern or local origin, these two possibilities would 
be very difficult to separate. The transport hypothesis 
also best explains the C. sericeum data reported in this 
study. These populations declined during the El Nino 
events, but that may simply represent a northward 
transport of medusae. 

There are also potentially significant life cycle dif
ferences between these two medusae. C. sericeum 
exhibits holoplanktonic, direct development, while M. 
cellularia has a benthic polyp form in its life cycle. 
Little is known about reproduction and development 
time in C. sericeum. Without a resident benthic polyp 
stage, it may be that it would take C. sericeum longer 
to re-colonize the bay if the population was advected 
away, regardless of how quickly this holoplanktonic 
species can reproduce. Whereas the benthic reservoir 
of M. cellularia polyps might enable this species to not 
only remain in the area, but react quickly to advantage
ous environmental change. More research is needed to 
understand the importance of life cycles in relation to 
population fluctuations. 

Although the reasons for these different patterns 
of distribution are not well understood, it is clear 
that there are pronounced differences in the gelatinous 
community with respect to episodic events such as El 
Nino. More in situ research must be done, at even 
greater depths, if we are to fully understand the link 
between large scale oceanic and atmospheric events 
and the ecology of deep sea organisms. 
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Abstract 

One of the most remarkable sights in the Western Pacific is a perennial swarm of 1.5 million golden medusae 
(Mastigias sp.) crowded into a land-locked marine lake in Palau, Micronesia. This 'Jellyfish Lake' became a 
popular off-gassing stopover for SCUBA divers and a destination in its own right for non-diving tourists in the 
mid-1980s. Since then, tourism in Palau has boomed, increasing 500% between 1986 and 1997. However, in 
December 1998, the golden-medusae disappeared. Apart from patchy occurrences between December 1998 and 
April 1999, the medusae have since been absent from the lake. Field measurements, including temperature and 
salinity depth profiles, Mastigias medusae population sizes, and the distribution of scyphistomae, in 'Jellyfish Lake' 
between 1979 and 1999 were integrated with laboratory-based experiments on the effects of salinity, temperature, 
sunscreen and zooxanthellae enrichment on Mastigias scyphistomae or medusae. These studies indicated that 
the disappearance of medusae was due to physical changes in lake structure, including a substantial increase in 
temperature, initiated by the 1997-98 El Nino. Here, we describe these studies, the changes in Jellyfish Lake 
and their probable influence on the Mastigias. We further elucidate the changes in Jellyfish Lake by reference to 
coincident changes in three other 'jellyfish lakes' in Palau: Big Jellyfish Lake, Clear Lake and Goby Lake. 

Introduction 

Several tropical marine lakes in Palau harbor immense 
perennial populations of two scyphozoan jellyfish: 
the golden-jellyfish, Mastigias sp., and the moon
jellyfish, Aurelia sp. (Hamner & Hauri, 1981 ; Hamner, 
1982; Hamner et al., 1982). The golden medusae 
are behaviorally, morphologically and physiologically 
unique, the manifestations of many thousands of years 
of evolution in isolated ecosystems (Hamner & Hauri, 
1981; Hamner, 1982; Hamner et al., 1982; Muscat
ine and Marian, 1982; Hamner & Hamner, 1998). A 
similar situation must be true for the moon-jellyfish 
although published data are lacking. These unique 
adaptations, most notably precise diurnal horizontal 
migrations by Mastigias, the high densities and peren
nial presences of both jellyfish species, and the closed 
nature of these ecosystems, in which the jellyfish are 
the top planktivores, make the marine lakes extremely 
attractive sites for a range of ecological and evolution-

ary investigations. These same features also make the 
lakes very attractive to tourists and the media. 

Since the marine lakes were brought to the at
tention of the general public (Hamner, 1982), many 
nature and SCUBA magazines, radio and television 
shows, and even an IMAX production, 'The Liv
ing Sea', have featured the marine lakes in Palau. 
This publicity has established Jellyfish Lake, form
ally named 'Ongeim'l Tketau' (roughly 'fifth lake' 
in English), as one of the most popular snorkeling 
sites in the tropical Pacific (Hamner & Hamner, 1998; 
see also PVA, I 999). Between 1986, when Ongeim'l 
Tketau first was incorporated into dive tours (Etpison, 
1997), and 1997, tourism in Palau increased 500% 
(PCS, 1999a). Almost 75 000 tourists visited Palau in 
1997 and most likely between half and three-quarters 
of them visited Ongeim'I Tketau (Hamner, 1994; PCS, 
1999a; pers. obs.). In recent years, tours have been ex
panded to incorporate other marine lakes that contain 
similar populations of Mastigias. These lakes, which 
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include Gaby L ake and Big Jelly fi sh Lake, have been 
host to several thousands of visitors (pers. obs.) . 

Tourists are attracted to the lakes by a strange mix 
of fact and fiction purveyed by tourist-oriented pub
lications and other media. The most popular story is 
that Mastigias evolved into perennial sting-less farm
ers of an edible algal crop during mil lions or years of 
confinement in the lakes (e.g. Barbour, 1990). In real
ity, however, these Mastigias can sting humans mildly 
and k il l microscopic prey, they are symbiotic with 
zooxanthellae but their feeding ecology is hardly ag
ricultura l (M uscat ine et al., 1986), and they have been 
confined in the lakes probably for less than 20 000 
years (Hamner et al., 1982). The perennial abundance 
of Mastigias, however, is a distinguishing feature of 
marine lake populations and has supported tourism 
year-round. Measurements made between 1979 and 
1997 indicate that the lakes, and perhaps j ellyfish pop
ulations, have been remarkably stable on time scales 
of months to millenia (Hamner et al., 1982; Hamner 
& Hamner, 1998). In the two decades following the 
first measurements, there has been only one report to 
the contrary: in 1987, many Mastigia.1· medusae disap
peared (Etpison, 1997). However, thei r disappearance 
was attributed to disturbance of the toxic monimolim
nion by divers using SCUBA rather than to natural 
perturbations (Etpison, 1997). 

This view of long-term ecosystem stabi lity was 
altered catastrophical ly in fal l, 1998, when the pop
ulation of Mastigia.1· medusae went into an unpre
cedented decl ine and disappeared. The disappearance 
was attributed variously to the 1997- 98 El Nino (or 
translated, ' the Christ-chi ld'), to stagnation of the 
lake because conduits that normally allowed tidal flux 
were somehow blocked, or to tourists who may have 
stolen or eaten the j ellyfish, poisoned the medusae 
with sunscreen, or polluted the lake with urine. 

During summer in I 999, we investigated a number 
of the hypotheses. Field observations and laboratory 
experiments indicated several factors qui te li kely con
tributed to the decline and disappearance of golden 
j elly fish from 'Jelly fish Lake' among which high 
water temperature may have been predominant. Ul
timately, the disappearance probably can be traced 
to physical perturbations in lake structure that were 
initiated by the 1997- 98 El Nino event. 

, .... 

b 

r,...doTM 
CLfl( 

Pacific 23.5 N 

Ocean 
Equ·ator 

"~-

N 
10 km t 

Figure I. (a) Location of Palau in the western Pacific and (b) the 
marine lakes and other locations me111ioned in the text. BJLK - Big 
Jellyfi sh Lake. Koror: GLK - Goby Lake. Koror: OLO - Ongacl 
Lake. Ongael: CLM - Clear Lake. Mecherehar: OTM - Ongcirn"I 
Tkctau. Mechcrchar (better known as "Jellyfish Lake" . Hamner ct 
a l.. 1982). 
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Figure 2. Estimates of Mastigias mcdusac population si,:e in 
Ongcini'I Tkc1au between 1979 and 1999. Mean cs1irnatcd pop
ulation (± standard dcvimion) arc shown f'or each quantiiat ive 
sampli ng event. Qualitative observations were made in Septem
ber and November. 1998 (L. J. Be ll, M.N Dawson, L.E. Martin, 
13. Yates) for which population size is estimated from the size of 
aggregatio ns. mcdusac s ize. and visual c~t imatcs of populution s ize. 



Materials and methods 

Brief description ojjive marine lakes 

The biological, chemical and physical characterist
ics of Ongeim'l Tketau, Big Jellyfish Lake, Clear 
Lake and Goby Lake (Figure l ) have been described 
by Hamner and colleagues (Hamner & Hauri, 1981; 
Hamner, 1982; Hamner et al., 1982; Hamner & Ham
ner, 1998). All four lakes are meromictic, or partly 
mixed, consisting of an upper mixolimnion floating 
above a lower monimolimnion. The salinity and tem
perature of the mixolimnion generally increase gradu
ally with depth until a sharp increase in salinity and 
decrease in temperature establish a robust pycnocline 
marked by dense purple-sulfur bacteria (Hamner et 
al., 1982; Hamner & Hamner, 1998). Dissolved oxy
gen, in contrast, decreases from its maximum near 
the surface to zero at the pycnocline, the monimolim
netic waters below the pycnocline are highly reducing. 
However, these four lakes can be differentiated on 
the basis of surface area, depth of the mixolimnion, 
maximum depth, shape, orientation, surrounding to
pography and somewhat different faunas (Hamner & 
Hamner, 1998; pers. obs.). Ongael Lake (OLO) is 
a smaller and shallower lake whose holomictic wa
ters are similar physically to those in the adjacent 
lagoon; its fauna is depauperate, but also lagoon-like. 
Mastigias inhabit all five lakes. 

Field measurements and observations 

From December, 1998, to December, 1999, 2 field
trips, approximately two weeks apart, were made to 
Ongeim'l Tketau (OTM) each month. During one trip, 
the lake was searched thoroughly, to depths of 6-
8 m, for Mastigias sp. medusae by 3-4 snorkelers. 
All medusae found were measured. Medusae > IO mm 
were measured to the nearest one centimeter by flat
tening the exumbrella against a rule while in the lake; 
smaller medusae were measured under a dissecting 
microscope at the Coral Reef Research Foundation 
(CRRF), then preserved in DMSO+NaCI (Seutin et 
al., 1991; Dawson et al., 1998) for subsequent ex
amination. During the second trip, 2 weeks later, the 
search for Mastigias medusae was repeated and ver
tical temperature, salinity and oxygen (TSO) profiles 
were measured using a YSI 85 meter (object, not 
distance). Additional trips to Ongeim'l Tketau using 
SCUBA were made during July-September, 1999, to 
search for the benthic scyphistoma stage of Masti
gias. Scyphistomae were collected and taken to CRRF 

133 

where they were examined under a microscope for 
zooxanthellae, planuloids and apparent health prior to 
use in experiments (see below). During the final trip 
on 9 September, 1999, we assessed the tidal range 
in Ongeim' 1 Tketau using synchronized half-hourly 
measurements of tidal height in the lake and the ad
jacent lagoon for one half tidal cycle (see Hamner & 
Hamner, 1998). 

Monthly field-trips were made to Big Jellyfish 
Lake (BJLK) and Goby Lake (OLK) during which 
TSO profiles were measured and the size distributions 
of Mastigias sp. were estimated by visual censuses. 
Visual censuses were made by 3-4 snorkelers swim
ming multiple transects across the length and width 
of each lake. At the entrance into each lake, each 
snorkeler closed their eyes, finned 5 strokes (along 
different transects), then opened their eyes and caught 
the first medusa seen. The bell diameter of that medusa 
was measured as above. Each snorkeler then repeated 
the blind swim to find another medusa to measure; ef
forts were made to minimize the temptation to look 
for animals nearest the surface by varying the line of 
sight between cycles. The cycle was repeated until 
all transects were finished. In addition to the visual 
survey, in August 1999, the Mastigias sp. populations 
in these lakes also were surveyed using a 0. I 095 m2, 

I 1111112 mesh, net, hauled vertical1y from the lake bot
tom or below the chemocline, depending which was 
shallower. These same methods were used to meas
ure jellyfish populations and water column structure 
in Clear Lake, Mercherchar, during trips in fall 1998 
and summer 1999. Also reported here are observations 
from Clear Lake (CLM) that have particular relevance 
to this paper 

Laboratory based experiments 

Mastigias scyphistomae were collected by divers us
ing SCUBA in OTM and GLK and by snorkelers in 
CLM. Aggregations of scyphistomae on their natural 
substrates were placed into rigid plastic 250-1000 
ml jars full of lake water and transported to CRRF 
within 2 hours. At CRRF, the scyphistomae, still on 
their natural substrate, were transferred to 1 L plastic 
containers (diameter = height) of 1 µ,m filtered sea
water adjusted to lake salinity and temperature. They 
were maintained this way for 24 h at which time they 
were examined under a dissecting microscope (mag
nification 7 x-40 x) and scored in five ways: on a 
four-point scale (0-3) for the zooxanthellae density in 
their tissues (see below), a Boolean (true/false) scale 
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for strobilation and for the presence of planuloids, 
and simple counts of the numbers of planuloids and 
strobilae present. 

Mastigias scyphistomae collected in OTM rarely 
contained visible zooxanthellae (cf. scyphistomae 
populations in other lakes which always had some 
zooxanthellae). Therefore, prior to experimentation, 
these scyphistomae were infected with zooxanthellae 
by feeding to them homogenized tissue from local 
Mastigias papua Lesson and leaving them in running 
seawater ( "-'29 °C, 34%0) and natural shade for up 
to several weeks. One batch of scyphistomae appar
ently was infected by zooxanthellae from anthozoans 
or Tridacna situated upstream. 

Zooxanthellae density was assessed by examining 
scyphistomae under a dissecting microscope at lOx-
40 x magnification. The area of the calyx and oral disc 
pigmented by zooxanthellae and the intensity of that 
pigmentation were used to score all, n, scyphistomae 
in each replicate on a four-point (0-3, d) relative scale. 
These scores then were used to calculate an index, ZD, 
of the change in the mean zooxanthellae density in 
each replicate at time t relative to the mean density 
at the start of the experiment. 

ZD, = (td;,/11,) I (td;o/no). 
l=I 1=1 

In the special case of an initial density equal 
to zero, i.e. when homogenized M. papua tissues 
were fed to OTM scyphistomae immediately preced
ing experimental manipulation, the change in mean 
zooxanthellae density was calculated as 

ZD, = (t d;,/ n,) - (t d;o/ no) . 
1=) 1=) 

Throughout all experiments, scyphistomae were 
scored by the five methods described above. Scyphisto
mae were illuminated by 'coral' aquarium lights but 
were not fed zooplankton because coloured food in 
the gastric cavity made it difficult to identify zooxan
thellae and, therefore, compromised the assessment of 
zooxanthellae density. No animals were used for more 
than one experiment. 

Effect of salinity on scyphistomae-zooxanthellae 
OTM scyphistomae infected with zooxanthellae were 
divided equally into 10 separate vessels, duplicates 
were acclimated to five salinities ranging from 20%0 
to 45%0 (original salinity, "'32.5%0) over a period of 

I week and then maintained at target salinities for 
another 11 days. Seawater was adjusted to the appro
priate salinity by dilution with rainwater or addition 
of aquarium salts in steps of about 1.5%0 per day. 
Seawater was replaced approximately every fourth 
day. Scyphistomae in all salinity treatments were 
kept at the same temperature (means 30.4-31.1 °C; 
s.d., 1.06-1.32 °C; ANOVA, df = 4,90, p = 0.7866). 
Scyphistomae were scored daily. 

Effect of woxanthellae enrichment on 
scyphistomae-zooxanthellae 

Scyphistomae freshly collected from OTM were fed 
homogenized M. papua tissues and left in ambi
ent conditions for several days. Control groups were 
treated similarly, except they were not fed homogen
ized M. papua tissues. Oneµm-filtered, 34%0 seawater 
was replaced every other day. The scyphistomae were 
scored on days O and 4. 

Effect of temperature on scyphistomae-zooxanthellae 

Ongeim'I Tketau scyphistomae infected with zoox
anthellae were divided equally among 10 one-liter 
containers and acclimated to different temperature 
treatments. Eight of the ten containers were transferred 
from ambient ( ...__29 °C) to a 31 °C waterbath and then, 
at 2 h intervals, transferred sequentially, in pairs, to 
approximately 32 °C, 34 °C, and 35 °C waterbaths, 
until one pair of containers was at each of the five 
temperatures. The scyphistomae were maintained at 
these temperatures for 2 weeks. Polyps were scored 
daily and 34%0 surface seawater at the appropriate 
temperature was replaced every second day. 

The experiment subsequently was repeated us
ing freshly collected, azooxanthellate, scyphistomae 
which were fed M. papua tissues immediately before 
they were acclimated, stepwise, to the different tem
perature treatments. The scyphistomae were scored 
daily and I µm-filtered, 34%0 seawater was replaced 
every other day for two weeks. 

In a third experiment, Goby Lake scyphistomae 
were divided equally between IO one-liter containers 
of filtered, 27%0 seawater and placed into a 28 °C 
waterbath at CRRF. Filtered seawater prevented in
fection of scyphistomae with allochthanous sources 
of zooxanthellae. Two days later, the scyphistomae 
were acclimated to different temperature treatments 
and observed for 2 weeks. Scyphistomae were scored 
daily and seawater was replaced every second day for 
2 weeks. 



Effect of temperature on medusae 

Medusae, ::: 15 mm (bell diameter) were collected 
from BJLK and OLK in the same manner as polyps. 
Immediately on arrival at CRRF, medusae were dis
tributed equally among IO five-liter containers (9 
medusae per container) and pairs of containers ac
climated incrementally to five temperatures between 
28 °C and 36 °C (as described for scyphistomae, 
above). Medusae were illuminated from 6 a.m. to 6 
p.m. using household fluorescent lighting situated sev
eral meters from the aquaria. Except for monitoring 
periods, medusae were not illuminated between 6 p.m. 
and 6 a.m. Medusae were scored at 6-hour intervals, 
for up to 7 days, for the rate and strength of bell con
tractions and for their position in the water column. 
Medusae were considered terminally damaged when 
observed on two consecutive occasions pulsing very 
poorly on the container's bottom; these medusae did 
not recuperate if transferred to cooler temperatures. 

Effect of sunscreen 011 medusae 

Medusae collected as above were distributed evenly 
among four 3.5 L containers. Sunscreen (Coppertone 
'Water Babies' UVA/UVB sunblock lotion, SPF 45, or 
BullFrog 'the QuickGel' SPF 36) was added to three 
containers in concentrations of 10-4, 10-6, and 10-9 

(g m1- 1 ). Sunscreen was not added to the fourth, con
trol, container. All four containers were kept in the 
open air at 26-28 °C under a canopy that afforded pro
tection from rain and direct sunlight. The health of the 
medusae was assessed at 6-hour intervals for 5 days. 
This experiment was repeated three times, using 32 
medusae from BJLK and OLO and 16 medusae from 
OLK. 

Statistics 

Statistical analyses were completed using SYSTAT 
v.6.0 for Windows 3.1. 

Results 

Field measurements and observations 

In September, 1998, a large population of Mastigias 
medusae of all sizes was present in OTM although 
these medusae possibly were slightly fewer and, on 
average, larger than usual (Dawson & Martin, pers. 
obs.). By November, 1998, there were fewer large and 
many small medusae (L. J. Bell and B. Yates, pers. 
comm.). On 14th December, 1998, a thorough search 
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1c1b/e I. Zooxanthcllac content and reproductive condition of Mas-
1igic1s scyphistomac in three marine lakes. Summer 1999 

Percentage of polyps that were Ongeim'l Goby Clear 

Tketau 1 Lakc 1 Lake 1 

Producing planuloids % 7 9 

Zooxanthellate % ~2 89 45 

ZD 0.02 1.10 0.48 
Strobilae % 0 9 0 

All counts were made on polyps kept in filtered seawater for 24 h 
after collection. Ongeim'I Tketau scyphistomae were collected on 
several different occasions between 26 Jul. and 4 Sep .• 1999. n = 
l.215. 
Goby Lake polyps were collected on 12 Jan. 1999. n = 305. 
Clear Lake polyps were collected on 26 Aug. 1999, 11 = 168. 
ZD, zooxanthellae density index. 

throughout the lake revealed just one, 20 mm, Mas
tights (Martin & Dawson, pers. obs.). Subsequently, 
medusae were encountered in small and declining 
numbers between January and April 1999 (Fig. 2). 
These medusae were all ::: 1 cm, swimming normally 
and had a normal complement of zooxanthellae. There 
apparently was no strobilation of medusae after April 
1999. Scyphistomae in OTM in summer 1999, found 
between approximately 6 and 14 m depth, were not 
strobilating and appeared azooxanthellate under the 
microscope (L. J. Bell, pers. comm. and Table 1 ). 

Other organisms in Ongeim'I Tketau also exhib
ited signs of stress during summer 1999. For example, 
more than 50% of the endemic anemones, Entacmaea 
medusivora (Fautin & Fitt, 1991 ), appeared flaccid, 
their tentacles largely hidden within invaginated oral 
discs, in contrast to their usual upright posture with 
tentacles extended. Many moon-jellyfish, Aurelia sp., 
were tattered and torn, inverted, or misshapen, al
though the population seemed no smaller than usual. 
Also, for the first time in four years, we saw a 
dead goby, Acentrogobius janthinopterus (Bleeker), 
floating at the surface of the lake. 

The disappearance of Mastigias medusae in 
December, 1998, coincided with the presence of an 
abnormally hot and salty mixolimnion in Ongeim'I 
Tketau (Fig. 3a). The temperature of the mixolimnion 
continued to rise after December, 1998, peaking in 
April, 1999. It has remained high since. In contrast, 
the mean salinity of the mixolimnion has declined 
from its high in December 1998, although it is still 
above the mean of previous measurements. For most 
of 1999, a steep pycnocline at about 6 m depth main
tained a hot and high salinity water mass at depth 
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despite tidal flux involving shallower waters (Hamner 
et al., 1982; Hamner & Hamner, 1998). In September, 
1999, the tidal pattern in the lake was normal, being 
damped to approximately 40% (0.69 m) and delayed 
by about 2.5 h compared with the lagoon (see Hamner 
& Hamner, 1998). 

Other 'jellyfish lakes' also changed. The Mastigias 
population in Goby Lake in December 1998 was un
usually small and consisted solely of animals less than 
6 cm. However, strobilation by zooxanthellate Mas
tigias scyphistomae, located between approximately 
4 and 6 m depth, and growth of medusae restored a 
normal population of medusae in Goby Lake by mid-
1999 (Fig. 4; Table I). The reduced populations of 
Mastigias medusae in Goby Lake in December 1998 
coincided with an unusually hot and salty mixolim
nion (Fig. 3b). The subsequent recovery of the popu
lations coincided with the return of the mixolimnion 
towards its pre-1998 state. 

In Clear Lake, the size distribution of Mastigias 
was heavily skewed towards large medusae in August 
1999. Thousands of medusae ~ 12 cm were present 
but we found only two medusae that were 2 cm and 
a few 6-8 cm bell diameter despite searching along 
transects, totaling approximately 2 km, throughout the 
lake. Although Clear Lake was not unusually hot, the 
mixolimnion was approximately 5%o more saline than 
ever recorded previously. The shallowest scyphisto
mae that we found were at approximately 6 meters 
depth and these contained zooxanthellae but were not 
strobilating (Table I ). 

Clear Lake also contained a large population of 
golden-Mastigias medusae in 1994, but typically 
(1979, 1995-97) has contained few or none of these 
medusae (Hamner et al., unpublished data). However, 
in May 1997, there was a small population ( < 1000 in
dividuals) of white, apparently azooxanthellate, Mas
tigias medusae (Fig. 5), none larger than ,._,,35 mm and 
most less than "-'25 mm. Not one of ""150 medusae 
observed in situ had any pigmentation and thorough 
microscopical analyses, including staining with Fluor
escent Brightener 28 (Sigma Chemicals), found no 
remnants of zooxanthellae in 11 preserved medusae 
(Fig. 5). Three days later, the population was in de
cline, with a decrease in density of jellyfish and with 
only animals ~IO mm showing no physical deterior
ation. We collected 40 medusae from this apparently 
senescent population and placed them in an aquarium 
where, despite the presence of an inoculum of zoox
anthellae and successful feeding on Artemia nauplii, 
they died within 2 days. 

Unlike the populations of medusae in Ongeim'I 
Tketau, Goby Lake, and Clear Lake, the population 
of Mastigias medusae in Big Jellyfish Lake was not 
affected obviously by changes in the mixolimnion 
during 1998-99 (Fig. 3c ), nor were there any other 
obvious biotic changes. Both temperature and salinity 
have ameliorated since December 1998 although both 
still are above the means of pre-1998 measurements. 

laborat01y based experiments 

Effect of salinity oil scyphistomae-woxanthe/lae 

A wide range of salinities and salinity changes, greater 
than any measured in Ongeim'l Tketau, allowed zoox
anthellae increases of up to 160% (Fig. 6). Salinities 
below 25%0 generally caused the zooxanthellae dens
ity index to decrease (i.e. bleaching) whereas salinities 
as high as 45%0 permitted an increase in zooxanthellae 
density. 

There was a weak positive but marginally non
significant correlation between salinity and survival 
of scyphistomae (y = 0.0086x + 0.53, R2 = 0.37, 
p = 0.062). However, there was no correlation 
between survival and zooxanthellae density, indicating 
independence of these two effects. 

Effect ofzooxanthellae enrichment on 
scyphistomae-zooxanthellae 

The zooxanthellae densities in OTM scyphistomae in 
the control and enriched treatments did not differ at 
the start of the experiment (!-test, df = I 0, p = 0. 77). 
However, 4 days later, zooxanthellae were signific
antly more dense in the enriched treatment than in the 
control (I-test, df = I 0, p = 0.05; Fig. 7). 

Effect of temperature oil scyphistomae-zooxallthellae 

Although there was some variation between exper
iments, the mean zooxanthellae density of infected 
scyphistomae, on average, remained stable in the 
28. 7 °C and 31.5 °C treatments. In contrast, in all 
experiments, mean zooxanthellae density decreased 
with each increment in temperature above 31.5 °C 
(Fig. 8a). Grouping the results from all experiments 
into I °C classes (beginning at 28.0 °C) and calcu
lating their mean ranks indicated a significant negat
ive effect of increased temperature on zooxanthellae 
density (Kruskal-Wallis Test, df = 4, p = 0.04). 

A similar pattern was evident in scyphistomae 
infected with zooxanthellae immediately prior to tem
perature treatment. Greater increases in zooxanthellae 
density occurred at 28.7 °C and 31.5 °C than at 33.3 



137 

Temperature (°C) or Salinity (o/oo) 

22 24 26 28 30 32 34 26 28 30 32 34 36 

5 

g 10 
,= 
i'i 
"' 

1

ll1

1

I 
Cl 15 _ 

20 

25 

5 
11111 

5 

10 

10 -

15 

15 
20 

-0- Apr 99 

20 
-"1'- July99 

25 

a. Ongeim'I Tketau b. Goby Lake C. Big Jellyfish Lake 

34 34 

33 

32 

31 

30 .Ll..,.IL.J.,.I...L,J..J..,.1-.J.,.L.L,J...L,-LY..,Y..,,..U~T'- 30 

-

~-~~f~Jttif~f 
"' "' "' 

Figure 3. Physical structure of three 111eromictic marine lakes 1998-99. (a) Ongcini"l Tkctau . (b) Goby Lake. Koror. (c) Big .Jellyfish Lake. 
Koror. Top row: vertical profiles o f the salinity and temperature of the lakes in December 1998 (circles). April 1999 (squares). and July 1999 
(triangles). Vertical hatching against the left axis o r each graph indicates the depth-range in which M"stir;im polyps were found. Horizontal 
hatching against the left axes indicates the approxi111atc tkpth of thc che111ocline separating the upper mixoli111nion from the lower monimolim
nion. Bollom row: monthly mean Ic111peraturc of the mixolimnion (bars: average or 111onIhly vertical tc111peraIure profiles excepting the upper 
2 111 which vary according 10 recent rainfall and tidal-cycles). compared 10 the mean of all such measurements made between 1978 and I 998 
(line: Hamner ct al.. unpubl. data). 

°C or 34.4 °C (Fig. 8b). However, thi s e ffect was not 
significant (Kruskal- Wallis Test, df = 3. p = 0.8). 

Scyphistomae transferred subsequently from the 
33.8 °C and 35.2 °C treatments 10 28.7 °C began 
10 show increases in zooxanthellae densi ty after two 
weeks. Scyphistomae transferred in the opposite dir
ection began bleaching within 3 days. 

The survival of scyphistomae generally declined 
with increasing temperature (Fig. 9). Grouping the 
results from all experiments into I °C classes (be
ginning at 28.0 °C) and calculating their mean ranks 
indicated a marginally non-significant negat ive e ffect 
of increased temperature on survival (Kruskal- Wal lis 
Test, cir = 4, p = 0.055). There was no relationship 
between temperature and production or planuloids by 

scyphistomae (A NOYA, df = 7, 39, p > 0.5). The fre
quency of strobilation was greatest at 3 1.5 °C ( 12% 
or scyphopolyps). and less at both cooler (28.7 °C = 
4%) and higher (33.3 °C = 5%: 34.4 °C = 4%) tem
peratures. Strobilation was not observed in either 33.8 
°C or 35.2 °C treatments. No scyphopolyps were seen 
si multaneously strobilating and producing planuloicls. 
Also. the frequency of strobilation and planuloicl pro
duction in natural populations appeared to be inversely 
related (Table I). 

E/Teel of te111pernture 011 medusae 

Increasing temperature significantly decreased the sur
vivorship of small medusae from both Goby Lake and 
Big Jellyf-i sh Lake (Fig. I 0). This trend was exag-
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geratcd at temperatures approaching and greater than 
35 °C. A lthough th is pattern is consistent between 
lakes, the magnitude of the effect is not. M edusae from 
Gaby Lake died significantly more quickly than their 

Big Jelly fish Lake counterparts at al l experimental 
temperatures (as demonstrated by 95% Cl, Fig. I 0), 
consistent w ith either container effects or other differ
ences between these populations. Terminally damaged 
medusae did not appear bleached. 

E.ffecl of su11scree11 0 11 111ed11sae 

Coppertone sunscreen at concentrations of :::, I o-6 

had no discern ible effect on the survival of medusae 
from BJL K and GLK within 5 days. but concentra
tions of I0- 4 caused the death or all medusae within a 

few minutes (GLK) to several hours (B.JLK). Bul l Frog 
was lethal to al l OLO medusae wi thin 30 min at a 
concentration of I0- 4 . within 6 hat I0- 5, and within 
30 h at I o-6. Only one jellyfish died in one contro l 
experiment (BJLK). 

Discussion 

.Jellyfish s1vam1s and !he Chrisl-chi/d 

The 1997- 98 El Niiio was, by some measures, the 
most severe on record (McPhadcn, 1999; Wilkin
son et al., 1999). In the western Paci fic. dramatic 
changes in the prevai l ing winds, depth of the ther-

mocline, drought, unusually high sea-levels, and el
evated air and sea-surface temperatures (M cPhadcn. 
1999, NOAA. 1999a) precipi tated important biolo
gical changes (e.g. Chavez et al., 1999). In Palau. 'the 
Christ-child' brought a severe drought, which ki lled 
many large jungle trees and depicted Palau's only 
fresh-water lake, and caused exceptionally high tides. 
high sea surface temperatures. and widespread coral 
bleaching (PCS, 1999b: CRRF. unpubl. data). Coral 
bleaching- the perturbation o f the coral-zooxanthellae 
symbiosis (e.g. Hocgh-Gu ldbcrg & Smith, I 989; 
Kleppcl, 1989) - is an hallmark o f the high sea su rface 
temperatures associated wi th El Ni iio events (Brown et 
al. , 1996: Jones et al. . 1997: Winter et al., 1998) and. 
on a global scale, bleaching in 1997-98 was more ex
tensive than any recorded previously (Wi lkinson et al., 
1999: Aronson et al.. 2000). fn Palau, at least 30% of 
al l scleractinians and as many as 99% of some species 
died (PCS, 1999b). 

The physical and biotic changes that occutTed in 
the mari ne lakes in Palau during 1998 were of far 
greater magnitude than any lluctuations measured pre
viously. Whether the perturbations were tru ly unpre
cedented. however, is unclear. E1pison ( 1997) reported 
that the meclusa population in Ongeim ' I Tketau was 
decimated in 1987 and, although she attributed the loss 
of rncdusae to scientific diving and SCUBA generated 
turbulence that disturbed the toxic monimolimnion, its 
coincidence with the El N iiio of 1986-88 (Brown et 
al. , 1996; NOAA, 1999b) now suggests a close link 
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Figure 5. (a) A sym biotic golclcn-Masrigias mcdusa. approxi ma1cly :,o 111111 bell diamete r and (b) an aznoxan1hdla1c whitc-Masrigias o f similar 
s ize. Unde r phasc-con1ras1 microscopy (magnilic:11io n x 125). (c) tissue of goklcn-Mastigias is replcie with clus te rs o r heavi ly pigmented 
zooxanthcllac (each 1.0oxan1hclla is ~ 9 11 m diameter I Muscatine et al.. 19861) while (d) zoox,1111hclla<.'. arc conspicuo usly absclll from tissue of 

white-Mastigias. 

between climate change and marine lake ecosystem 

dynamics. 
The most striking changes measured in the mar

ine lakes in 1998-99 occurred in Ongeim ' I Tkctau 
where extremely high water temperatures and unusual 
stratification were associated wi th the disappearance 
of approximately 1.5 mi ll ion Mostigias mcdusae. By 
contrast, Masrigios medusae in Goby, Clear, and Big 
Jelly fish lakes did 110 1 suffer the same fate. These 
lakes. which did not stratify to the same degree. never 

became as hot and generally were more variable phys
ical ly than OTM. Their Mastigias populat ions either 
were not affected detri mentally or recovered relat
ively qu ick ly. The coincidence or strong physical and 
biological changes in the lakes after two decades of 
apparent stability suggests they were related causally. 
Laboratory experiments support this interpretat ion -
tempernLUres as high as those observed in Ongcim' I 
Tketau can have severe effects on Mostigias , includ
ing bleaching and increased morta li ty of scyphistomae 
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(Figs 8 and 9), inhibition of strobilation, and increased 
mortality of medusae (Fig. I 0). 

Ongeim 'l Tketau 

The disappearance of Mastigias medusae from 
Ongeim' l Tketau likeJy resulted from the coincid
ence of several unusual demographic events. Ongeim' l 
Tketau normally contains Mastigias medusae of all 
sizes indicating strobilation, growth, and mortality 
during all, or most, months of each year (Hamner 
et al., 1982). However, the medusa population in 
September, I 998, probably had a higher than normal 
proportion of large medusae because the production or 
recruitment of small and medium-sized medusae had 
been less frequent than usual during summer 1998. 
The large medusae present in September died before 
the end of November, 1998, Jeaving in the Jake only 
uncharacteristically few and small medusae. It seems 
likely that the large, mature, medusae died as a natural 
consequence of reproductive senescence, as observed 
in other medusae (Arai, 1997:182-3). Mass mortal
ity of large, presumably post-reproductive, Mastigias 
was observed previously in Ongeim'l Tketau in April, 
1997, when hundreds to thousands of motionless me
dusae carpeted the lake bottom, underneath the pre
vious afternoon's swarm (Dawson, pers. obs.). In 
contrast, the disappearance of all smaller medusae was 
anomalous. 

The death of small and medium medusae from 
Ongeim' I Tektau in 1998 appears attributable more 
to high mortality of small medusae than to lack of 
strobilation. Between late-1998 and April, 1999, thou
sands of medusae were strobilated but none survived. 
Strobilation did not cease until May, 1999. There 
may be several reasons ephyrae and small medusae 
did not survive. One possibility is exposure to un
usually high temperatures (Fig. I 0), which may have 
occurred nightly when medusae migrated into deeper 
waters (Hamner et al., 1982). Alternatively, expos
ure to high temperatures may have been chronic if 
medusae became trapped behaviorally by and below 
the thermocline and halocline at 5-6 m (see Lance, 
1962; Harder, 1968; Arai, 1973, 1976, 1992; Ham
ner et al., 1994; Dawson, 2000). Similarly, depending 
on the relationship between water column structure 
and the distributions of Mastigias medusae and their 
resources, the physical changes in OTM may have 
limited the availability of suitable prey (see also Uye, 
1994) and access to 1 ight above the pycnocline or 
nutrients below it, at the chemocline. Notably, Mas
tigias medusae <40 mm rely heavily on zooplankton 

to meet their metabolic demands (McCloskey et al., 
1994). However, the uninterrupted abundance of Aure
lia in OTM throughout 1998-99 suggests prey were 
not scarce. Thus, the decline in Mastigias seems likely 
to be attributable to another factor, or factors, perhaps 
affecting their symbiosis with zooxanthellae. 

Irrespective of the causes of their decline, medusae 
were present until April, 1999, after which strobilation 
ceased, probably inhibited principally by the unusu
ally high temperature of the mixolimnion (but see 
aJso Purcell et al., 1999; Condon et al., 200 I; Lucas, 
2001 ; Watanabe & Ishii, 2001 ). High temperatures 
likely caused scyphistomae to bleach (Fig. 8), thus 
removing or reducing the zooxanthellae presumably 
required for strobilation (Sugiura, 1964, J 965; but see 
below). In addition, high temperatures may have re
duced strobilation by increasing the mortality rate of 
scyphistomae (Fig. 9), although the Joss of polyps may 
have been mitigated by the production of planuloids 
(Table I). Finally, after April, 1999, water temper
atures in Ongeim' I Tketau fluctuated little, relative 
to those in other je11yfish lakes, perhaps depriving 
scyphistomae of the temperature changes presumably 
needed to stimulate strobi1ation (Sugiura, 1964, 1965; 
see also Figs 3 and 4 ). Thus, on the basis of labor
atory experiments and field measurements, relative 
to other je11yfish lakes, there should have been few, 
if any, zooxanthellate or strobi1ating scyphistomae in 
Ongeim'J Tketau after April, 1999, and field collec
tions in summer 1999 demonstrated that this was the 
case (Table l ). 

Goby, Clear and Big Jellyfish lakes 

The small body size and number of Mastigias medusae 
in Goby Lake in December, 1998 (Fig. 4 ), suggests 
the recent dynamics of the golden-je11yfish population 
may have been simi1ar to those in Ongeim'I Tketau. 
However, the cohort of small medusae in Goby Lake in 
December, 1998, grew successfully. By August I 999, 
the golden-jellyfish population had returned lo approx
imately its pre-1998 condition and there were many 
zooxanthellate strobilae in the Jake (Table I). 

By contrast, Clear Lake, in August 1999, con
tained almost exc1usively Mastigias medusae 2::. 12 cm 
and the scyphistomae collected were only moderately 
infected with zooxanthellae and not strobi1ating. The 
dearth of small medusae and strobiJation in CLM may 
have been attributabJe to low levels of zooxanthellae 
(Table I) which are important for strobi1ation (Sug
iura, 1964, 1965; Arai, 1997). However, other factors 
also are implicated ( e.g. Purcell et al., 1999; Con-
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don ct al. , 200 I: L ucas, 200 I; Watanabe & Ishii, 
200 I ) because zooxanthellae arc not absolutely neces
sary for strobilat ion - the white Masligias of 1997 
more l ikely were strobi lated aposymbiotically (e.g. 
Rahal & Adar, 1980) than bleached pos1-s1robila1ion 
because bleached animals typically retain some rem
nants of zooxanthcllae (G lynn & D'Croz, 1990; Hayes 
& Bush. 1990; Kuroki & van Woesik. 1999: but see 
Fig. 5). Irrespective of the reason for the dearth or 
small and medium Mas1igias mcdusae, CLM in Au
gust 1999 may have resembled OTM in Fall 1998, jusl 
prior to the disappearance or the Masligias population. 

A lone among the four lakes reported here, Big 
Jelly fish Lake experienced no obvious changes in its 
biota. Possibly this was because temperature extremes 
in Big Jellyfish Lake were more modest than in other 
lakes (Fig. 3). However. it also is possible 1ha1 BJLK 
Mas1igias are adapted better to temperature extremes 
than Mas1igias in other lakes (Fig. I 0). Such local 
adaptation might explain the demographic differences 
observed between lake populations in I 998-99 and is 
consistent with prev ious evidence of lake-specific ad
aptations in marine lake Masligias (Hamner & 1-lauri . 
198 I ; Muscatine & Marian, I 982: McCloskey et 
al., 1994) and co-adaptation of zooxanthellae and 
hosts (Rowan & Knowllon. 1995 : see also Fig. Sa). 
Moreover, the events of 1998-99 suggest that natural 
selection and adaptation may be ongoing in at least 
some populations of Mas1igias. 
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Figure 8. The effect or te111pcra111rc on the 7.ooxamhellae dens
ity index for lvl astigias scyphistomae. (a) Change in zooxan1hcllac 
density in scyphistomae containing cstahlished populations of zoox
a111hd lac. GLK. Goby Lake. Koror: OTfvl I. Ongcim ·1 Tkctau, 
Mccherd1ar. infected with 11on-M astig ias zooxanthcllae. OTM2. 
Ongci 111 ·1 Tkclau. Mcchcrchar. enriched wilh zooxamhcllac from 
tv/astigias 11ap11a. (h) The increase in zooxanlhcllac density(± 95% 
Cl) in scyphistomae 1hat wen: inoculated with M. /Hipua zooxan
thcllae immediately prior to 1hc experiment. Cemer of bar indicates 
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Figure JO. Eff cct of temperature on the 50%-mortality time of Mas
tigias mcdusae from BJLK (circles) and GLK (triangles). Increasing 
temperature decreases survivorship (i.e. regressions are significantly 
different from zero, see below), an effect that is particularly severe 
at the highest temperatures studied. The linear regressions fitted to 
BJLK data arc, y = -8.552x + 401.11, R2 = 0.859, p = 0.001. 
and .r = -64.024x + 2310.45. R2 = 0. 943. p = 0.029. The regres
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Tourists and other.factors 

Tourists probably played little role in the disappear
ance of Mastigias medusae. Populations of Mastigias 
medusae declined almost synchronously in Ongeim'I 
Tketau and Goby Lake although few tourists visited 
Goby Lake, and it simply was not logistically feas
ible that tourists ate, stole or otherwise killed all 
one-and-a-half million medusae in Ongeim'l Tketau. 
Moreover, Mastigias medusae had not been affected 
deleteriously by many previous years of sometimes 
higher tourism. In addition, although sunblock can 

kill golden-medusae, it is highly unlikely that acutely 
lethal concentrations, which turn seawater milky, ever 
have been present in Ongeim'l Tketau. Whether there 
are detrimental effects due to chronic exposure of 
Mastigias to sunscreen, however, is yet to be invest
igated experimentally. 

The disappearance of Mastigias medusae also was 
not attributable to stagnation of the lake caused by re
duced tidal exchange, because the conduits connecting 
the lake and lagoon were not blocked. The extreme 
stratification and over-heating of the mixolimnion of 
Ongeim' l Tketau most likely were induced by El Nino 
weather patterns. High salinity also is an unlikely 
explanation for the disappearance because, although 
salinity was high in December 1998, Mastigias did 
not disappear entirely until April 1999, when salinity 
profiles already had returned to normal (Fig. 2; Ham
ner & Hamner, 1998). Moreover, Mastigias medusae 
frequently migrate vertically between waters differing 
by 3%o (Hamner et al., 1982) and experimental salin
ity changes of I 0%o in 7 days generally are somewhat 
deleterious, but not lethal, to Mastigias scyphistomae 
(Fig. 6; also see Weiler & Black, 1991 ). Thus, at this 
time, there is little evidence to implicate factors other 
than temperature in the disappearance of Mastigias 
medusae from Ongeim'l Tketau. 

Closing remarks 

In January, 2000, Mastigias medusae were observed 
in OTM for the first time since April 1999. A small 
strobilation event occurred after the lake had cooled, 
by December 1999, to its lowest temperature (max. 
32.8 °C) since January 1999. This cohort of medusae 
matured and grew successfully to as large as 19 cm. 
Since then, three additional strobilation events have 
produced mature medusae up to 23 cm. The Mastigias 
population in OTM has increased gradually in size 
but, as of May 2000, remains probably less than 104 

strong. 
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Abstract 

The native habitats of the ctenophore, Mnemiopsis, are temperate to subtropical estuaries along the Atlantic coast 
of North and South America, where it is found in an extremely wide range of environmental conditions (winter low 
and summer high temperatures of 2 and 32 °C, respectively, and salinities of <2-38). In the early 1980s, it was 
accidentally introduced to the Black Sea, where it flourished and expanded into the Azov, Marmara, Mediterranean 
and Caspian Seas. We compile data showing that Mnemiopsis has high potentials of growth, reproduction and 
feeding that enable this species to be a predominant zooplanktivore in a wide variety of habitats; review the 
population distributions and dynamics of Mnemiopsis in U.S. waters and in the Black Sea region; and examine 
the effects of temperature and salinity, zooplankton availability and predator abundance on Mnemiopsis population 
size in both regions, and the effects of Mnemiopsis on zooplankton, ichthyoplankton and fish populations, focusing 
on Chesapeake Bay and the Black Sea. In both regions, Mnemiopsis populations are restricted by low winter tem
peratures ( <2 °C). In native habitats, predators of Mnemiopsis often limit their populations, and zooplanktivorous 
fish are abundant and may compete with the ctenophores for food. By contrast, in the Black Sea region, no obvious 
predators of Mnemiopsis were present during the decade following introduction when the ctenophore populations 
flourished. Additionally, zooplanktivorous fish populations had been severely reduced by over fishing prior to the 
ctenophore outbreak. Thus, small populations of potential predators and competitors for food enabled Mnemiopsis 
populations to swell in the new habitats. In Chesapeake Bay, Mnemiopsis consumes substantial proportions of 
zooplankton daily, but may only noticeably reduce zooplankton populations when predators of Mnemiopsis are 
uncommon. Mnemiopsis also is an important predator of fish eggs in both locations. In the Black Sea, reductions 
in zooplankton, ichthyoplankton and zooplanktivorous fish populations have been attributed to Mnemiopsis. We 
conclude that the enormous impact of Mnemiopsis on the Black Sea ecosystem occurred because of the shortage of 
predators and competitors in the late 1980s and early I 990s. The appearance of the ctenophore, Be roe ovata, may 
promote the recovery of the Black Sea ecosystem from the effects of the Mnemiopsis invasion. 

Introduction 

Comb jellies comprise a diverse phylum (Ctenophora) 
of delicate, gelatinous species living throughout the 

world's oceans. In estuarine and coastal waters, cten
ophores can reach great abundances. They feed at 
high rates on zooplankton and ichthyoplankton, and 
thereby may be detrimental to fish populations. They 
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are well adapted for rapid population growth, having 
high rates of feeding, growth and reproduction. 

The native habitats of ctenophores in the genus 
Mnemiopsis are estuaries along the eastern coastline of 
North and South America. Mnemiopsis is probably the 
most-studied ctenophore genus in the world because of 
its great abundance in estuaries in heavily populated 
areas of the U.S., and because of its explosive pop
ulation growth after accidental introduction into the 
Black Sea in the early 1980s. It has spread from the 
Black Sea to the Seas of Azov, Marmara and eastern 
Mediterranean, and in I 999, it appeared for the first 
time in the Caspian Sea. At present, its impact is a 
serious problem for the ecosystems of these basins. 

The identities of species within the genus Mne
miopsis are uncertain. Two species names have been 
commonly used, M. leidyi A. Agassiz, which has 
been used for areas above Cape Hatteras in the U.S., 
and M. mccradyi Mayer, I 900, which has been used 
below Cape Hatteras (Larson, 1988), and both spe
cies are listed from South America (Mianzan, 1999). 
Mayer ( 1912) considered the high body density and 
the warts on the body surface to be specific fea
tures of M. mccradyi, however, these features were 
formerly noted in M. leidyi (in A. Agassiz, 1865; 
Fewkes, 1881 ). Recent investigations reveal indistin
guishable specimens from North and South America 
(K. Bayha, pers. comm.). Experimental results on 
respiration, excretion, egg production, feeding and 
growth on Mnemiopsis from northern and southern 
U.S. are indistinguishable (Kremer, 1994). 

Identification of the ctenophore that appeared in 
the Black Sea was confused by inconsistencies in 
description of morphological features of the genus 
Mnemiopsis by its first researchers. The introduced 
ctenophore was called both M. leidyi and M. mccradyi 
(e.g. Vinogradov et al., 1989; Zaika & Sergeeva, 
1990). Seravin ( 1994) revised the genus Mnemiopsis, 
concluding that it includes only one polymorphic spe
cies, M. leidyi. Due to the uncertainty of clear species, 
we will refer to the ctenophores by the genus name. 

In this review, we explore the effects of the en
vironment on populations of Mnemiopsis. First, we 
consider how temperature, salinity and prey densit
ies affect the ctenophore's composition, metabolism, 
individual growth and reproduction. Then, we exam
ine the conditions found in the habitats of Mnemiopsis 
and how their populations vary with physical and bio
logical factors, first considering native habitats and 
then exotic habitats. We have chosen to concentrate 
on comparisons between the Chesapeake Bay and the 

Black Sea, which are at the same latitude, have sim
ilar ranges of environmental conditions, and similar 
zooplankton and zooplanktivorous fish assemblages. 

Body composition, metabolism, growth and 
reproduction of Mnemiopsis 

Body composition 

The relationships among various measures of body 
size of Mnemiopsis may vary with ctenophore size, sa
linity and feeding history (Table I). Oral-aboral length 
measurements are somewhat subjective due to the 
flaccid body, as illustrated by the variation in length
to-wet weight conversions (Table I). Biovolume (V 
in ml) typically is measured in field studies and is 
roughly equivalent to wet weight (WW in g). Live 
WW can be calculated from tentacle bulb length 
in formalin-preserved samples (Purcell, 1988). Dry 
weight (DW) commonly is measured, but results dif
fer depending on the salt content of the ctenophore, 
which reflects ambient salinity. Carbon (C) and ni
trogen (N) contents as percent of DW vary, generally 
being inversely related to ctenophore size and directly 
related to prey density (Reeve et al., 1989; Borodkin 
& Korzhikova, 1991 ). C%DW ranged from I 3.1 % in 
I. I mm ctenophores to 1.5% in 20 mm specimens. 
C%DW ranged from I% when fed at :S20 prey 1-1 to 
2% at 200 prey 1- 1• Chemical composition (glycogen, 
mono- and polysaccharides) of Mnemiopsis has been 
further studied by Anninsky et al. ( 1998). 

Metabolism 

More extensive research has been conducted on the 
respiration and excretion of Mnemiopsis than on any 
other gelatinous species. The average respiratory quo
tient (molecular ratio) of CO2:O2 of0.74 and O2:NH4 
of 6.7 (0:N atomic ratio = 13.3) are indicative of 
protein and lipid metabolism, and suggest that Mne
miopsis are strict carnivores (Kremer, 1977). Weight
specific metabolism of Mnemiopsis and other cten
ophores has been reported to depend on body size 
(Miller, 1970; Nemazie et al., 1993) (Table 2), how
ever, Kremer (1975a, 1977, 1982) found no weight
specific effects. Total nitrogen excretion is comprised 
of 66% NH4 + and 34% dissolved organic nitrogen 
(Kremer, 1977, 1982). Ammonium excretion rates 
per g DW reported from Chesapeake Bay are 3-fold 
higher than for Narragansett Bay, but are similar when 
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Tahle /. Biometric conversions for Mnemiopsis. V = live volume in ml. L = total length in mm. WW= wet weighting. OW= dry weight in 
g. C = carbon in mg, N = nitrogen in mg 

Conversion Salinity Source 

WW= 1.017V - 0.122 31 Kremer & Nixon ( 1976) 

WW = 0.009L 1 ·872 31 Kremer & Nixon ( 1976) 

WW=0.00236L 235 18 Vinogradov ct al. (1989) 

WW=0.00079 L 251 18 Pavlova & Minkina (1993) 

WW= 0.00l074L2·76 Finenko ct al. (1995) 

WW=0.0023L 2-05 , R=0.94 (Spring) 18 Shiganova (unpublished) 

WW=0.()061Ll.81 , R=0.95 (Summer) 18 Shiganova (unpublished) 

DW=0.034WW 31 Kremer & Nixon (1976) 

OW=0.0331 ww0·939 18 Tzikhon-Lukanina & Reznichenko ( 1991) 

OW= 0.0095WW-0.00l4 6-12 Nemazie et al. (1993) 

C=0.0005V 6-12 calculated from Nemazic ct al. ( I 993) 

C%WW=0.00012% 18 Vinogradov et al. (1989) 

C%0W= 1.7% 31 Kremer & Nixon ( 1976) 

C% OW=4.2% 18 Finenko et al. ( 1995) 

C%0W=5.I% 6-12 Nemazic et al. (1993) 

N%DW=0.5% 31 Kremer ( 1976) 

N%DW= 1.3% 6-12 Nemazie ct al. (1993) 

Table 2. Metabolic rates of Mnemiopsis. Excretion (E) in ,,g utoms NH4 +-Ng ow- 1 h- 1• Respiration (R) in µg atoms 02 g ow- I 11- 1, R1 
in ml 0 2 ind- 1 11- 1, R2 in µI 0 2 g ow- 1 11- 1• R3 in µI 0 2 ind- 1 11- 1. T = temperature in °C, DW = g dry weight.*= calculated from the 
equations for ctenophores 0.4 g DW at 22 °C. and using the conversions I ml 02 = 1.42 mg 02 = 44.88 t.tmol 02 = 89.76 µg atoms 02 

Rate equation 

E = 0.059 e0·137 

E = 1.952 ow0-742 

E= 1.118+0.605 log DW 

+ 0.053 T 

R = 0.79 e0·137 

R i = o.<>45 owo.ss4 
R2 = 3.2 ow0-89 

R3 = 2.50 ww0-83 

Temperature 
(OC) 

10-24 

18-28 

18-28 

10-24 

20-21 

23 

12-14 

Salinity 

31 

6-12 

6-12 

31 

18 

18 

standardized per g N (Nemazie et al., 1993). The au
thors conclude that the 3-fold salinity differences in 
the two locations explain the differences in excretion 
rates standardized by DW. 

Mnemiopsis are very sensitive to temperature in 
both U. S. waters and the Black Sea, showing the 
metabolism increased by a factor of 3.4-3. 7 for a 
10 °C increase in temperature ( Q 10) (Kremer, 1977; 
Nemazie et al., 1993; Finenko et al., 1995). Kremer 
( 1977) compares results from Narragansett Bay with 
earlier results from Chesapeake Bay and Biscayne 

R or Eat 

22 °C, 0.4 g OW 

(1,tg atoms g ow-I h-l )* 

1.03 

1.17 

0.98 

13.8 

5.8 

0.127 

5.1 

Source 

Kremer ( 1975b) 

Nemazie et al. ( 1993) 

Nemazie et al. ( 1993) 

Kremer ( 1977) 

Finenko et al. ( 1995) 

Pavlova & Minkina ( 1993) 

Anninsky ct al. ( 1995) 

Bay, where summer temperatures were higher, and 
concludes that ctenophores from the warmer locations 
were less sensitive to high temperatures. Metabolic 
rates also are sensitive to feeding history (Kremer, 
1982; Kremer & Reeve, 1989; Finenko et al., 1995), 
with the highest rates measured for Mnemiopsis at 
high prey densities (Table 3 ). 

Metabolic rates can be used to estimate min
imum ingestion rates. Mnemiopsis turns over 6-18% 
d- 1 of its body carbon and nitrogen (Kremer, 1975, 
1982; Nemazie et al., 1993 ). Those estimates increase 
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Table 3. Metabolic rates of Mnemiopsis at 22 °C relative to 
feeding history from Kremer (1982). Rates arc for ctenophores 
0.01-0.4 g OW. Respiration (R) in 11.g atoms o2 g ow- h- 1• 
Excretion (E) in µg atoms NH4 +-N g ow-1 11-1 

Conditions Respiration Excretion 

Freshly-collected < 13 h 8.7 0.70 

Starved 40 h 6.0 0.42 

5 prey 1- 1 11.9 0.82 

50 prey 1- 1 16.6 1.41 

200 prey 1- 1 26.4 1.80 

by 34% if organic nitrogen is included. Therefore, 
weight-specific ingestion would need to be 8-24% d- 1 

to balance metabolic costs at 26 °C, but less at 21 °C. 
Nitrogen excretion has been used to evaluate the 

importance of Mnemiopsis to nutrient recycling. At 
high ctenophore abundances, the contribution of Mne
miopsis excretion to the ammonium pool was 3-) 5% 
d- 1 (Kremer, 1975b; Nemazie et al., 1993), but was 
small when compared with demands of the whole mi
croplankton community in Chesapeake Bay ( <0.6% 
d- 1 ; Nemazie et al., 1993 ). The contribution towards 
ammonium recycling by Mnemiopsis is similar to that 
by mesozooplankton in Narragansett and Chesapeake 
Bays (Kremer, 1975b; Nemazie et al., 1993). 

Growth and reproduction 

Mnemiopsis is a simultaneous hermaphrodite with dir
ect development. The spherical cydippid larvae hatch 
in 20-24 h, feed with two tentacles, and develop 
lobes at about IO mm length. The combination of high 
feeding, growth and reproduction rates enable Mne
miopsis populations to increase rapidly in favourable 
conditions. 

Individual growth rates of Mnemiopsis are related 
to prey densities. Young animals (about I mg OW) die 
after 3 weeks without food, losing 90% of their body 
mass (Finenko et al., 1995). Specific growth (carbon) 
of small ctenophores during 4 d without food ranged 
from -0.02 to -0.18 d- 1 (Reeve et al., 1989). Cten
ophores <7 d old can double their weight daily with 
abundant food (Stanlaw et al., 198 I). Specific growth 
rates (carbon) of small ctenophores (6 mm initial size) 
increased rapidly over 4 d to 13-17 mm at prey dens
ities of 20-2001- 1, achieving a maximum of over 0.8 
d- 1 (more than a doubling in biomass daily) at the 
highest prey level (Table 4, Reeve et al., 1989). Spe
cific growth rates of larger ctenophores ( 17 mm initial 

size) were lower overall with a maximum of 0.34 d- 1 

at 200 prey 1- 1 in a J 6-d experiment with final sizes 
of 52-84 mm at 20-200 prey 1-1• The gross growth 
efficiencies were generally in the range of 30-50% at 
20-200 prey 1- 1, with lower efficiencies at 200 prey 
1- 1 due to larger size and lower assimilation efficiency. 
More carbon was allocated to somatic growth than 
reproduction, and egg production changed the gross 
growth efficiencies little. Individual growth models 
have been constructed by Kremer ( 1976) and Kremer 
& Reeve ( 1989). Mean specific growth rates of Black 
Sea Mnemiopsis at prey densities of 60-100 copepods 
1- 1 ranged from 0.08 to 0.24% OW d- 1, increasing 
with food concentration (Finenko et al., 1995). Those 
rates are much lower than reported from the U. S., 
possibly due to use of small containers ( I I) and dry 
weight instead of carbon. 

Egg production in Mnemiopsis varies with cteno
phore size, food availability and temperature (Kremer, 
1976; Reeve et al., ) 989; Zaika & Revkov, 1994) 
(Table 4). In U.S. waters, appreciable egg production 
generally begins at about 30 mm length ( 1.2 g WW, 
I mg C), and fecundity increases linearly with cteno
phore size, but is variable in situ (Kremer, 1976). The 
maximum egg production observed in a field-collected 
specimen (27 g WW) was 14000 eggs d- 1 (Kremer, 
1976). In the laboratory, well-fed ctenophores (80 mm 
and 25 g WW) produced 1000-3000 eggs d- 1• Each 
egg was calculated to contain about 0.1 µg C. Egg 
production increases with prey density, but represents 
a small fraction ( <0.03% d- 1) of the body carbon 
(Reeve et al., 1989). Egg production ceases after only 
2-4 d without food, and resumes in a similar time 
frame (U. Bamstedt, unpublished data). Thus, egg 
production is very sensitive to food conditions. 

Egg production occurred at all temperatures ( 11.8-
29 °C) and salinities (5.6-29.8) sampled in mid-April 
to early May and in mid-June to mid-August, ) 997 
and 1998 in Chesapeake Bay (Brink & Purcell, un
published data). Weight-specific egg production was 
greater in summer (Fig. I a), when temperatures, salin
ities, and prey densities all were higher, than in spring. 
Maximum spawning occurs between 02:00 and 04:00 
h (P. Kremer, U. Bamstadt, L. Brink, unpublished 
data). 

Black Sea ctenophores begin sexual reproduction 
at IO 111111 oral-aboral length ( 13.5 mg OW) with op
timal food (Finenko et al., 1995). During the next I 0 
d, they produce up to 12 000 eggs, however, fecundity 
depends upon prey densities and environmental condi
tions (Zaika & Revkov, 1994). Egg size is 0.25-0.3 
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Ti.1b/e 4. Specific growth and gross growth efficiencies (GGE) calculated from carbon biomasses. and egg production of M11emiopsis relative 
to prey concentration at 26 °C. In Experiment l, 15 clcnophorcs (6 mm initial length) were maintained for 4 d. In Experiment 2, 8 ctenophores 
( 17 mm initial length) were maintained for 16 d (from Reeve et al., 1989) 

Experiment I 

Prey Specific 
(No. 1-I) growth (d- 1) 

20 0.43 

50 0.67 

l00 0.83 

200 0.87 

300 
a 

250 
~! 

200 0 .c 
0.. 
0 
C 150 Q) 

ts 
e 
1/) 100 
C) • • C) 
Q) 

50 • • 
0 Ii .. ! • z 

0 I 

GGE 

(%) 

32.3 

40.6 

39.1 

28.1 

• • • 
• • 
• • 

• • . ., . ... Ml~ •• • •• ..... 

Experiment 2 

Specific GGE Total eggs GGEwith 
growth (d- 1 ) (%) (No. ind. - I) eggs(%) 

0.23 44.2 42 44.5 

0.29 45.3 196 46.0 

0.31 36.1 531 36.9 

0.34 28.2 1431 29.5 

of natural conditions. Spawning in the Black Sea be
gins in late evening, and peaks at midnight to 02:00 
h (Zaika & Revkov, 1994 ). Field observations and ex
periments showed that no spawning occurs in spring at 
8-16 °C (Shiganova, unpublished results), and that in
tensive spawning occurs in late summer-autumn when 
temperatures reach 23 °C (Shiganova, 1998) (Fig. 1 b). 

M11emiopsis in native habitats 

10 12 14 16 18 20 22 24 26 28 30 Environmental conditions and regional patterns 

Temperature (°C) 
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Figure 1. (a) Size-specific egg production of Muemiopsis from ship 
board incubations versus surface water temperature in Chesapeake 
Bay during April and August, 1997 and 1998. Each dot represents 
one ctenophore (Brink & Purcell, unpublished data). (b) numbers 
of M11emiopsis larvae < I mm diameter versus temperature in the 
Black Sea during August, 1994. Vertical tows were made from 150 
to 0 111, or from the bottom to surface inshore using a Bogorov-Rass 
(BR) net with 500 µm mesh (Shiganova, unpublished data). 

mm. The mean egg production rate in I I contain
ers is low, only 3 eggs d- 1, and is not representative 

Kremer ( 1994) reviews habitat characteristics of four 
locations from the northern to southern United States 
where Mnemiopsis has been studied (Table 5). The en
vironments are shallow estuaries and bays that range 
in average depth from 2 to 30 m. Mnemiopsis also 
occurs in coastal waters (Mayer, 1912; Purcell et al., 
2001 ). Temperatures range from 0 °C in northern loc
ations in the winter, to 32 °C in the southern estuaries 
during the summer, and salinities range from .:52 to 38 . 
These environments also have high zooplankton bio
masses, ranging from 11 to 200 mg C m-3, where the 
copepod Acartia tonsa Dana predominates. Kremer 
(1994) concludes that three factors act in a hierarchy 
to determine the abundance of Mnemiopsis, with tem
perature being the most important, food availability 
second and mortality (predation) third. 

The southern locations (Biscayne Bay, Florida, and 
Nueces Estuary, Texas) experience higher temperat
ures, 7-18 °C minima and 31-32 °C maxima than in 
the north (Kremer, 1994). The Mnemiopsis population 
in Biscayne Bay peaks in December to February, when 
temperatures are lower { "-'20 °C) than the rest of the 
year (Fig. 2). Mnemiopsis in Nueces Estuary exper
iences several small population peaks throughout the 
year (Fig. 2). The biomasses in both southern locations 
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Table 5. Comparison of systems over the range of Mnemiopsis in the U.S. Modified from Kremer ( 1994) 

Location Av. depth Temp. Salinity Zooplankton biomass (mg C m-3) Ctenophore biomass (ml m-3) 

(m) (°C) 

Season Peak Peak Season Peak Peak No. 

range range year!> 

Narragansett Bay, RI 9 1-25 25-32 June-July 70" 30-110 Aug-Sept 50 6-100 >8 

Mid Chesapeake Bay, MD 5-10 2-30 5-16 Summer 9011 30-180 June-Sept 60 10-100 16 
Biscayne Bay, FL 2 18-32 14-45 Fall to winter I JC nd Fall 30 nd I+ 

Nueces Estuary, TX 2.4 7-31 20-38 Variable 50 nd Summer 15 8-20 

" > 153 µm fraction, assuming C = 35%DW, or I ml displacement volume= 60 mg C. 
"Converted from counts assuming 3 µ.g C per copepodite or adult. 
c >202 µm fraction, assuming C = 35% DW. 
nd = no data. 

are lower than in the north, with maxima around 20-30 
ml m-3 (Table 5). 

The northern locations (Narragansett Bay, Rhode 
Island, and Chesapeake Bay, Maryland) are typical 
of temperate environments, with summertime (July
August) temperature maxima of 25-26 °C, and winter
time (February) minima of 1-2 °C (Table 5). The Mne
miopsis populations typically exhibit one annual peak 
in biomass, in August-September for Chesapeake Bay 
(Fig. 2), and in September-October for Narragansett 
Bay, although this is occurring earlier with rising tem
peratures in recent years (Sullivan et al., 2001 ). Peak 
biomasses in Narragansett Bay are up to about l 00 ml 
m-3 (50 mg C m-3) (Kremer, 1994). A simulation 
model was constructed from experimental results on 
fecundity, feeding and metabolism to simulate the sea
sonal dynamics of ctenophore population biomass in 
Narragansett Bay (Kremer, 1976). In Chesapeake Bay, 
Mnemiopsis biomasses were <50 ml m-3 in summers 
( 1987, 1988, 1991) with abundant scyphomedusan 
predators, Chrysaora quinquecirrha (Desor) (Purcell 
et al., 1994a, b), however, peak biomasses sampled 
in the summers of 1995-1998 ranged from 200 to 
600 ml m-3 when scyphomedusae were less abundant 
with a peak baywide average of 60 ml m-3 (Purcell et 
al., unpublished data). Mnemiopsis also occurs during 
the winter in Chesapeake Bay, generally in low num
bers and biomass (Miller, 1974; Burrell & Van Engel, 
1976; Purcell, unpublished data). Subsequently, we 
focus on Mnemiopsis in Chesapeake Bay, where con
ditions are similar to the Black Sea, and where the 
most extensive recent research has been conducted. 

The Chesapeake Bay is a partially-mixed temper
ate estuary with 70% of the freshwater entering from 
the Susquehanna River at the northern end. There also 
is an extensive system of smaller tributaries that, to-

gether with the mainstem bay, total 11 500 km2 in 
surface area and 74 km3 in volume. Chesapeake Bay 
is shallow, with the greatest depth of 30 m and aver
age depth of the mainstem and its tributaries of 6.5 
m. Water flow and salinities vary seasonally. with 
strong spring runoff from rain and snowmelt, and low 
freshwater inputs during summer and fall. Substantial 
variation in biological processes are driven by interan
nual differences in precipitation (e.g. Malone et al., 
1999). Saline water from the ocean enters the bay 
mouth and flows north in the bottom layer. The sys
tem is strongly stratified from May through October, 
and hypoxic waters are persistent below the pycno
cline during that period. Circulation is driven by the 
two-layer structure of the estuary, and is also affected 
by winds, tides, and gravitational forces. The two
layer circulation pattern and long (320 km), narrow 
(mean 20 km) shape of Chesapeake Bay contribute to 
retention of nutrients and organisms within the bay. 
More complete discussions of the characteristics of 
Chesapeake Bay are in Malone et al. ( 1999). 

Chesapeake Bay has been strongly affected by 
human populations since European settlement in the 
l 600s (Malone et al., 1999). Eutrophication acceler
ated in the mid-1800s when use of inorganic fertilizers 
began. Today, 29% of the drainage basin is in ag
ricultural use and 11 % is urban. The total annual 
loadings of nitrogen and phosphorous are estimated to 
be 6.2 and 16.5 times greater than before European 
settlement. The Chesapeake Bay now exhibits many 
symptoms of extensive human utilization, including 
nutrient enrichment, bottom-water anoxia, harmful 
algal blooms, fish kills, habitat loss, over-exploitation 
of fish and invertebrate fisheries, and establishment of 
exotic species (in Malone et al., 1999). 
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Figure 2. Schematic representations of annual cycles for temperat
ure (upper portion), zooplankton biomass (light line). and Mnemi
opsis biomass (heavy line) for four regions of the United States. (a) 
Northern (Narragansett Bay); (b) mid-Atlantic (Chesapeake Bay): 
(c) South Atlantic (Biscayne Bay). (d) Texas Bays (Nueces Estuary) 
(From Kremer, 1994). 

Distribution and abundance of Mnemiopsis 

Vertical distribution 

Studies of the vertical distribution of Mnemiopsis have 
given different results, perhaps depending on wa-
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ter depth and degree of vertical stratification. Miller 
( 197 4) found most ctenophores to be near the surface 
in the daytime, and evenly distributed at night on one 
date in November in a :::6 m water column that prob
ably was well mixed (Pamlico Sound, North Carolina). 
He also reported that the ctenophores leave the surface 
under choppy conditions. Kremer & Nixon ( 1976) also 
found homogeneous vertical distributions in night
time sampling in Narragansett Bay at :::8 m depth. In 
a deeper, stratified water column (bottom depth I 6-
27 m) in Chesapeake Bay, Mnemiopsis had greater 
biomasses above the pycnocline (about 11 m depth) 
during the day and night than below it in day or night 
when two depth intervals (surface-pycnocline and 
pycnocline-bottom) were sampled with an opening
closing net (Purcell et al., 1994b). Fine-scale ob
servations by SCUBA divers and video showed no 
ctenophores below the sharp pycnocline at dissolved 
oxygen concentrations <0.2 mg 1- 1 (Purce11, M. B. 
Decker & D. L. Breitburg, unpublished results). 

Discrete depth sampling with a Tucker trawl in 
the Patuxent River tributary of Chesapeake Bay in
dicated that Mnemiopsis occurred in bottom waters 
with low dissolved oxygen concentrations (Keister et 
al., 2000). Mnemiopsis was rare or absent in samples 
from bottom waters with 0.2 mg 1- 1 dissolved oxy
gen, but was found at higher densities in the bottom 
layer than in surface or pycnocline waters when bot
tom dissolved oxygen concentrations were 1.3 and 
2.3 mg 1- 1• Laboratory experiments also show great 
tolerance of Mnemiopsis to low dissolved oxygen con
centrations. In 96-h duration experiments, survival of 
ctenophores (mean 2 cm length, 0.7 ml volume) was 
I 00% at dissolved oxygen concentrations :::0.5 mg 1- 1 

(Purcell et al., 200 I). 

Seasonal dynamics 

Mnemiopsis population sizes in temperate locations 
are small during cold winter temperatures, and in
crease with reproduction in the spring (Kremer, 1994). 
The greatest numbers of ctenophores in Chesapeake 
Bay occur in the spring, when numerous, small 
(<I g WW) individuals occur (Purcell, 1988; Purcell 
et al., 1994a). Densities of larval ctenophores were 
measured by use of a camera net system up to 76 m-3 

in June 1992 (Purcell et al., unpublished data). 
Mnemiopsis is found over a wide range of salinity, 

from :::2 to 38 (reviewed in Kremer, 1994; Purcell et 
al., 1999a). At low winter temperatures in Chesapeake 
Bay waters, ctenophores were found only in higher sa
linities (>6) than in the summer (Miller. 1974; Burrell 
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Figure J. 13iovolumcs (ml m- 3) of M11emiopsis and their predator. the ctcnophorc. /Jeme o,·m". in Oc1obcr. 1995 1hrou!!hout the water column 
111 Chesapcakc Bay. Ctenophorcs were collected in a I 1112 Tuder trawl with 280 11111 mesh (Purcel l ct al .. unpuhl ishcd data). 

& Yan Engel , 1976). In the summer. low and hi!!h sa
linity waters may serve as a refuge from prcdat~ n by 
the scyphomedusan. C/11:v.rnora q11i11q11ecirrlw, which 
prefers salinities of I 0-25 (Cargo & Schultz, 1966, 
1967; Purcell et al., I999b). 

The greatest biomass or M11e111iopsi.1· in Ches
apeake Bay occurs in July and August, when indi
viduals are large ( 1- 50 g WW) and abundant (means 
30- 60 ml m- 3; Table 6). Ctenophore distribution and 

abundance do not appear to be reduced by physical 
parameters or prey availabi l ity in summer. however, 
predation by Chrysaora q11i11q11ecirrha medusae can 
have a great effect (sec predators section). Ctenophore 
biovolumes decl ine in the autumn when temperatures 
decrease. and arc low in October ( .::: I ml m- 3; Fig. 3 ). 

F'ac1ors aJrecJing i111erw11111a/ varia1iu11 in pop11/a1io11 
si:e 

In areas where M11e111iopsis popu lations have been 
sampled for several years, they show marked variation 
in abundances and biomasses. We show previously un
publ ished data from Chesapeake Bay collectccl in late 
April, mid-July- early A ugust. and late October. I 995-
1998, when the entire water column was sampled 
using a Tucker Trawl w ith a I ni2 opening and 280 
/..lm mesh nets (Tables 6 and 7. Figs 3-6). Those 
surveys suggest that inrerannual variation in spring
time temperatures affects ctenophorc size. Low spring 
(A pri l) temperatures ( I 1- 13.5 °C) arc signi ficamly 
related to smaller ctenophore sizes than when temper
atures were higher ( 14-15.5 °C) (Fig. 4). however. 
there is no signi ficant relat ionship between sal inity 
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Table 6. Densities and biomass estimates for Mnemiopsis ctenophores and their predators. Cht)'scwra q11i11q11ecirrha rnedusae, sampled 
from the whole water column of Chesapeake Bay. and surface temperature and salinity during July in four years. Organisms were collected 
in a I m2 Tucker trawl with 280 µm mesh. Numbers are means(± I standard error) (Purcell ct al.. unpublished data) 

23-28Jul 1995 17-25Jul 1996 11-23 Jul 1997 5-12 Aug 1998 

No. of stations 47 38 50 49 
M,wmiopsis density (no. m-3) 2.8 (± 1.2) 12.7 (±1.9) 11.9 (±2.6) 5.7 (±I.I) 

Mnemiopsis hiovolume (ml m-3) 31.9(±13.2) 60.0 (±9.2) 40.5 (±7.3) 38.9 (±6.8) 

M11emiopsis length (mm) 55.5 (±1.8) 33.6(±1.0) 37.4 (± 2.5) 41.1 (± I .4) 

C/11:mwra density (no. m-3) 0.o2(±0.0) 0.001 (±0.0) 0.004 (±0.0) 0.002 (±0.()) 

Chrysaora biovolume (ml m-3) 0.8 (±0.2) 0.3 (±0.2) 0.4 (±0.1) 0.3 (±0.1) 

Surface temperature (°C) 29.2 (±0.1) 25.6 (±0.2) 26.8 (± 0.1) 26.7 (±0.1) 

Surface salinity 15.4 (±0.7) 8.2 (±I.I) 13.2 (±0.9) 14.8 (±0.7) 

Table 7. Estimated potential clearance of copepods. fish eggs and fish larvae hy M11emiopsis ll'idyi. and densities fish eggs and fish larvae in 
the whole water column. and surface zooplankton densities in Chesapeake Bay during summer in four years. Clearance rates (C in I ind-I 
d- 1) were calculated according to the following equations. and multiplied by ctenophore densities at each station: zooplankton ( C = 11.22 
ww0-5413 : Purcell. unpublished data), fish eggs from field data ( C = 128 1 iml- 1 d- 1 : Purcell ct al., 1994a), fish larvae with alternative prey 
(0.71 d- 1 ml ctenophore- 1; Cowan & Houde. 1993a, b). Zooplankton sampling was by a 1-m Tucker trawl, 280 /.on mesh in 1995, and by 
pump. 200 /tm mesh in 1996-1998. lchthyoplankton densities arc from the Tucker trawl in all years. Numbers are means(± I standard error). 
Abundance data (unpublished) arc from Houde (ichthyoplankton) and M. R. Roman (zooplankton). Temperatures, and salinities as in Table 6 

23-28 Jul 1995 

Number of stations 47 

Clearance of copepods (I m-3 c1- 1) 109.3 (±45.7) 

Clearance of fish eggs (I m-3 d- 1) 358.3 (± 157.3) 

Clearance of fish larvae (I 111-3 d- 1) 22.4 (±9.2) 

Zooplankton (no. m-3) 4463.1 (±760.7) 

Fish eggs (no. m-3) 5.0 (± 1.5) 

Fish larvae (no. 111-3) 1.4(±0.4) 
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Figure 4. M11emiopsi.~ average length relative to temperature in 
April of 3 years in Chesapeake Bay (triangles), and in March of 
3 years in the Black Sea (circles). Ctenophores in Chesapeake Bay 
were collected in a I m2 Tucker trawl with 280 ,, m mesh (Purcell 
ct al., unpublished data). 

17-25Jul 1996 ll-23Jul 1997 5-12 Aug 1998 

38 50 49 

321.9 (±47.4) 233.9(±43.3) 174.1 (±30.8) 

1623.9 (±236.4) 1526.8(±337 .5) 728.2 (±133.9) 

42.0 (±6.4) 28.4 (±5.1) 27.2 (±4.8) 

787.1 (±135.0) 7478.3 (± I 176.9) 7503.8 (±1621.4) 

1.2 (±0.4) 28.8 (±4.7) 23.9 (±11.5) 

0.3 (±0.1) 3.2 (±0.7) 3.3 (±0.7) 

(7-16) and ctenophore body size (data not shown). 
Large body size in the spring could lead to large cten
ophorc populations by increasing reproduction, and 
because large ctenophores are less susceptible to pred
ation by C/11:vsaora quinquecirrlw medusae, which 
generally appear after June (Purcell & Cowan, 1995; 
Kreps et al., 1997). Earlier multiple-year studies have 
not differed much in springtime temperatures or did 
not evaluate the possible effects of temperature on 
subsequent ctenophore population size (Miller, 1974; 
Kremer, 1976; Deason & Smayda, 1982), however, 
Sullivan et al. (200 I) suggests that increasing tem
peratures from 1950 to 1999 have resulted in earlier 
seasonal maxima of Mnemiopsis in Narragansett Bay. 

Zooplankton abundance may directly affect cteno
phore abundance. Mnemiopsis is found in waters with 
high zooplankton stocks, and were missing where zo
oplankton biomass was <3 mg C m-3 (reviewed by 
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Fii;11re 5. 13iovolumcs (ml 111- 3) of M11e111iopsis and their predator. the scyphom..:dusan. Chrysaom q11i11q11ecirrlw. throughout the water 
column. and surface layer salinity in July. 1995. Organisms were collected in a I m2 Tucker trawl with 280 11 rn mesh (Purcell ct al .. unpublished 
data). Stations. dates. temperatures. and salinities arc the sa111c as in Tables 6. 7 and 9 (summer). The winter- spring of 1995 had low levels of 
prccipilalion. 

Kremer, 1994). In the northern U. S. locations, peak 
zooplankton biomass averaged about I 00 mg C m- 3, 

and in the southern locations, peak zooplankton bio
mass averaged 25- 50 mg C m- 3 (reviewed by Kremer, 
1994) . I n Narragansett Bay, densities of M11e111iopsis 
integrated over July and August ranged from I to 
11 ctenophores 111 - 3 and were strongly correlated (r 
= 0.92) w ith zooplankton biomass (60- 190 mg DW 
m- 3) at the beginning of that period in 6 years (Deason 
& Smayda. 1982). Therefore, zooplankton can have a 
great influence on M11e111iopsis population abundance. 

lnterannual variation in abundance of M11e111iopsis 
is strongly related to predator abundance in U.S. 
waters. Ctenophores in the genus Be,ve are known 
predators o f other ctenophore species. The popula-

lion abundance of M11e111iopsis in Narragansett Bay 
decreased dramatically in September, 1974 with in
creasing numbers of Be1"0e ova/a Brugiere (in K remer 
& Nixon, 1976). This pattern contrasted with other 
years sampled ( 197 1, 1972). when B. ovaw did not 
occur, and M11e111iopsis populations decreased later in 
the autumn. 

Bem e ova/a is found in Chesapeake Bay only at 
relatively high salinit ies and. therefore. they do not 
reduce M11e111iopsis during most o f i ts season through 
much of the bay. /3 . ovaw appears in mid summer 
(July) in the lower bay. where they seemed to el iminate 
M11e111iopsis from southern stations in the York River 

tributary (Burrell & Van Engel , 1976). B. ovata is first 
found in late summer (August-September) in mid-bay. 
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Fig11re 6. Biovolu111es (ml 111- ') or 1H1w111iopsi.,· and their predators. Chry.,·,wra q11i11q11ecirrha 111cdusac. throughout the water col11111n. and 
surface layer salinity in July. 1996 (Purcell ct al.. unpublished data). Methods. stations. dates. tc111 pcratures and sali nities arc the sa111c as in 
Figure 5. The winter- spring of 1996 had record high levels or precipitation. 

During O<.:tober 1995-1998, baywide average dens
ities ol' B. ovata were :::0.1 m- 3 (0.3- 0.8 ml m- 3) . 

while M11 e111iopsis densities were 0. 1- 0.4 m- 3 (0.7-
1.2 ml m- 3) . In October 1995. when /3. ovaw was 
abundant, the population cemers of the two ctcnophore 
species did not overlap. and may suggest a predation 
effect (Fig. 3). 

Cya11ea cctJJi/lata (Linnaeus) scyphomedusae gen
erally occur in low numbers ( < 0.2 m- 3) in spring 
in the rncsohaline mainstem bay (Purcell el al.. un
published data). and usually disappear by May. C. 
capillata is known to eat ctenophores (Bt11ns1cd1 ct 
al., 1997). however, the effects of C. capi/lata on 
M11e111iopsis populations are unknown. 

Chrysaora quinquecirrlw scyphomcdusae first ap
pear in May or June in the tributari es of the mesohaline 
region of Chesapeake Bay when temperalllres exceed 

17 °C. and about a month later in the mainstem bay. 
The medusac are more abundant in the tributaries, 
where densities were measured at 16 rnedusae m- 3 

(Purcell, 1992), than in the main channel, where dens
ities typically are < 0.2 medusae m- 3 (Purcell cl al., 
I994a, 1999b; Table 6) . Polyps and medusae of C. 
quinquecirrlw are found in Chesapeake Bay at salin
ities above 5 and below 25 (Cargo & Schultz, 1966. 
1967), and buclcling or ephyrae from the polyps is 
reduced at sal inities < 10 and > 25 (Purcell et al., 
I 999b) . 

Abundan<.:es of M11 e111io1>sis and Chrysoom qui11-
quecirrlw medusae have been shown to vary inversely 
in tributaries of Chesapeake Bay (Miller. 1974: Fei
genbaum & Kelly. 1984: Purcell & Cowan. 1995). 
Ctcnophores in the tributaries are numerous in spring 
before the mcclusac arc large or abundant. then de-
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crease or disappear when medusae become numerous, 
and rebound when the medusae die in the autumn ( op. 
cit.). Predation rates on ctenophores by medusae were 
sufficient to eliminate ctenophores from the tributar
ies, where medusae were abundant, but not in the main 
bay, where medusae were less abundant (Purcell & 
Cowan, 1995). Densities and biomasses of medusae 
and ctenophores also vary inversely in the mainstem 
Chesapeake Bay (Table 6). 

The outcome of interactions between Mnemiopsis 
and Chrysaora quinquecirrha depend on the relative 
sizes of the predator and prey. Predation begins early 
in the life histories, when ephyrae consume larval 
ctenophores at higher rates than protozoan or crusta
cean zooplankton (Olesen et al., 1996). Ephyrae and 
small medusae (1-23 mm diameter) consumed whole 
ctenophores that were less or equa] in length to the 
diameter of the medusa, and ate parts of ctenophores 
that were larger (Purcell & Cowan, 1995). Larger 
ctenophores (25-85 mm long) escaped from 97% of 
free-swimming contacts with medusae 30-150 mm in 
diameter (Kreps et al., 1997). 

The apparent refuge of large size has important im
plications for ctenophore populations. If medusae are 
early and numerous, the ctenophore population can be 
eliminated from the tributaries and limited in the main 
bay, as in 1995 (Fig. 5). If, by contrast, ctenophores 
are large or numerous before medusae appear, or the 
medusa population is suppressed because of low tem
peratures or salinities, then medusae do not restrict the 
ctenophore population in Chesapeake Bay, as in 1996 
(Fig. 6). 

A variety of fishes are known to consume gelatin
ous species, including ctenophores (reviewed by Pur
cell & Arai, 2001 ). Harvestfish, Peprilus alepidotus 
(Linnaeus), and butterfish P. triacanthus (Peck), are 
known predators of Mnemiopsis (in Harbison, 1993; 
GESAMP, 1997), but because of the low salinities in 
much of Chesapeake Bay, they are found mostly in 
the southern bay. Oviatt & Kremer ( 1977) estimated 
that butterfish could eat 4-184 ml of ctenophore g fish 
ow- 1 h- 1, and that this predation could account for 
the autumn decline of the Mnemiopsis population in 
Narragansett Bay. No estimates of fish predation on 
Mnemiopsis exist elsewhere. 

Trophic ecology of Mnemiopsis 

Prey consumed 

The gut contents of Mnemiopsis in U.S. estuaries in
clude a wide variety of prey taxa, with 75-93% of 

the items being copepods, copepod nauplii, barnacle 
nauplii and bivalve veligers (Nelson, 1925; Burrell 
& Van Engel, 1976; Larson, 1987). Other common 
prey items include polychaete larvae, cladocerans, 
crab and shrimp larvae, epibenthic crustaceans and 
ichthyoplankton (op. cit.). In Chesapeake Bay in Au
gust, 50 ml specimens contained an average of 374 
prey each, includingcopepod nauplii (59%), copepods 
(38% ), bivalve veligers ( 1.6% ), cladocerans (0.8%) 
and barnacle nauplii (0.5%) (Purcell, unpublished 
data). In October, Mnemiopsis larvae :::5 mm diameter 
from Chesapeake Bay contained diatoms (52% of the 
prey items), dinoflagellates (34%) and ciliates (14%), 
averaging 15 prey larva- I; larvae 6-10 mm contained 
diatoms (55% ), dinoflagellates (25% ), ciliates ( 15% ), 
copepod nauplii (3%) and copepods (2% ), averaging 
31 prey larva-' (Purcell et al., unpublished data). 
Larval and lobate Mnemiopsis consumed ciliates in 
laboratory experiments (Stoecker et al., 1987). 

The time required for digestion of prey items by 
Mnemiopsis increases with prey size and number. Gut 
clearance (digestion) times for 1-10 prey items aver
aged 0.5 h for prey< I mm (copepod nauplii, Oithona 
copepods) and I h for prey 1-2 mm (Acartia cope
pods) at 25-27 °C (Larson, 1987). Digestion times 
at 21 °C by larval ctenophores were approximately 
twice those estimates for copepod nauplii ( 1.1 h) and 
copepods (2.2 h; Stanlaw et al., 1981 ). 

Prey selection does not appear to be strong in Mne
miopsis, since many authors have concluded there is 
no selection. Deason ( 1982) reports selection of cope
pod nauplii by Mnemiopsis larvae, but Stanlaw et 
al. ( 1981) infers selection for copepodites and adults. 
Nevertheless, selection by lobate specimens was posit
ive in 6 of 6 samples for the calanoid copepod, Acartia 
tonsa, harpacticoid copepods, barnacle nauplii and 
bivalve veligers, and negative for the cyclopoid cope
pod, Oitlwna and copepod nauplii ( 4 of 6 samples; 
Larson, 1987). Clearance rates by Mnemiopsis differ 
dramatically among various prey types, from 2.41 d- 1 

for Oithona copepods and 17-53 I d- 1 for Acartia 
copepods to 13-366 I d- 1 for bay anchovy eggs (Table 
8). Kremer ( 1979) found that feeding rates on cyclop
oids, and bivalve veligers were 25% of the feeding 
rates on calanoids and cladocerans. Such differences 
may reflect the catchability of the prey (Purcell, 1997). 
Costello et al. ( 1999) examined individual copepod
ctenophore interactions and found that capture success 
of A. tonsa and Oithona colcarva Bowman copepods 
was similarly high (74%) after contact with the interior 
surfaces of the ctenophore's oral lobes. Larson (l 987) 
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Table 8. Clearance rates (liters cleared ctcnophore-1 d-1) b M · · • 
Clearance rates were calculated from data in the sources y ,ie,mops1s approxmmtcly 50 mm in length ( 14 ml volume and 14 g WW). 

Prey type Container Temperature 
size (OC) 

Acartia copepods 41 22-24 
Acartia copepods 20 I 20-25 
Ac:arria copepods I m3 

25 
Acartia copepods 68 rn3 

27-31 
Acartia copepods field 27-31 
Oitlwna copepods field 27-31 
Copepod nauplii field 27-31 
Barnacle nauplii field 27-31 
Bivalve veligers field 27-31 
Bivalve veligers 41 22-24 
Bay anchovy eggs 15 I 21-24 
Bay anchovy eggs 200 I 21-24 
Bay anchovy eggs 750 I 21-27.6 
Bay anchovy eggs 3 m3 21-27.6 
Bay anchovy eggs field 26 
Bay anchovy larvae 3 m3 21-27.6 

"Without alternative prey. 
hMean ctenophores volume = 4 I ml. 

and Costello et al. ( 1999) speculate that the less act
ive swimming of Oithona and copepod nauplii results 
in fewer encounters with ctenophore feeding surfaces 
than the active swimming of Acartia and barnacle 
nauplii. 

Feeding rates 
The feeding rates of Mnemiopsis have been meas
ured in several studies. Typically, laboratory experi
ments measure the changes in prey density over time, 
and clearance rates are calculated from the following 
equation: 

C = [V /(11 x t)]ln (Co/C,), ( l) 

where V = volume of the experimental container (l); 11 

= number of ctenophores; t = incubation time (h); and 
Co and C1 = number of prey organisms at times 0 and 
t, respectively. 

Several important insights into the characterist
ics of feeding by gelatinous species have emerged. 
First, feeding by lobate Mnemiopsis is directly pro
portional to prey concentration over an extremely wide 
range of prey density (:::3600 copepods 1- 1) (Bishop, 
1967; Miller, 1970; Reeve et al., 1978; Kremer, 
1979), except at densities <4 prey 1- 1 (Reeve et 
al., 1989). Therefore, lobate Mnemiopsis does not 
satiate at natural prey concentrations. Feeding beha
vior is not necessarily invariable, as starved animals 

Clearance Source 
rates 

32.2 Quaglietta ( 1987) 
16.8 Kremer ( 1979) 
46.0 Purcell (unpublished data) 
52.8 Waltt!r (1976) 
21.6 Larson (1987) 
2.4 Larson ( 1987) 
4.8 Larson ( 1987) 

31.2 Larson (l 987) 
14.4 Larson ( 1987) 
20.7 Quaglieua ( 1987) 

13-4211 Monteleone & Duguay ( 1988) 
60-170{1 Monteleone & Duguay ( 1988) 
12811

, 82 Cowan & Houde ( 1993b) 
366±58{1 Cowan & Houde ( I 993a) 

128±581' Purcell et al. (1994a) 

17211
, 15 Cowan & Houde (1993a, b) 

have higher ingestion rates than fed ones (Reeve et 
al., 1989), and swimming activity differs in the pres
ence of prey (Reeve & Walter, 1978; Reeve et al., 
1989). Feeding by tentaculate larvae < l O mm ap
pears to satiate above 300 prey 1- 1 (Reeve & Walter, 
1978; Deason, 1982). Second, although large cten
ophores clear greater volumes of water than small 
ones, the weight specific clearance rates decrease with 
increasing ctenophore size (Kremer, 1979). Third, 
clearance rates were lower at low temperatures ( 10-
15 °C) than at high temperatures (20-25 °C; Kremer, 
1979). Fourth, clearance rates increase with increasing 
container size (Table 8). Fifth, clearance rates differ 
among various kinds of prey (Table 8). 

Measurements of clearance rates by Mnemiopsis 
feeding on Acartia tonsa copepods vary among stud
ies, at least in part due to differences in container size. 
We compare clearance rates for ctenophores 50 mm 
in length (about 14 ml V and 14 g WW) (Table 8). 
From Kremer's ( 1979) experiments in 20 I containers, 
a ctenophore of that size would clear 16.8 l d- 1, but 
in l m3 mesocosms, it would clear 46.0 I d- 1 (Pur
cell, unpublished data), and in 68 m3 containers, it 
would clear 52.8 I d- 1 (Walter, 1976). This indicates 
that feeding by M11emiopsis increases with increasing 
container size, especially at container volumes < 1 m3· 

From field gut contents and digestion rates, Larson 
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( 1987) estimated clearance rates on A. tonsa of 21.6 
l ctenophore- 1 d- 1, which is surprisingly low, be
cause feeding rates of other species determined from 
gut contents generally are higher than from containers 

(reviewed in Purcell, 1997). 

Effects on woplankton populations 
All areas of Chesapeake Bay have abundant mesozo
oplankton populations, reflecting the high productivity 
of the bay. Species indigenous to both fresh and es
tuarine waters are found in the oligohaline regions 
(Brownlee & Jacobs, 1987). Cladocerans and cyclop
oid copepods can be abundant, but calanoid copepods 
predominate, with Acartia tonsa in summer (May
November) and Ewytemora affinis (Poppe) in winter 
(December through April). In the mesohaline regions, 
£. affinis and A tonsa predominate, as above, with 
some cyclopoid copepods (Oithona co/carva), and lar
vae of benthic invertebrates (polychaetes, barnacles, 
bivalves) sometimes being extremely abundant. Spe
cies diversity is greatest in the polyhaline southern 
bay, where both estuarine and marine species occur. 
There, A. tonsa is the dominant copepod from June 
through December, and A. hudsonica Pinhey is most 
abundant from January through May, and meroplank
ton also are abundant and diverse during summer. 
Total zooplankton densities and biomasses in the bay 
are high from May through September (Brownlee 
& Jacobs, 1987; Purcell et al., 1994a). Production 
of A. tonsa in the mesohaline region is high dur
ing that period, ranging from 0.3 to 1.2 µg C (µg 
C)- 1 d- 1, equivalent to 30-120% of female C daily, 
with highest rates in summer-early fall (Purcell et al., 
1994a). In summer, densities of copepods can reach 
73000 m-3, and nauplii can exceed 100000 m-3 in 
the mesohaline region (64 µm mesh; Roman et al., 
1993). Zooplankton (280 µm mesh) in July varied 
among years (I 995-I 998) from baywide averages of 
800-8230 m-3 (Table 7). 

Several studies report inverse correlations of Mne
miopsis and zooplankton abundances (summarized in 
Purcell, 1988), however, some estimates of zooplank
ton consumption do not support the inference that 
ctenophore predation reduced zooplankton popula
tions. Mne111iopsis were estimated to consume <7% 
d- 1 of the copepod standing stock in the main
stem mesohaline portion of Chesapeake Bay in 1987 
and 1988, when Chrysaora quinquecirrha medusae 
were abundant, with clearance of zooplankton being 
greatest during July and August (Purcell et al., 1994a). 
Mnemiopsis did not appear to control copepod popu-

lations during those years in the ~1ai~'i
1
tem bay, where 

copepod production averaged 87 ~ d (Purcell et al., 
1994a). Potential clearance of zooplankton by Mne
miopsis in July 1995-1998 was estimated by use of 
the following experimentally-measured clearance rate 
equation, the numbers of ctenophores m-3 and mean 
ctenophore size at each station (Table 7). Clearance 
rates were calculated from the following equation, 
which was determined from 48 h experiments in 1 
m3 mesocosms on 99 ctenophores 3-25 g WW: C 
= 11.22ww0-541 3, where C = clearance in I ind.-

1 

d- 1, and WW = grams wet weight (r2 = 0.65, P <2 
x 10- 12 ~ Purcell, unpublished data). In years with 
smaller Mnemiopsis populations ( 1995, 1998), bay
wide average clearance by ctenophores was estimated 
to remove 11-17% d- 1 of the zooplankton, but when 
ctenophore populations were greater ( 1996, 1997), es
timated average clearance was 23-32% d- 1 (Tables 6 
and 7). Zooplankton densities were markedly lower in 
1996 when Mnemiopsis predation was greatest. 

/:,_lfects on ichthyoplankton 

Eggs and larvae of fishes are abundant in Chesapeake 
Bay and are dominated by bay anchovy, Anchoa 
mitchilli (Valenciennes). Bay anchovy eggs and larvae 
constituted, on average, 84.6 and 84.2%, respectively, 
of the combined-species ichthyoplankton abundances 
during July cruises in 1995-1998. Peak spawning by 
bay anchovy and great abundances of Mnemiopsis 
coincide in July (Cowan & Houde, 1993a; Rilling 
& Houde, 1999a, b). Anchovy eggs and larvae are 
eaten by Mnemiopsis (Table 8), and anchovy larvae 
and adults potentially compete with ctenophores for 
zooplankton prey. Negative correlations between bay 
anchovy larval abundances and gelatinous zooplank
ton biovolumes are usually observed in Chesapeake 
Bay (MacGregor & Houde, 1996; Rilling & Houde, 
1999a), suggesting significant control via competi
tion or predator-prey interactions. Densities of bay 
anchovy ichthyoplankton vary by more than an order 
of magnitude from year to year; during July. when an
chovy eggs and larvae and ctenophores are abundant, 
mean densities of eggs and larvae range from I .2 to 
28.8 and 0.3 to 3.3 m-3, respectively (Table 7). Thus, 
their potential role as prey and as competitors with 
ctenophores must vary substantially interannualJy. 

Clearance rates of Mnemiopsis feeding on ich
thyoplankton have been measured in containers ran
ging in size from 15 I to 3.2 m3• Clearance rates of bay 
anchovy eggs without alternative prey increased with 
container size from ::::42 I ctenophore- 1 d- 1 in 15 I 



containers to 366 I ctenophore- 1 d- 1 in 3 m3 meso
cosms, however, the presence of zooplankton reduced 
predation on eggs by 36% (Table 7; Cowan & Houde, 
1993b). Ctenophores (n = 75) in the field contained 
0-3 bay anchovy eggs, and digested them in 0.6-1 h 
(Purcell et al., l 994b ). Clearance rates on bay anchovy 
eggs determined from gut contents in situ and diges
tion rates for ctenophores averaging 40 g WW were 
128±581 ctenophore- 1 d- 1 (Table 7). 

Clearance rates of Mnemiopsis feeding on bay an
chovy larvae were 172 I ctenophore- 1 d- 1 in 3 m3 

mesocosms without alternative prey. however. the 
presence of zooplankton reduced predation on lar
vae by 91 % (Table 8). Mnemiopsis ate all sizes of 
fish larvae available (3.0-9.5 mm), but based on size, 
swimming speed and behavior, small larvae are more 
susceptible to predation by the ctenophores (Cowan & 
Houde, 1992). Gut contents of ctenophores (11 = 75) 
from mid Chesapeake Bay contained no larvae even 
though larvae were abundant (Purcell et al., 1994b), 
perhaps because digestion of small bay anchovy larvae 
is very rapid. 

Consumption of ichthyoplankton by Mnemiopsis 
can be very important in Chesapeake Bay (Cowan 
& Houde, 1993a, b; Purcell et al., 1994b). Mnemi
opsis was estimated to consume 20-40% d- 1 of bay 
anchovy eggs and larvae (Cowan & Houde, 1993a), 
and 0-4 l % d- 1 of eggs during 8 d in July, 199 l 
(Purcell et al., 1994b ). The potential clearance of ich
thyoplankton by Mnemiopsis in July 1995-1998 was 
estimated using in situ clearance rates for eggs (Purcell 
et al., 1994b), and clearance rates from 3 m3 enclos
ures with alternative prey for larvae (Cowan & Houde, 
1993a, b ). The estimated potential clearance of eggs 
was 36 to> 100% d- 1, however, the estimated poten
tial clearance of fish larvae was only 2-4% d- 1 (Table 
7). These estimates suggest that Mnemiopsis can have 
great effects on ichythyoplankton, particularly at the 
egg and yolksac larva stages. 

Relationships <if Mnemiopsis with other 
woplanktivores 

Mnemiopsis populations potentially could affect, or be 
affected by, other zooplanktivorous species through 
competition for zooplankton prey. Four species of 
scyphomedusae occur in Chesapeake Bay. Aurelia 
aurita (Linnaeus) medusae are found in low numbers 
in the lower and middle bay in mid to late sum
mer. Rhopilema verril/i (Fewkes) medusae are seen 
infrequently in summer. Cyanea capil/ata medusae 

159 

generally appear in January or February, occur in 
low numbers ( <0.2 m-3) in April in the mesohaline 
mainstem bay (Purcell et al., unpublished data), and 
usually disappear in May. C. capillata medusae eat 
zooplankton as well as ctenophores (Bamstedt et al.. 
1997; Purcell & Sturdevant, 2001 ), and are both po
tential competitors and predators of Mnemiopsis in the 
spring, however, the effects of C. capillata on zo
oplankton and ctenophore populations are unknown. 
During the summer, Chrysaora quinquecirrha medu
sae attain high densities in the mesohaline portions 
of tributaries of Chesapeake Bay (as many as 16 me
dusae m-3, Purcell. l 992), but in the mainstem bay, 
densities are usually <2 m-3 (Purcell et al., 1994a; 
also Table 6). C. quinquecirrha consumes the same 
prey as Mnemiopsis, and can have greater effects than 
the ctenophores on zooplankton at the flanks of the 
bay, however, both species together did not reduce zo
oplankton populations in 1987 or 1988 (Purcell et al., 
1994a). C. quinquecirrha also is an important predator 
of Mnemiopsis (see predators section). 

Twenty-three species of hydromedusae were found 
in southern Chesapeake Bay (Calder, 1971 ), however, 
only a few species are abundant (Purcell et al., 1999a). 
Recent bay-wide surveys in April, July and Octo
ber, 1995-1998 show that hydromedusan abundances 
were highest in the southern bay, where Mnemiopsis 
is not abundant (Hood et al., 1999; Purcell et al., 
1999a, unpublished data). Combined species densities 
usually are <7 m-3, however, occasionally, Liriope 
tetraphylla (Chamisso and Eysenhardt) can be very 
abundant in the southern bay (up to 111 m-3 in Oc
tober, 1995) and Nemopsis bachei L. Agassiz reaches 
densities > l 00 m-3 during spring in the mid bay. 
Hydromedusa abundances are low ( < l m-3) in the 
summer when Mnemiopsis biomass is greatest (Purcell 
et al., 1994a, b, 1999a, unpublished data), possibly 
due to reduction of their prey by Mnemiopsis. 

The spatial and temporal distributions of medusae 
do not overlap much with the distribution of Mnemi
opsis, except for C/11:vsaora quinquecirrha. Therefore, 
although they all consume zooplankton foods, it is un
likely that they compete for food with Mnemiopsis. 
The diets and distributions of Mnemiopsis and C. 
quinquecirrha overlap (Purcell et al., l 994a, b), and 
their populations vary inversely (Feigenbaum & Kelly, 
1984; Purcell & Cowan, 1995), however, predation 
by C. quinquecirrha on Mnemiopsis is probably more 
important than competition for food. 

The dominant planktivorous fish in Chesapeake 
Bay is the bay anchovy, Anchoa mitchilli, which 
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Table 9. Mean relative abundances (catch per 20-min tow of 
an l 8-m2 mouth-opening midwater trawl) of bay anchovy :::30 
mm total length from seasonal collections in Chesapeake Bay, 
1995-1999 (Houde, unpublished data). Means (±1 standard er
ror). Dates, temperatures, and salinities in summer 1995-1998 
arc the same as in Tables 6 and 8 

Months 1995 1996 1997 1998 1999 

Apr-May 43 75 236 81 129 

(±12) (±27) (±63) (±12) (±23) 

Jun-Jul 843 94 195 268 97 
(±381) (±27) (±45) (±75) (±18) 

Oct-Nov 901 581 1508 4724 2172 

(±309) (±117) (±246) (±665) (±455) 

is a consumer of zooplankton, principally copepods 
(Houde & Zastrow, 1991 ). In baywide midwater trawl 
surveys from 1995 to 1999, relative abundances of 
bay anchovy, a potential competitor of Mnemiopsis 
for zooplankton prey, have varied 8-fold in October 
when recruitment is complete, as well as in July during 
the season of peak overlap between bay anchovy and 
Mnemiopsis (Table 9). The anchovy and ctenophore 
broadly overlap in distribution and both are poten
tially major zooplankton consumers in Chesapeake 
Bay. Vasquez ( 1989) and Klebasko ( 199 I) found that 
bay anchovy can consume > 15% of their body weight 
daily in summer, and Luo & Brandt ( 1993) believe that 
zooplankton abundances limited bay anchovy produc
tion in the bay. Although bay anchovy and Mnemiopsis 
overlap spatially and temporally, there has been no 
careful analysis to determine the potential for compet
itive interactions. Bay anchovy populations apparently 
declined markedly in the early to mid- l 990s (Virginia 
Marine Resources Commission, Maryland Dept of 
Natural Resources, unpublished data), however, there 
was no corresponding increase in ctenophore popula
tions that would suggest that the anchovy decline was 
due to competition with or predation by ctenophores. 

Mnemiopsis in exotic habitats 

Environmental conditions 

Since its accidental introduction to the Black Sea, 
Mnemiopsis has spread to adjacent bodies of water, 
inhabiting waters of salinities ranging from 3 in the 
Sea of Azov to 39 in the eastern Mediterranean, and 
temperatures ranging from 4 °C in winter to 31 °C 

in summer. The Mediterranean basin is a system of 
semi-closed seas connected by straits (Fig. 7). The 
eastern Mediterranean Sea has high salinities ranging 
from 38.7 to 39.l, and temperatures from 13.3 to 14.l 
°C in winter, and 24-28 °C in summer (Arkhipkin 
& Dobrolubov, 1999). The other seas in the basin 
are estuarine, with lower salinities and colder winter 
temperatures (Table 10). 

The Black Sea is the largest semi-closed basin in 
the World, connected via the Bosporous Strait with 
the Sea of Marmara and via the Kerch Strait with the 
brackish Sea of Azov. Because of the restricted wa
ter exchange, waters below the permanent halocline at 
60-200 m depth are anoxic (87% of the sea volume). 
The Cold Intermediate layer with temperatures of 6-
8 °C occurs between the permanent halocline and the 
seasonal thermocline in warm seasons. In this layer, 
the oxycline is the main factor determining the lower 
boundary of the planktonic community. 

The surface waters of the Black Sea are typical of 
temperate estuaries. This surface aerated zone, which 
includes the upper mixed layer, is above the seasonal 
thermocline at 15-25 m depth. Salinity is low at the 
surface (average 18) due to discharge of great rivers in 
the northwest, and 21.9-22.3 at depth. The surface wa
ters are warmed to 24-27 °C in summer, and cooled to 
2-8 °C and sometimes to negative temperatures in the 
northwest in winter (Table 10). In winter, the seasonal 
thermocline breaks down, and the isothermal layer ex
tends from the surface to 70-80 m (Ovchinnikov & 
Titov, 1990). 

The Black Sea began to change in the l 960s be
cause of several anthropogenic factors, most import
antly, decrease of fresh-water runoff, eutrophication, 
selective and overfishing, and alien species introduc
tion (Ivanov & Beverton, I 985; Caddy & Griffiths, 
1990). The greatest effects have been in the northern 
part of the Black Sea, where the Danube, Dnepr and 
Dnestr rivers determine the hydrological and hydro
chemical regime. The northern Black Sea was the most 
important spawning area for all commercial fish spe
cies until the middle of the l 970s (Ivanov & Beverton, 
1985). Stocks of piscivorous species of fish, which 
migrate to the Black Sea from the Mediterranean for 
spawning and feeding in spring, decreased greatly dur
ing the 1980s due to overfishing and reduced numbers 
of migrating fish (Ivanov & Beverton, I 985; Caddy 
& Griffiths, 1990). Nitrogen and phosphorous inputs 
dramatically increased in the I 960s, causing eutroph
ication in the coastal ecosystem of the northwestern 
Black Sea and the Sea of Azov. Eutrophication led to 
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Figure 7. Pancrns o r occurrence or M11e111i"J'sis in the Mediterranean basin as or summer. 1999. Dark areas= present ,1II year. lighter shading 
= seasonal occurrence. Russian monitoring area is marked by a grid. 

Ti,1,/e JO. Geomorphological and hydrological characteristics or the ,cas or 1hc Mcclitcrrancan basin 

Location Depth ( Ill ) Winter temp. (° C J Summer temp. (°CJ Salinity 

131ack Sea o,x ic layer (,0- 200 0- 8 24-27 18- 22.3 

Sea of Azov 4-14.5 - 0.8 lo + 1.2 24- 30 0- 14 

Sea of Marmara 10- 1335 

Caspian Sea 5- 788 

Aegean Sea 20- 500 

changes in zooplankton structure and blooms of the 
heterotrophic dinoflagel late. Noui/11ca sci111illans Ko
foid & Swezy, in !he B lack Sea (Aleksandrova et al.. 
1996; Zaitsev & A lexandrov, 1997). 

The Sea of Azov is a shallow (4- 14.5 m depth), 
brackish basin . In the I 970s. decreases in discharge 
from 1he Don and the Cuban rivers caused increases in 
salinity (Kuropalkin. 1998). Sal ini1 ies now range from 
< I to 16. Temperature varies from -2.4 to 1.2 °C in 
the winter and 24-32.8 °C in the summer (Kuropatkin. 
1998). Prior to the I980s. the Black Sea and the Sea 
of Azov had high zooplankton biomass and were pro
ductive regions for fi sheries (Rass. 1992; Kovalcv cl 
al.. 1998). 

Dis1rib11tion and abundance rf Mncmiopsis 

fllt rod11c1ion and pop11/a1ion expa11sion 

/vlne111iopsis was first found in Sudak Bay of !he 
Black Sea in November. 1982 ( Pcrcladov, I 983). By 

8- 15 24-29 18- 29 

0- 11 24-28 0. 1- 11 

l '.U - 14. 1 24-29 38.7-39.1 

summer- autumn, 1988 it had spread throughout the 
Black Sea. w ith average biomasses of up to I kg WW 
111 - 2 (40 g WW m- 3) and average numbers of up to 
3 10 ctenophores m- 2 ( 12.4 m- 3) (Vinogradov et al. , 
1989). Mnemiopsis biomass in inshore and offshore 
waters of the Black Sea from 1988 10 1999 is shown 
in Figure 8. In the autumn or 1989, the grea1es1 mean 
biomass or 4.6 kg WW m- 2 ( 184 g WW m- 3) and 
the greatest average numerical density of 7600 cten
ophorcs m- 2 (304 m- 3 ) were measured in the open 
sea (Vinogradov et al. , 1989). In spring, 1990, the 
abundance of Mne111iopsis was s1ill very high. but by 
summer. ctenophores began lo decrease in numbers 
and biomass (Vinograclov ct al.. 1992). This decreas
ing trend continued until summer, 1993. A second 
peak in ctenophore biomass occurred in September, 
1994, w ith an average biomass of 2.7 kg WW m- 2 

( I 08 g WW m- 3) in the open sea. and much greater 
values in the inshore waters (max imal 9.7 kg WW 
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Figure 8. Long tenn variations in M11emiopsis biomass (g WW 
m-2). zooplankton biomass (g WW m-2). and temperature in in
shore and offshore waters of the Black Sea since 1988. (a) Average 
winter air temperature. and spring biomasses, (b) Average surface 
water temperature and biomasses in August-September. ND = no 
data. Ctenophores were sampled with vertical tows (0-150 m) of a 
BR net, 200 µm mesh. and the data multiplied by coefficients for 
insignificant catchability ( <45 mm,= 2: >45 mm= 2.3). Zooplank
ton were sampled at the same depths by water bottle in 1988-1992, 
and with a Juday net, 500 µm mesh in 1993-1999. Data from 1988 
to 1992 (Vinogradov et al., 1992; Khoroshilov, 1993). Data from 
1993 to 1999 (Shiganova, 1998, unpublished data). 

m-2, 176 g WW m-3; average4.5 kg WW m-2, I IO g 
WW m-3). Ctenophore abundances during this second 
outbreak were not as great in the open sea as in 1989, 
however, greater biomasses were measured in inshore 
waters than previously. After 1995, the Mnemiopsis 
population decreased until 1998, when it increased in 
the offshore waters to an average biomass of 876 g 
WW m-2 (35 g WW m-3) and an average density of 
463 ctenophores m-2 (18 m-3). These data demon
strate that Mnemiopsis populations show marked inter
annual variation in the Black Sea, probably resulting 
from environmental interactions and food availability 
(Tzikhon-Lukanina et al., 1992; Shiganova, 1998). 

After its introduction to the Black Sea, Mnemiopsis 
has moved through the straits to adjacent basins (Fig. 
7). It was first observed in the Sea of Azov in August, 

1988 (Studenikina et al., 1991 ). M11emiopsis cannot 
survive during the winter in the Sea of Azov, and is 
re-introduced annually through the Kerch Strait from 
the Black Sea in the spring or summer, depending 
on wind-driven currents. Since 1989, it has bloomed 
there every summer to early autumn, with the highest 
biomass in July-August when inoculation is early, or 
in August-October when inoculation is late. The peak 
biomass measured, 936 g wwm-2 (103 g WW m-3), 

was in September, 1989. In August, 1991, biomass 
again was high, reaching 812 g WW m-2 (91.2 g WW 
m-3), possibly due to early re-introduction and un
usually high average water temperatures in July and 
August (26 °C). Mnemiopsis biomass decreased in 
1992-1994 with the least biomass in 1994, when the 
maximum measured was 362 g WW m-2 (53.9 g WW 
m-3) in August. From 1995, Mneminpsis biomass has 
increased in the Sea of Azov, with a high biomass, 610 
g WW m-2 (74.5 g WW m-3), in August, 1995, and 
in 1999, l075 g WW m-2 ( 131.5 g WW m-3) (re
viewed by Shiganova et al., 2001b). Although it can 
attain great population biomass, Mnemiopsis remains 
relatively small ( 1.5-2.5 cm) in the Sea of Azov. 

Mnemiopsis first penetrated to the Sea of Marmara 
from the Black Sea with the upper Bosporus current. 
It occurs year-round in the upper water layer of the 
Sea of Marmara. In early October, 1992, the average 
biomass was 152 g WW m-3 and numbers were 27 
ctenophores m-3 (Shiganova, 1993), however, in July, 
1993, the numbers of Mnemiopsis were only 2.5% of 
that in the previous year (Kideys & Niermann, 1994 ). 

Mnemiopsis also has spread into the Mediterranean 
Sea. It was first recorded during late spring-summer, 
1990 in the Aegean Sea (Saronikos Gulf, 45-75 ind. 
m-2), and in the following years until 1996, it was 
found mainly in spring in low density. A large swarm 
(up to 10 ind. m-3 or 150 ind. m-2) was observed 
in January, 1998. In 1996-1998, Mnemiopsis was ob
served in low density in several coastal areas of the 
Aegean Sea islands in spring, summer and autumn. In 
June, 1998, it was found near the Dardanelles Strait. 
The abundance of Mnemiopsis in the northern Aegean 
Sea is consistently lower than in the Black Sea and 
Sea of Azov. Adult specimens in the Aegean Sea (6-7 
cm) also are smaller than in the Black Sea ( 12-J 8 cm). 
Mnemiopsis may have been transported in the ballast 
waters of ships (Shiganova et al., 2001 b) to new parts 
of the eastern Mediterranean (Levantine Sea), where 
it was found in Mersin Bay in spring, 1992 (Kideys 
& Niermann, 1994 ), and in Syrian coastal waters in 
October, 1993 (Shiganova, 1997). 



Vertical distribution 

Mnemiopsis inhabits mainly the surface layer from 0 
to 15-25 m, above seasonal thermocline, during the 
warm season. Some large specimens penetrate below 
the thermocline but remain above the pycnocline (60-
80 m). In winter, Mnemiopsis is found throughout the 
isothermal layer above the pycnocline, but most of the 
population occurs above 50 m. In March during the 
RIV 'Bilim' survey, small Mnemiopsis were found at 
depths of 105-150 m in low oxygen concentrations 
(Mutlu, 1999). Mnemiopsis generally occurs above the 
hypoxic/anoxic waters in the Black Sea, nevertheless, 
2.4-4.7 mm long specimens survived in hypoxic wa
ter (0.5 mg 02 1- 1) in I I containers for 96 h at 21 
~C; 60-80 mm specimens did not survive, however 
(Shiganova, unpublished results). 

Adult Mnemiopsis fed and spawned above the ther
modine ( 15-25 m) at night in August (Shiganova, 
unpublished data). Large specimens of Mnemiopsis 
occur at the surface at night, and small ones occur 
there in daytime (Zaika & lvanova, 1992). In winter, 
most ctenophores were concentrated in the upper layer 
(0-50 m) during the day ( I 0:00 h), and only adults 
were observed at greater depths at 18:00 h, how
ever, this pattern was reversed after midnight (Mutlu, 
1999). In the shallow Sea of Azov, Mnemiopsis occurs 
throughout the water column (4-11 m). In the deep 
Sea of Marmara, it occurs only above thermocline 
( 15-30 m) in the surface water mass that originates 
from the Black Sea (Shiganova, 1993). 

Seasonal dynamics andfactors controlling population 
size 

The most critical time for Mnemiopsis survival is 
winter. The ctenophores cannot survive in the low sa
linity waters of the Black Sea and Sea of Azov during 
cold winters when air and water temperatures are < 
2 °C and <4 °C, respectively (Volovik ct al., 1993; 
Shiganova, 1998). Ctenophore body size in the Black 
Sea in spring increases with temperature (Fig. 4). Sim
ilarly, spring ctenophore population size is low after 
cold winters (Fig. 9a). The relative size of the popu
lation in spring is reflected later in the year, as shown 
by the high abundances of Mnemiopsis in both March 
and August, 1995 following a warm winter (Fig. 9b, 
c). At the end of winter, moderate sized individuals 
predominate (Fig. 4 ). 

Between February and June, somatic growth of the 
overwintering population increases. In June and July, 
the population is composed mostly of adult individu-
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als. The mean individual weight is greatest in July 
or August (27 g WW in 1993). While the biomass 
of Mnemiopsis normally peaks in August-September, 
numbers peak in September-November when repro
duction is greatest and the population contains many 
larvae and small individuals. Spawning is possible 
episodically in some locations with high zooplank
ton concentrations and temperature higher than 21 
°C in early summer, but intensive reproduction be
gins in the inshore waters in late July or early to mid 
August, and continues until October-November. In
tensive reproduction begins when water temperatures 
reach 23.5-24 °C, and peaks at 24.5-25.5 °C (Fig. 
l ). Food supply also controls the initiation and intens
ity of reproduction (Tzikhon-Lukanina et al.. 1993a). 
The main areas of reproduction are the inshore waters, 
which have more abundant mesozoo- and meroplank
ton, however, reproducing ctenophores also spread to 
the open sea. 

During October-November, the population bio
mass of small ctenophores <3 g WW is greater than 
that of large individuals. The density depends on the 
success of spawning in the autumn and surface wa
ter temperatures. In late October to early November, 
reproduction decreases and then stops, first in the in
shore waters where temperatures drop earlier than in 
the open sea. 

In the Sea of Azov, the timing of reproduction by 
Mnemiopsis depends on when it penetrates into the 
Sea of Azov from the Black Sea, and on prey avail
ability (Volovik et al., 1993). Intensive reproduction 
occurs in July-October with peak in July-September 
when its arrival is early, and in August-October when 
its arrival is later. The intensity of reproduction seems 
greater at higher temperatures. Reproduction occurs 
throughout the Sea since it is shallow and has similar 
conditions to coastal areas of the Black Sea (Shigan
ova et al., 200 lb). 

For more than a decade after the introduction 
of Mnemiopsis, few predators of ctenophores were 
present in the Black Sea. The only potential fish pred
ators of ctenophores there are mackerels (Scomber 
scombrus Linnaeus and S. japonicus Houttuyn) and 
the Black Sea whiting, Merlangus merlangus euxinus 
(Linnaeus), which are known to eat gelatinous species 
elsewhere (GESAMP, 1997; Purcell & Arai, 200 l ). 
Populations of scombrid species had been greatly re
duced before 1980 by overfishing (Caddy & Griffiths, 
1990; Rass, I 992). 

There were no gelatinous predators of Mnemiopsis 
in the Black Sea until 1997, when the ctenophore 
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Figure 9. Abundance of M11e111iopsis (no. m- 2) (a) in spring after a cold winter (0- 30 ind. m- 2 in March. 1993). and (b. c) after a warm winter 
( 100-900 ind. m- 2 in March. and 500- 10 000 ind. m- 2 in August. 1995) in the Russ ian monitoring area of the Black Sea (Sh,ganova. 1998. 
unpublished data). 

Beme ova,a first appeared, probably arri ving through 
the Sea of Marmara from the Mediterranean Sea. Dur
ing 1997 and 1998, it occurred in some coastal areas in 
spring (Nastenko & Polishchuk, I 999) and mainly in 
late summer/autumn (Konsulov & Kamburska, 1998; 
Shiganova et al., 200 I a,b; Finenko et al., 200 1). In 
A ugust, 1999, the first bloom of B. ovma was recor
ded, wilh average numbers and biomass of I. I incl. 
m- 2 and 3 1 g WW m- 2 , respectively. The abundance 
of Mnemiopsis was greatly reduced at that time ( 17.3 
incl. 111- 2 and 155 g WW 111- 2) (Fig. Sb). 

Trophic ecology (!{' M nemiopsis 

Prey con.rn111ed 

The prey of M11e111iopsis in the Black Sea varies de
pend ing on season, place and time of the day. The 
gut contents of M11e111iopsis from the B lack Sea in
clude a wide variety of prey taxa, depending mainly 
on the ambient zooplankton species composition. I n 
the open northern sea in summer, 1989, 17 prey 
taxa occurred in the gut contents. with 45.5-75% be
ing copepocls (mainly Arnrtia clausi Giesbrecht and 
Ca/anus euxinus Hulse111ann), 24-25.9% cladocer-



ans (mainly Penilia avirostris Linnaeus), 8% copepod 
nauplii; barnacle cyprid larvae, bivalve veligers and 
fish larvae also were eaten (Tzikhon-Lukanina et al. 
1991, 1993a, b ). Small ctenophores ate more cope
pods (50%) than cladocerans (30% ), while large ones 
ate more cladocerans (53%) than copepods (27%) 
(Tsikhon-Lukanina & Reznichenko, 1991; Tsikhon
Lukanina et al., 1991. 1992). Mean prey size is 0. 75-1 
mm. Ctenophores in coastal waters also eat mero
plankton, especially mussel veligers (Scrgeeva et al., 
1990; Tzikhon-Lukanina et al., 1991 ). Ctenophore 
feeding in situ was maximal at midnight (Sergeeva 
et al., 1990). In July, 1992 in the northern region, 
gut contents of Mnemiopsis contained 47% clado
cerans (Pleopis polyphemoides (Leuckart)), 26% bi
valve veligers, I 5% copepods, as well as copepod 
ovae, appendicularians, tintinnids, cyprid, gastro
pod and polychaete larvae, and fish eggs (Zaika & 
Revkov, 1998). During 1991-1995 in the southern 
region, Acartia clausi was the most numerous prey 
item (37% ), followed by Ca/anus euxinus (35% ), and 
Pseudocalanus e/ongatus (Boeck), 0ithona similis 
Claus and Paracalanus parvus (Claus). Bivalve larvae 
were the predominant prey item (84%) in February
May, 1994 in the southern Black Sea (Multu, 1999). 

Feeding rates 
Feeding by Mnemiopsis is directly proportional to prey 
concentration. Prey consumption by Mnemiopsis in
creases continuously from 1.87 to 15.25 mg g Dw- 1 

d- 1 at Acartia clausi densities of 20-200 copepods 
1- 1, and from 0.70 to 12 mg g Dw- 1 d- 1 at barnacle 
nauplii densities of 20-180 ind. 1- 1 (Finenko et al., 
1995). Daily rations of Mnemiopsis range from 0.2 
to 1.5% DW, depending on prey concentration in 
small ( 1 1) containers, and increase with container size 
(Finenko et al., 1995). Feeding by Mnemiopsis was not 
detectable at prey densities of 3 copepods 1- 1 (0.6 mg 
1- 1) (Tzikhon-Lukanina et al., 1991 ). 

Digestion times depend on ctenophore size, the 
numbers of food items in the stomodeum and prey 
type. Digestion of zooplankton requires 2-3 h (aver
age 2.4 h) at 20-23 °C, increasing with more food 
items in gut contents (Sergeeva et al., 1990). Diges
tion times at 18-20 °C of individual copepods increase 
with increasing copepod size and decreasing cteno
phore size from 0.8-2.3 h for small Acartia clausi, to 
1.1-4.5 h for Calanus euxinus, and 2.4-7 h for large 
Pontella mediterranea (Claus), with the low rates in 
these ranges being from 67 mm ctenophores and the 
high rates from 6 mm ctenophores (Tzikhon-Lukanina 
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et al., 1991 ). Digestion of fish larvae at 18-20 °C 
ranges from I to 4.5 h (mean 2.8± 1.2 h), increas
ing with larva size (6-32 mm, mean 14.4±8.5 mm) 
(Tzikhon-Lukanina et al., 1993b). 

Effects 011 zooplankton 
Mesozooplankton communities in the Black Sea are 
diverse historically (about 150 holomesozooplankton 
species and about 50 meroplankton species), due to 
their varied origins from subtropical species of the sur
face layer and moderate cold-water species of the cold 
intermediate layer to brackish and fresh-water species. 
During recent decades, the species composition of zo
oplankton has changed due to a variety of factors, such 
as eutrophication, pollution, reduced fresh water flow 
and the invasion of Mnemiopsis. Some species practic
ally disappeared, while some new species arrived from 
the Mediterranean Sea (Kovalev et al., 1998). 

In the late I 960s, the structure of the zooplank
tonic communities began to change due to eutrophic
ation, which indirectly affected zooplankton species 
diversity through its impact on the phytoplankton. 
The abundance of detritivorous and herbivorous zo
oplankton species increased. For example, the bio
mass of Acartia clausi and Pleopis polyphemoides 
increased 5 times, while Centropages ponticus Kara
vaev, Paracalanus pan,us, 0ithona nana Giesbrecht 
biomass declined in the 1980s. This was particularly 
noticeable in the northwestern Black Sea (Kovalev, 
1993; Petranu, 1997). 

Zooplankton species structure, abundance and bio
mass in the Black Sea differ greatly among areas, 
seasons and years. The community of the open sea 
differs from the coastal areas. In winter, the biomass 
of zooplankton decreases in the open sea, but not as 
much as in coastal areas. In warm winters when wa
ter temperatures remain above 8 °C, the abundance of 
eurythermal Acartia clausi, 0ithona similis, 0. nana 
and cold water Calanus euxinus and Pseudocalanus 
e/ongatlls is high in both the open sea and inshore 
areas (Yinogradov et al., 1992). 

In March, before the seasonal thermocline de
velops, Acartia clausi, 0ithona similis, Paracalanus 
parvus and 0. nana reproduce at 15-30 m in the open 
sea. In late March-April when the seasonal thermo
cline forms, P. pan,us occurs in small numbers in 
upper layer, A. clausi occurs just above the thermo
dine at 21-82 ind. m-3 (18-50% of total zooplankton 
abundance), C. euxinus and P. elongatus occur below 
the thermocline at 35-48 ind. m-3 (24-43%) and 42-
64 ind. m-3 (26-50%), respectively. The first peak 
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Figure JO. Annual cycles of zooplankton biomass (g WW m-3. 
hatched bars) and M11emiopsis biomass (g WW m-3, black bars) 
during four years in Gelendzhik (Blue) Bay in the northeastem 
Black Sea. Vertical tows (15-0 m) were made with a Juday net, 
170 µ,m mesh (From Khoroshilov & Lukasheva, 1999). 

in zooplankton densities generally occurs in May or 
June, but can be earlier (March) in some years (Fig. 
10). 

In summer, warm-water species occur in the upper 
layer in both the open sea and inshore waters of the 
Black Sea. In recent years, the most abundant species 
has been the cladoceran Penilia avirostris, particu
larly at the end of summer. In coastal areas, other 
cladocerans, warm-water P/eopis polyphemoides and 

less-abundant, Evadne spinifera P. E. Muller, begin to 
develop in June-July, particularly in the northwestern 
area. Reproduction of eurythermal copepod species 
continues in summer, and currently, Acartia dausi 
is the most abundant at 7.8-14.2 ind. m-3. Larvae 
of benthic gastropods, bivalves and polychaetes also 
appear in the plankton in the summer, mainly in the 
inshore waters. In late summer or early autumn, the 
second peak of zooplankton abundance occurs due to 
increases of P. avirostris, A. clausi, Oithona similis 
and meroplanktonic larvae (Petranu. 1997; Shiganova, 
unpublished data). 

After the invasion of Mnemiopsis, a precipitous 
decline occurred in the numbers of mesozooplankton 
in the Black Sea (Fig. 8). The changes were greatest 
in the northern region, which already was severely 
damaged by eutrophication and predation by A11re
lia aurita medusae on zooplankton (Shiganova et al., 
1998). Since the summer of 1989, the abundance of 
Paracalanus parvus, Oithona similis, Acartia clausi, 
all species of cladocerans, appendicularians and poly
chaete and gastropod larvae have decreased, particu
larly in the upper layer and coastal areas. Species such 
as 0. nana and representatives of the family Pontel
lidae completely disappeared from samples (Kovalev 
et al., I 998). By autumn of 1989, zooplankton bio
mass in the open sea was only 23% that in the summer 
of 1988, and since 1990, the abundance of Ca/anus 
euxinus also decreased (Vinogradov et al., 1992). 

Reciprocal oscillations of ctenophores and zo
oplankton reflect the effects of Mnemiopsis predation 
(Fig. 8). During years of low ctenophore abundance, 
such as 1992-1993, zooplankton populations, includ
ing Ca/anus euxinus and Pseudocalanus elongatus, 
began to recover in the Black Sea. Zooplankton bio
mass dropped again in the autumn of 1994, when Mne
miopsis biomass again was high. In 1996, when Mne
miopsis abundance decreased, significant increases in 
zooplankton biomass occurred, particularly of C. eu
xinus, as well as increased diversity of other copepod 
species, including Paracalanus parvus. Speciles that 
had disappeared, such as Amtel/a mediterranea and 
Centmpages ponticus, reappeared in small numbers. 

Great abundance of recently-introduced Beroe 
ovata in 1999 caused a marked decrease in Mnemi
opsis abundance, and consequently, an increase in 
zooplankton numbers and biomass in the Black Sea 
(Fig. 8). The biomass of mesozooplankton increased 
up to about 11 g WW m-2 in the open northeastern 
area and to 13 g WW m-2 in the inshore areas, which 
is much higher than during the IO years following 



the Mnemiopsis invasion. The biomass of Catan us eu
xinus and Pseudocalanus e/ongatus stayed mostly the 
same. while the biomass of other copepods, primar
ily in the surface layer, increased 3-fold, reaching I .4 
g WW m-2. Cladocerans increased up to 150-300 
thousand ind. m-2, with Penillia avirostris being most 
abundant, and meroplankton densities also increased 
greatly. After the disappearance of Pomella mediter
ranea and Centropages ponticus in the early 1990s, 
they were recorded again in samples in 1999 (Shigan
ova et al., 2001 a). Mediterranean species appeared in 
the Black Sea during the 1990s mainly in the southern 
and northwestern areas (Kovalev et al., 1998). 

Effects 011 ichthyoplankton 

Dekhnik ( 1973) lists 56 species and subspecies of 
the Black Sea marine fish that have pelagic devel
opment, 28 species with both pelagic eggs and lar
vae and 28 with only pelagic larvae. The diverse 
fauna includes summer-spawning warm-water species 
of Mediterranean origin and winter-spawning moder
ate cold-water boreal species. The highest density of 
Mnemiopsis coincides with spawning of the warm
water fish species, which begins in late spring and lasts 
until July-August or August-September. 

The abundance and species diversity of summer 
ichthyoplankton was already greatly reduced in the 
1980s before the first outbreak of Mnemiopsis in 
the Black Sea (Fig. 11 ). The eggs and larvae of 
mainly zooplanktivorous species, Traclwrus mediter
raneus ponticus Aleev (Mediterranean horse mack
erel) and particularly, Engraulis encrasicolus ponticus 
Aleksandrov (Black Sea anchovy), had become the 
most abundant. After the Mnemiopsis outbreak in 
1989, the numbers of anchovy eggs further decreased 
and remained low through 1991, even though cteno
phore abundance decreased (Fig. I I). Decreased dens
ities of anchovy eggs and larvae again were observed 
in 1994 and 1995 with increased Mnemiopsis abund
ance. In 1993 and 1996, abundances of anchovy eggs 
and larvae were somewhat greater when Mnemiopsis 
abundances were low (Fig. I I). Anchovy egg and lar
val densities have remained low in the north, while 
being substantially greater in the south and southwest 
(Niermann et al., 1994; Gordina & Klimova, I 995: 
Shiganova et al., 1998). The greatest abundances of 
anchovy eggs since the invasion of Mnemiopsis were 
measured in 1996 in the south (90 eggs m-2) and in 
the north (12 eggs m-2) (Kideys et al., 1998). After 
the appearance of Beroe ovata in 1999, the numbers 
of fish eggs increased greatly (Fig. 11 ), particularly 
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those of anchovy, Mediterranean horse mackerel and 
Diplodus annularis (Linnaeus). We speculate that this 
resulted from the arrival of B. ovata and consequent 
decrease in Mnemiopsis density because we observed 
increased egg numbers only on 17-20 August when 
B. ovata already was abundant in the Black Sea. Those 
eggs were spawned one day before sampling, however, 
larval numbers remained low, which we suspect was a 
result of Mnemiopsis eating eggs and larvae during the 
summer when B. ovata was not abundant. 

Potential predation on ichthyoplankton by Mne
miopsis varies greatly with ctenophore and fish 
egg and larval abundances. Tzikhon-Lukanina et al. 
(1993b) estimated the consumption of fish larvae dur
ing an outbreak of Mnemiopsis in the northeastern 
coastal Black Sea in May-June, I 990), using the 
experimentally-determined consumption rate of 5 lar
vae d- 1 ctenophore- 1• During the outbreak, Mnemi
opsis abundance averaged 286 ind. m-2 (Shushkina 
& Vinogradov, 1991 ), and fish larvae in this area 
occurred at 47 ind. m-2 (Oven et al., 1991 ). Tzikhon
Lukanina et al. ( 1993b) assumed that 2.6% of the 
ctenophores ate larvae, which equaled 35 fish larvae 
d- 1 m-2 or 74% of larval abundance during the cteno
phore outbreak. Consumption of larvae was estimated 
to be only 7% d- 1 when the Mnemiopsis population 
is relatively low ( 10%) between outbreaks (Tzikhon
Lukanina et al., 1993b). In situ observations showed 
that I% of Mnemiopsis had larvae in the stomodeum, 
and 2-10% had 1-8 eggs (Shiganova, unpublished 
data). 

Relationships of Mnemiopsis with other 
zooplanktivores 

Three indigenous gelatinous species occur in the 
Black Sea: two scyphozoan medusae (Rhizostoma 
pulmo (Macri) and Aurelia aurita) and the ctenophore, 
Pleurobrachia pi/eus (0. F. Millier). While all three 
species are zooplanktivorous, only A. aurita over
laps spatially and temporally with Mnemiopsis. R. 
pulmo mainly inhabits contaminated coastal areas of 
the Black Sea. P. pileus inhabits the interzonal layer 
(15-150 m) and in most cases, no correlation between 
abundances of Mnemiopsis and P. pileus has been 
found (Shiganova et al., 1998). 

Aurelia aurita medusae occur throughout the Black 
Sea, but in greatest abundance in the inshore waters. 
Beginning in the 1970s, the population of A. aurita 
grew explosively, reaching its peak in the early 1980s 
when average medusa biomass was 0.6-1.0 kg WW 
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m- 2 and total biomass for the sea was estimated at 3-
5 x 108 tonnes (Lebecleva & Shushkina, 199 1). A rter 
the outbreak of M11e111iopsis in 1989, the abundance 
of A. a11riw medusae decreased. There is a significalll 
negative correlation between the number of M11e111i
opsis and biomass o f A. a11rita in subsequent years (11 
= 14, r = - 0.80, p = 0.005). This suggests competition 
for zooplankton prey among these species. A. a11rilli 
penetrated into the Sea o f Azov in 1972 when sal inity 
increased as a result o f decreased River Don discharge 
(Zakhutsky et al.. 1983), however. since the invasion 
o f !vl11e111iopsis, A. a 11rita medusae arc seldom found 
there (Z. A. Mirsoyan, pers. comm.). In the Aegean 
Sea. the abundance of A. a11riw is much lower when 
M11e111iopsis is present (Shiganova ct al., 200 I b). 

A nother zooplanktivorc, the chaetognath, Sag i110 
setosa Mul ler, vi rtually disappeared from the Black 
Sea after M11e111iopsis arri ved, possibly due to re
duction of zooplankton prey and direct predation by 
ctcnophores on chaetognaths. By the autumn of 1989, 
zooplankton biomass in the open sea was 23% or that 
in the summer of 1988, and S. sew.1·a had decreased 
to 3% of earlier numbers (Vinogradov ct al.. 1992). 
During years o f' low M11e111iopsis biomass, zooplank
ton populations and S. seto.1·a began to recover. With 
the outbreak or Beroe ovaw in 1999, the numbers of 
S. serosa greatly increased up to 6- 15 thousand incl. 
m- 2. Chaetognaths were round in low numbers in the 
gut contents ( I % of prey items) or M11e111iupsis from 
the open sea in summer. 1989 (Tzikhon-Lukanina et 
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al. . 1993a). and in summer. 1992 (0.03%) (Zaika & 
Revkov, 1998). therefore. di rect predation probably 
is not the main negati ve effect of Mne111iopsis on S. 
setosa. 

There are several zooplanktivorous fi sh species in 
the Black Sea. the Black Sea anchovy. Mediterranean 
horse mackerel. and sprat (Spra 1111s spra1111s pha/eri
ctts Risso). They became the main commercial species 
during the 1980s after great decreases of pis(;ivor
ous fish and dolphins (Cackly & Gri f fiths. 1990). But 



their stocks and catches declined dramatically during 
the first and most intensive blooms of Mnemiopsis in 
the Black Sea and Sea of Azov (Fig. 12). The most 
severe decline was recorded for warm-water species 
spawning during the summer, the Black Sea anchovy 
and Mediterranean horse mackerel. The diet compos
ition and rations of these species deteriorated due to 
reduced zooplankton abundance and species compos
ition. Anchovy foods changed to low-calorie barnacle 
and bivalve larvae, ostracods, and fish, including their 
own larvae (Shiganova & Bulgakova, 2000). As a 
result, the growth and weight of anchovy decreased, 
as well as the frequency of spawning and fecundity 
(Lisovenko et al., 1997). The Mediterranean horse 
mackerel completely disappeared from Russian com
mercial catches a few years after Mnemiopsis was 
introduced. The Black Sea anchovy occurs mainly in 
Turkish catches now. 

The abundance and diet of sprat, a moderate cold
water species, also have been greatly changed by Mne
miopsis. Biomass of sprat declined sharply during the 
Mnemiopsis outbreak in 1989-1991, but began to in
crease in 1992-1993 after first decrease in ctenophore 
abundance (Prodanov et al., 1997). The diet compos
ition of sprat began to change in the I 970s in the 
northwestern Black Sea, where eutrophication caused 
great decreases of warm-water copepods, which were 
its main prey. After the Mnemiopsis invasion, sprat be
came almost monophagous, consuming only Ca/anus 
euxinus. In the northeastern region, the effect of eu
trophication on sprat feeding was not noticeable, but 
after the Mnemiopsis invasion, the warm-water cope
pods disappeared from its diet and only C. euxinus was 
eaten (Shiganova & Bulgakova, 2000). 

The situation is much worse in the Azov Sea, 
where pelagic fish stocks gradually have declined 
since the 1970s (Volovik & Chikharev, 1998). When 
Mnemiopsis is re-introduced in the spring, the Azov 
anchovy, E. encrasicolus maeticus, and Azov kilka, 
Clupeonella cultriventris (Nordmann), have insuffi
cient food to support spawning, and their larvae have 
insufficient food for survival because Mnemiopsis de
pletes mesozooplankton during early summer in the 
Sea of Azov (Budnichenko et al., 1999). The spawning 
stocks of the fish are very poor under these circum
stances. When Mnemiopsis is re-introduced in June 
or July, fish spawning stocks are larger (Volovik & 
Chikharev, 1998). During the last several decades, 
the diet of the Azov anchovy has changed, with de
creasing proportions of copepods and polychaetes, and 
increasing proportions of low-calorie meroplankton. 
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Consequently, the average length, weight, and fat 
content of the Azov anchovy have decreased, overwin
tering mortality has increased and fishery catches have 
decreased (Fig. 12) (Shiganova & Bulgakova, 2000). 

Ecosystem models <fMnemiopsis in the Black Sea 

Several papers feature model simulations of the ef
fecls of Mnemiopsis on the Black Sea ecosystem. 
In the first two-layer model, Lebedeva & Shushkina 
( 1994) attempt to estimate and compare function
ing of the plankton community before and after the 
introduction of Mnemiopsis. Included in the model 
are dissolved organic matter and phosphate, detritus, 
primary production, phytoplankton, microplankton 
(bacteria, Protozoa), mesozooplankton, Aurelia aur
ita and Pleurobrachia pileus taken together (although 
they inhabit different layers and areas), and Mnemi
opsis. Inputs to the model were incomplete in not 
including nitrogen and the upper layer mesozooplank
ton. They assumed that reproduction occurred all year 
and a quasi-constant interannual level of Mnemiopsis 
biomass, and they did not include interannual vari
ability of environmental conditions. Those assump
tions and the lack of long term data (only 1988-1992 
were used) lead to errors about the seasonal dynam
ics of Mnemiopsis biomass and individual weight. 
Their simulations showed the great effect of Mnemi
opsis on mesozooplankton, which lead to increasing 
phytoplankton. 

The next model of Lebedeva ( 1998) is devoted to 
Mnemiopsis spatial distribution, growth and temporal 
variability. She considers that transport with currents, 
reproduction, growth and mortality of Mnemiopsis af
fect its distribution. Lcbedeva uses a two-dimensional 
model that contains both hydrophysical and biolo
gical components. Seasonal and interannual variability 
of the densities and biomasses of Mnemiopsis in the 
Black Sea and the total Mnemiopsis biomass in the 
sea for different seasons also are included. The water 
masses were subdivided into three types - shelf wa
ters where Mnemiopsis is most abundant, rich areas of 
open waters where Mnemiopsis also is abundant, and 
low productivity centers of eastern and western gyres 
where Mnemiopsis abundance is very low. She con
cludes that the biomass of Mnemiopsis is higher where 
the shelf is wider, which is true for summer and early 
autumn when Mnemiopsis reproduces in the inshore 
waters, and that Mnemiopsis biomass increases in the 
years when zooplankton biomass is higher. The sim
ulated seasonal dynamics of Mnemiopsis and change 
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Ttible I I. Abundant congcncric zooplankton species in brackish 
waters of Chesapeake Bay and the surface layer of the Black Sea 
(* indicates predominant species in spring. summer and fall) 

Chesapeake Bay 

Celltropages spp. 

Paracalcmm spp. 

Acartia tonsa*, A. !111dso11ica 

Eurytemora aj]inis 

Oitluma colcan•a 

Penilia avirostris 

Pleopis po/yphemoides 

Podotr leuc:karti (G. 0. Sars) 

Evadne tergestina 

Black Sea 

Cemropages pontirns 

Paracala1111s pan•us 

Acartia clausi* 

Ew:wemora affinis 

Oitlwna similis* 

Penilia avirostris* 

Pleopis polyphemoides 

P(}(/011 leuckarti 

Emdne tergestbw, E. spinifera 

of individual weight are similar to findings of em
pirical studies during that period (Shiganova, 1997, 
1998), however, we now know that high spring cten
ophore biomass predicted by the model occurs only 
after warm winters. 

The model of Van Eeckhout & Lancelot ( 1997) 
describes changes in the ecosystem of the northwest
ern part of the B1ack Sea, which is highly sensitive to 
eutrophication because it receives the discharge from 
the Danube, Dnestr and Dnepr rivers. This model de
rives from the assemblage of five different modules 
describing the dynamics of phytoplankton, micro- and 
mesozooplankton, gelatinous organisms (Noctilluca 
scillfillam·, Aurelia aurita, Mnemiopsis), microbial de
gradation in the water column, and early diagenetic 
processes in the sediments. The authors consider that 
the complex food web is composed of three branches, 
specifically, linear, microbial and gelatinous path
ways. Cycling of carbon, nitrogen, phosphorus and 
silicon is simulated through aggregated chemical and 
biological components, which include the planktonic 
and benthic components of the coastal area. This 
model includes the hypothesis of Shiganova ( 1997) 
on the influence of diminished fish stocks on popula
tion growth of Mnemiopsis. The model also allows the 
testing of different hypotheses regarding the structure 
of the ecosystem and the forcing functions on it, for 
example, the impact of fishing pressure on the diet 
composition of Mnemiopsis and the effects of nutrient 
load reduction. 

A one-dimensional, vertically resolved, coupled 
physical-biochemical model by Oguz et al. (200 I) 
builds on the results of earlier models that did not 
include Mnemiopsis (Oguz et al., 1996, 1998, 1999). 

Included in this most recent model are dissolved and 
particulate organic and inorganic forms of nitrogen, 
diatoms, dinoflagellates, bacterioplankton, microzo
oplankton, omnivorous mesozooplankton, Noctiluca 
scintillan.\·, Aurelia aurita and Mnemiopsis. Simula
tions using parameters from the late 1970s and early 
1980s reproduce the observed plankton food web in 
the Gelendezhik area of the northeastern Black Sea 
before the introduction of Mnemiopsis when A. aur
ita had substantial effects. Simulations from the I 980s 
and early 1990s show the great effects of Mnemiopsis 
in reducing mesozooplankton grazing, which lead to 
increased phytoplankton blooms, as observed in the 
Black Sea. 

Summary: similarities and contrasts of 
Mnemiopsis in native and exotic habitats 

The native habitats of the ctenophore, Mnemiopsis, are 
temperate to subtropical estuaries along the Atlantic 
coasts of North and South America. In the early 1980s, 
it was introduced to the Black Sea, where it has flour
ished. Characteristics of Mnemiopsis that enable it to 
predominate as a zooplanktivore in its native waters 
also have enabled it to be an extremely successful 
invader. Mnemiopsis is euryhaline and eurythemial, 
and has high reproductive and growth potentials that 
permit rapid population increases in favourable condi
tions. Growth and reproduction rates increase with in
creasing ctenophore size, temperature and prey dens
ities. Reproduction occurs in spring through autumn 
at temperatures ::: 12 °C, but may require higher tem
peratures in the Black Sea. Reproduction peaks at 
temperatures of 24-28 °C. 

In its native estuaries, Mnemiopsis encounters a 
wide range of conditions - temperatures from O °C in 
winter to 32 °C in summer and salinities of <2-38. 
Mnemiopsis was introduced to the Black Sea where 
the surface waters are typical of a temperate estu
ary. From there, Mnemiopsis has expanded its range 
to the Azov, Marmara, Mediterranean and Caspian 
Seas, which encompass the range of environmental 
conditions found in the native habitats. Mnemiopsis 
does not seem to be limited by salinities > 2, however, 
low winter temperatures, particularly in combination 
with low salinities, prevent survival through winter 
in some locations (e.g. the Sea of Azov). In addi
tion, the size of surviving ctenophores in spring and 
resulting population size increase with warmer water 
temperatures. The peak of the Mnemiopsis popula-



171 

Table 12. Mean biomass (mg C 111<') and production (mg C m-3) of Acartia dausi (> 125 11111) and A. tonsa (>200 µm) in the Black 
Sea and the mesohaline Chesapeake Bay. respectively. Data are from the upper 40 min summer in Karnish Bay before M11emiopsi.\· ( 1960s) 
and primarily from the northwestern and southern Black Sea with Mnemiopsis (from Ostrovskaya ct al.. 1998). Data from the oxygenated 
surface layer ( 11 m) of Chesapeake Bay arc avcrngcs of June and July (from Purcell ct al.. 1994b) 

Location Biomass (mg C m- 3) Production (mg C m-3) 

Black Sea (before M11e111iopsis) 

Black Sea (with Mnemiopsis) 

Chesapeake Bay 

tion occurs in July-August in Chesapeake Bay, but in 
August-September or October in the Black Sea, where 
temperatures are lower all year. Average ctenophore 
population biomasses are similar in both locations 
(roughly 50 g WW m-3 ), however, peak average bio
mass in the Black Sea ( 184 g WW m-3) may be 
greater than measured in Chesapeake Bay (60 g WW 
m-3). Maximum body size also may be greater in 
the Black Sea ( 12-18 cm) than in Chesapeake Bay 
( < 12 cm), but this may reflect different methods of 
measurement. 

Biotic controls on Mnemiopsis populations that are 
important in native locations were not conspicuous 
during the last decade in the Black Sea. Although 
Mnemiopsis must share zooplankton resources with 
zooplanktivorous jellyfish and fish species, the cteno
phores seem to out-compete jellyfish and chaetognaths 
for food. Zooplanktivorous fish such as anchovies, 
which could be important competitors for food in 
Chesapeake Bay, had been greatly reduced by com
mercial fishing in the Black Sea prior to the outbreak 
of Mnemiopsis. Similarly, fish predators of Mnemi
opsis are not fished heavily in Chesapeake Bay, but 
populations of potential fish predators in the Black 
Sea had been reduced by over-fishing (Purcell & Arai, 
200 I). Additionally, gelatinous predators of Mne
miopsis that limit Mnemiopsis populations in native 
habitats were absent from the Black Sea until 1999, 
when Be roe ovata arrived. Small populations of poten
tial competitors and predators enabled the Mnemiopsis 
population to bloom unchecked in the Black Sea from 
1989-1999. 

Zooplankton population size can determine the 
size of the Mnemiopsis population, and Mnemiopsis 
populations also can greatly affect zooplankton. Zo
oplankton diversity is high in the Black Sea due to 
several sources of origin of the fauna. Similar species 
of subtropical warm-water or eurythermal zooplank
ton inhabit Chesapeake Bay and the upper layers of 
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the Black Sea (Table I I). The most abundant species 
are Acartia tonsa in Chesapeake Bay and A. clausi in 
the Black Sea. A. tonsa was recently introduced into 
the Black Sea, probably from the Mediterranean Sea, 
and sometimes reaches high densities in the north
western Black Sea (Ostrovkaya et al., 1998). Biomass 
and production of A. clausi in the Black Sea before 
the introduction of Mnemiopsis was about twice as 
great as afterwards (Table 12). After the introduc
tion of Mnemiopsis, A. clausi and A. 1011.\·a biomass 
and production are comparable in the Black Sea and 
Chesapeake Bay, respectively (Table 12). 

The diets of Mnemiopsis in both regions include 
the range of available zooplankton, with copepods 
being the predominant prey. Feeding by Iobate Mnemi
opsis does not satiate at natural zooplankton densities. 
Thus, their general diet and voracious feeding contrib
ute to their success in diverse environments. During 
high abundances of Mnemiopsis, zooplankton popu
lations are low in Chesapeake Bay and in the Black 
Sea region, however, reduction of zooplankton stocks 
may only occur when predators of Mnemiopsis are not 
abundant. 

Several different ecological groups of fish occur in 
both Chesapeake Bay and the Black Sea; however, the 
species diversity of fish is much higher in the Black 
Sea. The most abundant fish species in both regions is 
the zooplanktivorous anchovy, represented by the fam
ily Engraulidac (Engraulis encrasicolus in the Black 
Sea and Anchoa mitchilli in Chesapeake Bay). These 
species are potentially the main fish competitors of 
M11emiopsis in both regions. Piscivorous bluefish (Po
matomus sa/tator Linnaeus) and anadromous shads 
(genus Alosa) also occur in both areas. 

Mnemiopsi.\· also is an important predator of ich
thyoplankton, particularly of fish eggs. Mnemiopsis 
populations are capable of clearing 30-100% d- 1 of 
the fish eggs in Chesapeake Bay, but <5% of the fish 
larvae. In the Black Sea, reductions of fish eggs co-
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incide with high ctenophore abundances. Mnemiopsis 
adversely affects zooplanktivorous fish populations by 
direct predation on the early life stages as well as con
suming the same zooplankton foods. Fish populations 
sharply declined and remained low during the decade 
of high ctenophore abundances in the Black Sea. 

In the Black Sea, reductions in zooplankton, ich
thyoplankton and zooplanktivorous fish populations 
have been attributed to Mnemiopsis, but similar re
ductions have not been seen in Chesapeake Bay. We 
conclude that the enormous impact of Mnemiopsis 
on the Black Sea ecosystem occurred because of the 
shortage of predators and competitors there in the late 
1980s and 1 990s. The appearance of the ctenophore, 
Beroe ovata, may promote the recovery of the Black 
Sea ecosystem from the effects of the Mnemiopsis 
invasion. 
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Abstract 

Maximum daily rations of the ctenophore Be roe ovata Brugiere and predatory impacts on the Mnemiopsis leidyi A. 
Agassiz population were estimated via digestion time, prey biomass and predator and prey density in Sevastopol 
Bay and adjacent water regions. Digestion times ranged from 0.5 to 5.2 hand depended on the prey/predator weight 
ratio. Overall, the mean daily ration was 45% of B. ovata wet weight. Preliminary conclusions are given on the 
B. ovata population as an effective control of the M. leidyi population and on the dynamics and structure of the 
planktonic community as a whole. 

Introduction 

The massive population explosion of the invading 
ctenophore, Mnemiopsis leidyi at the end of the 1980s 
led to tremendous changes in the Black Sea ecosystem, 
which was already suffering due to eutrophication. 
Feeding voraciously on zooplankton as well as on 
fish eggs and larvae, Mnemiopsis was one of the 
most important reasons for the adverse changes in the 
planktonic community structure (Vinogradov et al., 
1989; Gordina & Klimova, 1996; Zaitsev, 1998; Ko
valev et al., 1998; Shiganova et al., 1998; Kideys et 
al., 2000; Purcell et al., 2001) and pelagic fish stocks 
of the Black Sea and adjacent seas (Volovik et al., 
1991; Kideys, 1994; Niermann et al., 1994; Kideys 
et al., 1999). The lack of natural predators feeding on 
M. leidyi resulted in temperature and food conditions 
being the only factors apparently controlling its pop
ulation in the Black Sea (Purcell et al., 2001 ). Such 
an unprecedented impact caused this alien species to 
attract great attention from the scientific community, 
so much so that UNEP intervened to develop a strategy 
and to recommend measures to overcome the cteno
phore and prevent similar invasions in other parts of 
the world, using the Black Sea region as a key example 
(GESAMP, 1997). One of the strategies recommen-

<led was the introduction of a predator to the Black 
Sea; along with the American butterfish, Peprilus tri
acanthus, ctenophores in the genus Beroe emerged 
as the best candidates for reducing the high biomass 
levels of Mnemiopsis. 

Interestingly, by October 1997, the ctenophore, 
Beroe ovata, had already appeared in shallow wa
ters of the Black Sea (Konsulov & Kamburska, 1998; 
Zaitsev, 1998), in September 1998 in the Sea of 
Marmara (A. E. Kideys, unpublished data) and in 
August-September 1999 in Sevastopol Bay and adja
cent water regions as well as in the northeastern Black 
Sea (Finenko et al., 2000, Shiganova et al., 2000, Vos
tokov et al., 2000, Vinogradov et al., 2000). As in the 
genus Mnemiopsis (Order Lobata), species of Beroe 
spp. (Order Beroida) are difficult to differentiate (see 
Mills et al., 1996 for review), and Beroe in the Black 
Sea was identified either as B. ovata (in Konsulov & 
Kamburska, 1998; Shiganova et al., 2000, 200 I), or 
as B. cucumis Fabricius (in Zaitsev, 1998). Although 
here it is cited as B. ovata, it could just as well be 
B. cucumis. The main criterion for distinguishing the 
two species is the presence of connection (i.e. ana
stomosing) of the meridional channels; whilst they are 
not joined in B. cucumis, B. ova ta have anastomosing 
meridional channels (Gosner, 1971; Mianzan, 1999). 
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Apparently both structures are observed in the Black 
Sea. It is worth noting that Beroe ovata already had 
been reported from the Sea of Marmara by October, 
1992 (Shiganova et al. 1994). 

All previous studies suggest that species of Beroe 
almost exclusively feed on other ctenophores (Kam
shilov, I 960; Greve, 1970; Swanberg, 1974; Harbison 
et al., 1978; Matsumoto & Harbison, 1993; Mian
zan, 1999). In studies of predator-prey relationships 
of beroid and lobate ctenophore species, both Greve 
( I 970) for B. cucumis vs Bolinopsis infundibulum (0. 
F. Millier, 1776) and Swanberg (1974) for Beme ovata 
vs Bolinopsis vitrea (L. Agassiz, 1860) claimed that 
the feeding interactions among ctenophores form an 
ecological feed-back system that also affects other 
compartments of the planktonic community. Within 
each feed-back system, quantitative predator-prey re
lations are direct; both members of the system affect 
each other immediately. While these primary effects 
are more obvious and immediate, evaluation of sec
ondary, tertiary etc. effects on other compartments of 
the ecosystem will take a longer time and effort to 
assess. By analyzing the long-term distribution of M. 
leidyi, it has already been observed that the biomass of 
this ctenophore has been decreasing since the appear
ance of its predator B. ova ta in the southern Black Sea 
(Kideys & Romanova, 200 I). 

Here, we attempt to quantify the predation impact 
of the new alien ctenophore B. ovata on the earlier in
vading M. leidyi population by studying digestion and 
respiration rates of B. ovata in the laboratory along 
with abundance, biomass and population structure of 
both ctenophores from the shallow waters of the Black 
Sea. 

Methods 

Abundance, biomass and population structure 

Ctenophores (M. leidyi and B. ovata) were collected 
by vertical tows ( I 0-0 m) with a Bogorov-Rass net 
(500 µm mesh size and 80 cm diameter) at 11 stations 
in Sevastopol Bay and adjacent water regions during 
September-November 1999 (Fig. 1 ). Simultaneously, 
with the same net, horizontal tows were performed 
from the surface (0-0.5 m). The net filtered 77 .2 m3 

of seawater in each 5 min horizontal tow. Immediately 
upon retrieval, samples were examined, ctenophores 
were counted and their lengths (total length of B. ova ta 
and oral-aboral length of M. leidyi) were measured to 

the nearest I mm without removing them from the 
water-filled jars. For the estimation of length-weight 
equations, 22 B. ova ta and 230 M. leidyi were weighed 
individually on a balance to the nearest 0.01 g and 
simultaneously length measurements were taken. 

Chemical analysis 

For the analysis of chemical composition as well as 
respiration and feeding experiments, ctenophores were 
collected gently with hand-held jars from the bay 
shore. Only undamaged and active animals were used 
for the experiments. In order to determine the dry 
weight of B. ovata 17 newly caught ctenophores were 
individually weighed to the nearest 0.01 g and then 
dried at 60 °C to a constant weight. Individually ho
mogenized dry tissue of nine B. ovata were stored at 
-20 °C for further analysis of organic matter, protein, 
lipid and carbohydrate contents to calculate calorific 
value of B. ovata. The body length and wet weight of 
these specimens ranged from 35 to I 03 mm, and from 
5.9 to 65.3 g, respectively. 

The biochemical assays, which are routine col
ourimetric techniques (Anninsky, 1994), were made 
within IO days following the sample collection. Pro
tein was measured by the Lowry method with an HSA 
(human serum albumin) standard; free amino acids 
were measured by the Pochinok method with a D,L-a 
- alanine standard; carbohydrate was measured by the 
Dubois method with a D-glucose standard. Lipid was 
determined according to the Amenta method, follow
ing the Folch chloroform/methanol (2: I) extraction. 
The standard was triolein/cholesterol (I: 1 ). The en
ergy content of B. ovata specimens was calculated by 
dry weight and the calorific value of each main bio
chemical compound determined (i.e. 5.65 cal mg- 1 

for protein, 9.45 cal mg- 1 for lipid and 4.10 cal mg- 1 

for carbohydrate; Winberg, 1971 ). 

Respiration 

Sixteen B. ovata specimens were incubated at 21 ± I 
°C after minimal delay ( <2 h) to determine the freshly 
collected metabolic rate. The individual ctenophores 
were kept in the dark in respiration chambers (0.25-
3.27 I capacity according to specimen size) filled 
with 120 µm filtered sea water for 17-19 h. CaJcu
lations of the metabolic rates were made from the 
measured difference in oxygen concentration between 
bottles with and without ctenophores. At the end of the 
incubation period, oxygen concentrations were meas
ured in subsamples of seawater transferred into 60 ml 
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Figure I. Sampling stations in Sevastopol Bay and adjacent regions in the Black Sea. during September-November 1999. 

biochemical-oxygen demand bottles. Oxygen concen
trations were determined by titration (Omori & Ikeda, 
1984 ). For the conversion of respiration rate into en
ergy values, the coefficient value of 4.86 cal ml 02 - I 

was used (Omori & Ikeda, 1984). 

Estimation of digestion time and rate of consumption 

Feeding experiments were conducted during 23 
September-18 October using two series of experi
ments. All experiments were carried out in the dark 
at 21 ± I °C ( close to the ambient temperature for 
Sevastopol Bay for this time) using containers of 5 I 
capacity. 

Two independent methods were used to determine 
the consumption rate of B. ovata. In the first series of 
experiments, maximum feeding rate was measured un
der experimental conditions. These experiments were 
run over a relatively longer period ( duration varied 
from 2 to 4 days) with a single B. ovata and 3-5 M. 
/eidyi being held in the same container. In this con
dition, B. ovata had many prey available and could 
feed ad lib over the whole period. The number of M. 
leidyi in the containers was counted daily and new prey 
animals were added to ensure that prey items were 
never exhausted. The wet weight of B. ovata in these 

experiments (total 19) ranged from 4.85 to 21.31 g and 
M. /eidyi from 0.93 to 25.0 g. The consumption rates 
were calculated from the measured differences in con
centration and total weight of the prey at the beginning 
and at the end of observations. 

The second series of feeding experiments were de
signed to determine the digestion time with respect to 
the size ratio of prey and predator. Then, knowing the 
size distribution of ctenophores from field sampling, 
this relationship could be used to calculate the max
imum potential consumption rate in field. In these 
experiments, one specimen each of B. ovata and M. 
leidyi were placed in each container after starving the 
predator for 24 h. There were 4 containers present in 
each observation during 8-10 h. The wet weight of B. 
ovata ranged from 1.4 to 58.6 g and M. leidyi ranged 
from 0.25 to 13.69 g during 19 estimations of digestion 
time. The duration between the start of the experiment 
and commencement of ingestion was also noted. Once 
ingestion occured, the B. ovata specimens were mon
itored every 15 min until defecation was complete and 
the gut was empty. Daily consumption rates were cal
culated from such digestion time and wet weight of the 
prey. 
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In both series of experiments, B. ovata mainly pre
ferred prey smaller than itself. Only once was a larger 
prey swallowed whole. Although there were no par
tial feeding during the experiments, in aquariums we 
observed partial predation of B. ovata on M. leidyi as 
reported by Swanberg (1974). On some occasions, B. 
ovata refused to feed during the entire experimental 
period. Unfed ctenophores were discounted during 
the calculation of miscellaneous experimental values, 
however, an allowance was made for unfed animals 
in the calculation of field consumption rates. The po
tential impact of predation by B. ovata was estimated 
from ctenophore densities in the field and the daily 
ration. 

Results 

Abundance, biomass and population structure of 
ctenophores 

Biomasses of two ctenophore species were estimated 
from their numerical abundance and mean wet weight. 
The wet weight was calculated from the following re
lationships between wet weight (WW, mg) and body 
length (L, mm) for three groups of ctenophores: 

B. ovata (14-120mm): WW= l.77L2·23 

(11 = 22; r2 = 0.982) 

M. leidyi (2-10 mm): WW= 1.074L2·76 

(n = 135; r2 = 0.986) 

M. leidyi(ll-65 mm): WW= l.3IL2.49 

(n = 95; r 2 = 0.956) 

The mean values of abundance and biomass of 
B. ovata and M. leidyi for all I I stations are shown 
in Table 1. In September-October, B. ovata was 
present in I 0-25% of vertical tows and 60-70% of 
horizontal tows. In November, it was observed in 
2% of horizontal tows only. B. ovata length ranged 
from 14 to 120 mm, weight was 0.5-70.0 g. Cteno
phores of between 20 and 40 mm long were the most 
abundant (51 % ) in September, and this range was 30-
60 mm in October (57%). In November some large 
B. ovata (about 100 mm) were found in the horizontal 
tows. There were eggs and juvenile ctenophores (0.4-
1.5 mm length) found in several stations of the bay in 
September-October. 

M. leidyi was more abundant (0.2 m-3) than B. 
ovata (0.022-0.075 m-3). The lengths for M. leidyi 

0.01 0.1 1 10 

Dry weight (g) 

Fi,:ur,, 2. Relationship of Beroe ovata body weight and its oxygen 
consumption rate al 21 °C. 

were 0.5-65.0 mm, and weights were 0. I 6-43.0 g, 
respectively. Possible reproduction of M. leidyi oc
curred during the study period, because the majority 
of the population consisted of juvenile ctenophores 
(with lengths of I 0-20 mm) in September (52%) and 
5-15 mm in October (72%). 

Chemical composition 

Data on the chemical composition of B. ovata are 
shown in Table 2. Dry weight was equal to 2.40 ± 
0.13% of wet weight. The main component of organic 
matter was protein (80% ). The mean calorific value of 
B. ovata tissue was determined from the known ener
getic standards of protein, lipid and carbohydrate as 
16.0±2.4 cal g- 1 WW, or 640±96 cal g- 1 DW. 

Re.\JJiration rate 

The relationship between oxygen consumption rate 
( Q) and dry weight (DW) of B. ovata was expressed 
by the allometric equation (Fig. 2): 

Q = 0.341 DW1.o4 , 

(r 2 = 0.98; 11 = 17; at 21 ± l °C); 

where Q is respiration rate (ml 02 g- 1 h- 1 ), and DW 
is dry weight (g). The slope of 1.04 indicated that 
the weight-specific respiration rate was independent of 
weight over the measured weight range (0.01-0.9 g 
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Table /. Abundance, biomass and average individual wet weight (WW) of ctenophores 
Bero£' cwata and Mnemiopsis leidyi at 11 stations in Sevastopol Bay and adjacent water 
regions in 1999 estimated from vertical sampling 

Species Date Temperature 
(OC) 

8. ()\l{lfll 23 Sep. 22.5±1.2 

B.ovt1w 25 Oct. 16.2±0.6 

B. Ol'{lfll 10 Nov. 13.8±1.2 

M. leidyi 23 Sep. 22.5±1.2 

M. leiclyi 25 Oct. 16.2±0.6 

M. /eidyi IO Nov. 13.8±1.2 

* From horizontal tows. 

Table 2. The proximate chemical composition of the ctcnophore 
Beroc' ovata in the Black Sea (mean ± I SD from 9 individuals) 

Chemical components Concentration As %of 

(mg g- 1 WW) organic matter 

Organic matter 2.72±0.43 100.0 

Protein 2.17±0.36 79.8 

Lipid 0.26±0.04 9.6 

Free amino acids 0.15±0.06 5.5 

Carbohydrate 0.14±0.04 5.2 

OW ). The cost of respiration was calculated to be 
equal to 10% d- 1 of B. ova ta DW. 

Digestion time and daily ration 

In the laboratory, B. ovata was not very active. It 
either remained motionless or swam slowly. Individu
als did not immediately locate prey that had been 
newly placed in the tank. In our experiments, the 
duration between the start of the experiment and com
mencement of ingestion was on average 2.3± 1.2 h 
and did not depend on prey or predator size. Simil
arly, the ctenophores did not engulf new prey just after 
recent digestion. M. leidyi was generally completely 
engulfed, except on a few occasions when the prey was 
larger than B. ovata and was partly eaten. There was no 
cannibalism behaviour by B. ova ta, however, once one 
individual engulfed another B. ovata, but after 30-40 
min, it was regurgitated alive and healthy. 

In long-term experiments, the daily rations of B. 
ovata specimens of 4.85-2 l .3 l g WW varied from 3.4 
to 27.4 g WW ind- 1 day-I or from 60 to 128% of 
its own WW (Table 3) and were close to the rations 
calculated from digestion time in the first series of 

Abundance Biomass Mean WW* 

(ind m-3) (g wwm-3) (g) 

0.02±0.07 0.11±0.33 14.87±14.76 

0.08±0.14 1.74±3.66 23.24±25.09 

0 () 51.50±0 

0.21±0.20 0.53±0.60 2.79±4.87 

0.20±0.19 0.43±0.68 

0.34±0.60 1.55±3.79 

10 
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Figure 3. Relationship of the prey/predator weight ratio and the 
time required for Beroe ovata to digest M11emiopsis leidyi cteno
phorcs at 2 1 ° C. 

experiments (see below). B. ovata fed in only 8 out 
of 19 long-term experiments; therefore, if we assume 
that half of the ctenophores in population feeds daily, 
the average ration of B. ovata in the field amounts to 
about 45% of its wet weight daily. Because the dry: 
wet weight ratios and calorific values of B. ovata and 
M. leidyi are similar (Finenko & Romanova, 2000), 
the daily ration in terms of energy content would be 
45% of body energy content. 

Digestion time of B. ovata feeding on M. leidyi at 
21 ± l °C varied from 0.5 to 5.5 h in the studied weight 
range of both ctenophores. B. ovata of every size con
sumed both small and large M. leidyi, and the ratio 
between prey and predator weight ( P', range 0.01-
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Table 3. The daily ration of Beroe ovara in long-tenn laboratory experiments with 
unlimited prey (Mnemiopsis leidyi) 

B. ovara Duration of Total consumed Ration Ration as% 

weight feeding (d) food (g WW ind- 1) (g WWind- 1 B. ovara WW 

(g) d-1) 

4.85 3.0 12.51 4.17 85.9 

5.57 4.0 13.40 3.35 60.1 

16.00 3.0 40.20 13.40 83.7 

21.31 2.0 54.80 27.40 128.6 

Mean 89.6 

Table 4. Estimated maximum daily predation rate of the Beroe ow,ta population on Mnemiopsi.\· leidyi biomass for Seva,;topol Bay in autumn 1999. 
Bioma,;ses of ctenophores are in Table I. The digestion time (D) and ration (R) of B. m·ata were estimated from the regression of digestion time 
and wet weight ratio of ctenophores from the second series of feeding experiments 

Date WW ratios of ctenophores Digestion time (h) Ration Ration as% Ration in field Daily predation as% 

WMIWB (D) (g WW ind- I d- 1 ) B. Ol'{lf(I WW (g m-3 d-1) of M. leidyi biomass 

23 Sep. 

29 Sep. 

120ct. 

25 Oct. 

(P) 

0.188 

0.125 

0.024 

0.123 

a With temperature correction Qw= 2.2. 

(R) 

1.92 15.87 

1.57 11.35 

0.72 2.15 

1.56 17.72 

<2.0) affected digestion time ( D). The relationship 
between these values was expressed by the allometric 
equation (Fig. 3): 

D = 4.26P0.47s, (n = I 9; r 2 = 0.65). 

The maximum potential daily ration of B. ovata for 
the field in September-October in Sevastopol Bay 
was calculated using digestion time from this equa
tion and the M. leidyi/B. ovata weight ratio and the 
mean weight of M. leidyi from these data. Since 
the duration between the completion of digestion and 
commencement of new feeding was on average 2.3 
h in the experiments, the number of meals would be 
24/(2.3 + D) in a day. In our experiments, B. ovata 
was never observed to consume more than one prey 
at a time and the period between the completion of 
digestion and commencement of new feeding did not 
depend on how many prey were avai I able. We suggest 
that the same situation exists in the sea. Then daily 
rations ( C in g WW ind- 1 d- 1) of B. ovata calculated 
as C = 24 W / (2 .3 + D), where W and D represent the 
most weight (g) of M. leidyi consumed and digestion 
time (h), respectively, ranged from 2.2 to 17.7 g ind- 1 

106.7 0.05 9.3 

77.5 
19.5 

76.4 0.57" 132.1 

d- 1 or from 20 to I 07% of its own WW (Table 4 ). The 
wide range in daily ration was due to wide range of 
M. leidyi/B. ovata wet weight ratio as well as M. leidyi 
weight that varied over about one order of magnitude. 
The maximum daily ration occurred at maximum P 
(the WM/ We ratio) and the minimum ration when this 
ratio was low. 

The potential predatory impact ofB. ovata on the M. 
leidyi population 

On the basis of data on abundance and maximum daily 
ration, we estimated the predatory impact of B. ovata 
on the M. leidyi population in Sevastopol Bay. Data 
on the abundance of B. ovata and M. leidyi were taken 
from Table I. The daily ration of B. ovata at 22 °C 
amounted to 45% of its biomass if we assume only 
half of the B. ovata population feeds daily (Table 3). 

We estimate that in September, the B. ovata pop
ulation consumed 9.3% and in October 132% of the 
M. leidyi biomass ( Table 4 ). It should be pointed out 
that in October, B. ovata biomass was one order of 
magnitude higher than that in September. The grazing 
values determined here should be considered as max-



imum ones with continuous feeding of 8. ovata when 
food is constantly available. In the field, the proportion 
of B. ovata with M. /eidyi in the stomadeum could be 
more or less than a half as we suggested (l 2-20%, 
Shiganova et al., 2000; Vostokov et al., 2000). In these 
cases, our values calculated would decrease to 2-53%. 

A comparison of mean daily specific growth rate of 
the M. leidyi population for the year in Sevastopol Bay 
(3.9% of population biomass; Finenko & Romanova. 
2000) with predatory impact of 8. ovata population 
on M. /eidyi (2-53%) showed that in inshore waters 
of the Black Sea, despite their low numbers, the B. 
ovata population may control abundances of their prey 
population in certain periods. 

Discussion 

Abundance, biomass and population structure of 
ctenophores 

B. ovata was found in the Black Sea in October 1997 
for the first time in the inshore waters of Bulgaria 
(Konsulov & Kamburska, 1998). Later it appeared 
during May-August 1998 in a coastal zone of the 
northwestern Black Sea stretching from Odessa to the 
mouth of the Danube (Nastenko & Polishchuk, 1999). 
Numerical abundance of B.ovata determined from zo
oplankton samples in this region varied from 0.2 to 
0.4 ind m-3 in May and from 35 to 392 ind m-3 

in August. The population was comprised of young 
ctenophores ranging from 0.2 to 9 mm long, and as a 
result the population biomass was low (0.00001-0.097 
g m-3 ). In August-October I 999, B. ovata occurred 
in the northeastern Black Sea near Gelendzhik (An
okhina et al., 2000; Shiganova et al., 2000, 200 I), 
where numbers were 0.06-0.13 ind m-3 and biomass 
was from 18.6 to 42.8 g m-3. The ctenophores ranged 
in size between 20 and 120 mm in length in the 
population. 

This is the first report about the occurrence of B. 
ovata in the inshore waters near Sevastopol based on 
samples obtained in September-October 1999. Here, 
the abundance in Sevastopol Bay and adjacent wa
ters ranged from 0.02 to 0.07 ind m-3 and biomass 
from 0.11 to 1.74 g m-3• The ctenophores measuring 
20-60 mm in length were most numerous. B. ovata 
biomass in Sevastopol Bay was an order of magnitude 
lower than in coastal waters of the northeastern Black 
Sea near Gelendzhik. 

The numerical abundance of M. leidyi in September
October 1999 was greatly reduced as compared with 
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that in previous years. In September-October 1995, 
abundance and biomass of M. leidvi were 125 ind m-3 

and 33 g WW m-3, respectiveiy (Finenko & Ro
manova, 2000) in September-October 1999, M. leidyi 
abundance and biomass were only 0.2 ind m-3 and 
0.5 g WW m-3 . This marked decrease was probably 
caused by grazing of M. leidyi by 8. ova ta. Similarly, 
since the summer of 1997 when B. ovata was first 
noted, a clear decreasing trend in M. leidyi biomass 
from the southern Black Sea was also noticed (Kideys 
& Romanova, 200 I). 

Respiration rate 

To compare the respiration rate of B. ovata with the 
data of other authors under similar temperature condi
tions, we have calculated oxygen consumption in ml 
0 2 g- 1 h- 1 and recalculated for standard temperature 
20 °C by introducing the temperature correction Q 10 

= 2.2 (Winberg, 1983 ). In our case, it corresponded to 
0.34 ml 02 g- 1 h- 1, whereas in Kremer et al. (1986) 
and Shiganova et al. (2000), these estimates were 0.14 
and 0.35 ml 02 g- 1 11- 1, respectively. Our value is 
quite similar compared with that of Shiganova et al. 
(2000a), but higher than is obtained by Kremer et al. 
( 1986). 

Chemical composition 

Our data on the chemical composition of B. ovata are 
in good agreement with the literature for many other 
species of epipelagic ctenophores. This is true not only 
for the total organic content, which usually amounts 
in these animals to 1-8 mg g -I WW (Kremer et al., 
1986; Clarke et al., 1992; Bailey et al., 1994, 1995), 
but also for relative values, where the organic mat
ter typically contains 60-80% protein (Hoeger, 1983; 
Schneider, 1989; Anninsky, 1994 ). By contrast, some 
Arctic or deep sea specimens sometimes accumulate 
lipids in their bodies (Larson & Harbison, 1989). 

At the same time, with respect to the amount of 
organic matter, a wide range of values have been re
ported within the species of Beroida. According to 
Kremer et al. ( 1986), the organic content of B. ovata 
calculated by carbon (C x 1.9) usually varied from 
1.33 to 3.99 mg g- 1 WW, while the values obtained 
for B. cucumis (Hoeger, 1983) and B. gracilis Ktinne 
(Bailey et al., 1994) amounted to 6.56 and 4.99 mg g- 1 

WW, respectively. Besides, there are other values, be
ing equal to 5.8-7.3 mg g- 1 WW of organic matter 
for Beroe sp. (Clarke et al., 1992; Bailey et al., 1994). 
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Evidently, the organic content in B. ovata is the lowest 
among the Beroida. 

On the whole, B. ovata ctenophores have a greater 
organic content (2.4-3.1 mg g- 1 WW) and caloric 
values (14.0-18.7 cal g- 1 of wet weight), compared 
with other ctenophore species of the Black Sea. For in
stance, the organic content of Pleurobrachia rhodopis 
Chun, 1880 (synonym P. pileus (0. F. Miiller, 1776)) 
is 2.0-2.9 mg g- 1 WW, and of M. leidyi is 1.0-
1.5 mg g- 1 (Anninsky, 1994 ). Energetic value of their 
tissues ranged from 12.6 to 17 .6 cal g- 1 WW and from 
7.4 to 13.4 cal g -I WW, respectively. The highest 
values for B. ovata could be caused by the specific 
carnivorous life style of this species. 

Digestion time, co11sumptio11 rate and the potential 
predatory impact ofB. ovata 011 the M. Ieidyi 
population 

Digestion times and rations of B. ovata in the Black 
Sea determined in our experiments and by other au
thors, are very close. According to Shiganova et al. 
(2000) digestion time varied from 3 to 5 h at 24-26 °C 
and the daily minimum ration calculated from respir
atory demands was 30% of wet weight. In September 
1999 in the northeastern Black Sea, they estimated that 
the B. ovata population grazed 0.7-5.7% of M. leidyi 
biomass daily. 

The food ingestion rate in our experiments far ex
ceeded respiratory demands (average 5.72± 1.35% of 
B. ovata energy content) of the ctenophore for the 
studied weight range. The food rations of B. ovata 
observed in the experiments would be considered 
as maximal under abundant food conditions. It was 
shown that in a homogenous environment, B. ovata 
could find 1 prey item approximately every 17 h 
(Swanberg, 1974). Kamshilov (1960) claimed that a 
B. cucumis requires a IO mm Bolinopsis infimdibu
lum to support a 1.6% growth increment every 18.3 
h. In nature, B. ova ta probably are able to realize 
their high feeding activity only rarely and over short 
periods. Moreover, in nature, partial predation, lower 
prey densities, and escape of M. leidyi (in Kreps et 
al., 1997) would result in lower consumption rates. 
Probably the ingestion rate of ctenophores in the Black 
Sea was limited mainly by the rate at which the pred
ators captured prey rather than by the rate at which 
they digested it. The large capacity of the predator's 
stomach enables them to consume the large prey items 
and thus to receive at once sufficient food to meet their 
respiratory demands for a long time. This ability is an 

adaptation tool to take advantage of episodic periods 
of high prey density. 

It is obvious that ctenophores of the genus Beroe 
form an important link in pelagic food chains, how
ever, little is known of their general feeding biology. 
The species of order Beroida feed mainly on other 
ctenophores (Kamshilov, 1960; Swanberg, 1974~ Mat
sumoto and Harbison, 1993; Shiganova et al., 2000). 
In the Black Sea, B. ovata seems to be restricted to the 
surface waters and therefore their food would mainly 
consist of M. leidyi because the other ctenophore spe
cies, Pleurobrachia pileus, is mainly distributed in 
deeper waters with low oxygen concentrations (Mutlu, 
1999; Kideys & Romanova, 200 I). The high con
centrations of B. ovata were found in areas of high 
M. leidyi abundance (Shiganova et al., 2000). Beroe 
spp. can have a substantial impact on the population 
structure of planktivorous ctenophore communities. B. 
ovata reduced M. leidyi populations in the autumn in 
Narragansett Bay (Kremer et al. 1986). Greve & Rein
ers ( 1980) showed that predation by the ctenophore 
B. graci/is may be a factor in controlling the P. pileus 
population in the southeastern North Sea and Van Der 
Veer & Sadee ( 1984) reported similarly for the Dutch 
Wadden Sea. 

Kamshilov ( 1960) claimed that B. cucumis indir
ectly modified the composition of other zooplankton 
by feeding on the zooplanktivorous Bo/inopsis in
fundibulum. Purcell & Cowan ( 1995) also suggested 
that feeding by the cnidarian Chrysaora quinquecirrha 
(Desor), on M. leidyi populations may reduce mortal
ity of zooplankton and ichthyoplankton. We suppose 
that due to its intensive feeding on M. /eidyi, B. ovata 
could cause an increase in the concentration of ed
ible zooplankton in the Black Sea. If this holds true, 
schooling zooplanktivorous fishes, which are the main 
food competitors of M. leidyi, will greatly benefit from 
the consequences of this new arrival to the Black Sea. 
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Abstract 

The abundance, biomass and distribution of the ctenophore, Ber'Oe ovata Mayer 1912 were assessed along with 
several parameters associated with composition, respiration and feeding. Digestion time of B. ova/a feeding on 
other ctenophores ranged from 4-5.5 h for Mnemiopsis leidyi A. Agassiz to 7-8 h for Pleurobrachia pileus (0. 
F. Millier). Daily ration was estimated as 20-80% of wet weight based on field observations of feeding frequency 
coupled with digestion time. Calculations indicate that the measured population of B. ova ta ingested up to 10% of 
the M. leidyi population daily. A marked decrease in M. leidyi density was recorded. The abundance of zooplank
ton increased about 5-fold and ichthyoplankton about 20-fold compared with the same season in previous years 
following the M. leidyi invasion. 

Introduction 

The invasion of alien species has become a great prob
lem for many seas of the world due to increasing 
international commerce combined with the use of bal
last water on ships. The discharge of ballast water has 
resulted in the transfer of species to regions where they 
are not indigenous. 

As a rule, the invasion of alien species has a 
damaging effect on ecosystems. For example, the 
introduction of the ctenophore, Mnemiopsis leidyi, 
with ballast water from ships at the beginning of the 
1980s was a real catastrophe for the Black and Azov 
Seas (Vinogradov et al., I 989; Volovik et al., 1993). 
These ecosystems were already damaged due to hy
drological and hydrochemical changes resulting from 
decreased river discharge, eutrophication and overfish
ing (Ivanov & Beverton, 1985; Caddy & Griffiths, 
1990; Zaitzev & Aleksandrov, 1997). The invasive M. 
leidyi demonstrated explosive development in 1989, 
when its total biomass reached 1 billion tons for the 
entire Black Sea. Co-incident with high ctenophore 

abundance, the biomass of trophic mesozooplankton, 
its main food, sharply declined (Vinogradov et al., 
1989). The stocks of zooplanktivorous fish (anchovy, 
Mediterranean horse mackerel and sprat) dropped, 
presumably due to competition with M. /eidyi for 
food and predation by M. leidyi on fish eggs and lar
vae (Tzikhon-Lukanina et al., 1993; Shiganova et al., 
1998; Shiganova & Bulgakova, 2000). 

In response to this situation, a group of ex
perts from the international commission of the Joint 
Group of Experts on the Scientific Aspects of 
Marine Pollution (GESAMP) (IMO/FAO/UNESCO
IOC/WMO/WHO/IAENUN/UNEP) (GESAMP, 1997) 
proposed the introduction of potential predators for 
Mnemiopsis leidyi. Among suggested species was 
another ctenophore, Beroe ovata. Although this sug
gestion was not intentionally implemented, Beroe sp. 
nevertheless appeared in the Black Sea in 1997 for the 
first time. During 1997-1998, Beroe sp. occurred in 
some coastal areas in the northern part of the Black 
Sea (Konsulov & Kamburska, 1998; Nastenko & Pol
ishchuk. 1999; N. Lupova, (Saint Petersburg Univer-
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sity, Russia) pers. com.; Prof. M. Gomoiu, (Institute of 
Geoecology, Constanta, Romania) pers. com.). By late 
August 1999, Beroe sp. spread throughout the north
eastern Black Sea (Shiganova et al., 2000a,b) and was 
also found in the northwestern and southern regions 
(Finenko et al., 2000a,b). In October 1999, Beroe sp. 
was observed in the Sea of Azov for the first time 
(Shiganova et al., 2000b). 

Material and methods 

Investigations of the ctenophore, Beroe ovata, were 
conducted from 27 August to I 5 September I 999. 
They included experimental studies in both the labor
atory of the Southern Branch of the P. P. Shirshov 
Institute of Oceanology, Russian Academy of Sci
ences and the laboratory of the Novorossiisk research 
station, and also field surveys in the northeastern Black 
Sea on 17-24 August, 7-15 September 1999 and 12-
19 April 2000. In addition, long-term field data of the 
authors were used for comparison. 

The dry weight (DW) was determined for 3 I 
specimens (length range 40-112 mm), of them, 6 
specimens were weighed individually and additional 
weights were determined for groups of ctenophores 
with mean lengths of 50, 75 and I 05 mm. All anim
als had empty guts. Length was measured for each 
animal, then excess moisture was removed by blot
ting before individuals were weighed (wet weight, 
WW). Ctenophores were dried at 60 °C constant to 
obtain a dry weight. Twenty five ctenophores (lengths 
40-110 mm) were analyzed for lipids by the Swahn 
method (Swahn, I 953), for protein by the Lowry 
method (Pushkina, 1963 ), and for carbohydrates by 
the Orcin method. 

Tolerance to different salinities of Beroe ovata was 
also studied using 3 I containers, with a single cteno
phore in each container. Water of different salinity was 
prepared by diluting Black Sea water with distilled 
water. Experiments were carried out with gradual sa
linity changes from 18to 15, 18to 13.5, 18to 10.8, 
18 to 7 .2, 18 to 4.5. Each experiment was conducted 
for 1 h. Freshly collected ctenophores were used for 
every experiment after a I h acclimation period. After 
the experiment testing B. ovata tolerance to different 
salinities, ctenophores were moved to a salinity of 18 
for I h rehabilitation. The experimental temperature 
was kept at 25-26 °C. 

Respiration rate was determined in closed con
tainers (volume 1.5 1) using 1 freshly collected large 

ctenophore or 2-3 small ctenophores per container. 
The duration of the experiments was 4 h; temper
atures ranged from 24.6 to 26.1 °C. Metabolic rates 
were estimated as differences between oxygen con
centration in the container without ( control) and with 
ctenophores. Oxygen concentrations were determined 
by the Winkler method (Romanenko & Kuznetzov, 
1974). The oxygen concentration in the experimental 
bottles decreased to 78-89% of the initial oxygen con
centration during the incubation. Twenty-one meas
urements were made at a salinity of 18 and another 
3 measurements at a salinity of 10.8 after the 1 h ac
climation period. The experiments for tolerance to low 
oxygen were carried out at 21 °C. Ctenophores were 
kept in closed containers until they died. 

Beroe ovata was studied in laboratory and by in 
situ observations. Feeding rate, digestion time, prey 
selection and behavior were conducted in the labor
atory from 27 August to 6 September and on 7-13 
September on board RIV 'Akvanavt'. The freshly 
caught specimens of B. ovata and their potential prey 
- Mnemiopsis leidyi, Aurelia aurita (L), Pleumhra
chia pileus, fish larvae and Acartia c/ausi Giesbrecht 
(Copepoda) were placed in aquaria. To avoid dam
aging the ctenophores being used in experiments, 
weights were estimated using a length-weight rela
tionship based on 43 specimens (Fig. I a). Weights 
of Mnemiopsis leidyi used in the feeding experiments 
were estimated using the equation 

y = 0.0056x 1 ·85, 

where x is the length in mm and y is the wet weight in 
grams. 

The study of the spatial and vertical distribution 
of Beroe ovata, other gelatinous plankton, zoo- and 
ichthyoplankton was conducted aboard the RN 'Ak
vanavt' by Institute of Oceanology, Russian Academy 
of Sciences. An additional ichthyological survey was 
carried out on 17-24 August by the Institute of the 
Azov Sea Fishery Problems, and those ichthyoplank
ton data were included in our study. Gelatinous 
plankton and ichthyoplankton were sampled with a 
Bogorov-Rass net (square net opening of 1 m2, mesh 
size 500 µm) in vertical hauls from 150 m to the sur
face in deep water and from the bottom to the surface 
in shallow areas. A Juday net (square net opening of 
0.1 m2, mesh size 200 µm) with a closing device was 
used for depth-stratified hauls from the thermocline to 
the surface ( 15-25 to O m), from the pycnocline to the 
thermocline (60-80 m to 15-25 m) and from the an
oxic layer to the pycnocline ( 120-200 m to 60-80 m). 
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During bad weather, only two hauls were made per 
station. A total of 50 stations were occupied and 148 
hauls were made in September 1999 and 42 stations, 
84 hauls were made in April 2000. 

Results 

Taxonomy, body structure, size and chemical 
composition ofBeroe ovata 

At least two species of beroid ctenophores inhabit the 
Mediterranean Sea - Be roe ova ta Esch and Be roe for
skalii Chun (in Tregouboff & Rose, 1957). Of these 
species, only Beroe ovata has been identified in the 
Sea of Marmara (Shiganova et al., 1994). With the 
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Fig11rt' 2. Oxygen consumption of Beroe ovata. (a) - dependent on 
wet weight: (b) -dependent on the dry weight. 

appearance of a beroid in the Black Sea, the question 
of species identification was relevant. Some scient
ists of the Black Sea countries identified this invasive 
species as Beme cucumis (Zaitzev, 1998), introduced 
with ballast waters from the North Atlantic, others 
identified the ctenophore as Beroe ovata (in Konsu
lov & Kamburska, 1998; Shiganova et al., 2000a, b). 
Analyses of morphology, conducted by Prof. L. N. 
Seravin (Saint Petersburg University, Russia) determ
ined it to be Beroe ovata Mayer, 1912 (Seravin et al., 
200 I) which was transferred with ballast waters from 
northern atlantic area. 

The ctenophores generally have a pink colour, and 
the largest were coloured with a brown tint. The body 
of this ctenophore is oval, wider at the oral end and 
tapered but not pointed at the aboral end. The me
ridian canals have anostomoses between them, which 
are characteristic for Beroe ovata (in Seravin, 1998). 
The young specimens are wider in both the oral and 
aboral ends of the body. 
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The relationship between length (L) and wet 
weight (WW) for Berne ovata was expressed by a 
power regression: WW = 0.0 I L 1.7x (1?2= 0.79, 11 = 
43. p < 0.00 I , std. error = 0.0092) (Fig. I a). We col
lected mostly moderate to large B. ovo10 (60- 162 mm) 
in offshore waters. Small specimens ( 16-18 mm) were 
found only in coastal areas w ith shallow depths of 2-
4 m. The most common sizes or B. ovaw collected 
were 70- 90 mm for specimens from Blue Bay, and 
80- 100 mm for specimens from the open sea. 

In the coastal area. the examined adult specimens 
were mature w ith both male and female gonads. Egg 
production was observed in a single field-col lec1ed 
specimen. Eggs have a round shape. Hatched larvae 
were beroid type larvae w ithout tentacles. The occur
rence or small individuals ( 16-18 mm) in the coastal 
area along with larger sizes supports the conjecture 
that Beme ovo/ct can both grow and reproduce in the 
Black Sea. 

Dependence of dry weight (OW) on the length 
was expressed by the equation: OW = 0.00 I 6L 1.3c, 
(R2 = 0.93, 11 = 9, p < 0.0 I ). The proportion or 
OW to wet weight (WW) decreased with an increase 
in Beroe ova111 size (Fig. I b). Mean ratio of OW to 
WW for 3 1 specimens (40- 11 2 111111) was 2.4 ± 0.3%. 
Mean protein content was 2.47 mg g- 1

, lipid content 
was 0.28 mg g- 1

, carbohydrates were 0.54 mg g- 1 

of WW. The mean calorific value of B. ovota tissue 
was determined from the known energetic standards 
of protein (5.7 cal mg- 1

). lipid (9.45 cal mg- 1) and 
carbohydrate (4. 10 cal mg- 1) as 18.8 cal g- 1 of WW. 
The carbon composition of 13. ovata specimens from 
the Black Sea was 7.8% of OW, higher than in ocean 
waters (2-6%) (Kremer et al. , 1986). This relatively 
high percentage of carbon per unit dry weight and 
the relatively low ratio of dry to wet weight can be 
explained by the lower salinity or Black Sea water 
compared with other regions where B. ova1a has been 
studied. 

Tolera11ce to sa /i11i1y 

Results of experiments showed that behaviour of 
ctenophorcs did not change when the salinity was 
decreased from 18 to 13.5. When ctenophores were 
moved from a salinity of 18 to a salinity of 15. they 
first stopped beating their cilia. However, in approx
imately 15 min, the cilia beating recovered and the 
ctenophorcs were again very active. When Be roe ova/a 
was moved from the Black Sea water (salinity 18) to 
water or salinity 13.5, it sank down to the bottom, 

b 
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hg11re .i. Spat ial distribut iou ur ctcnophorcs iu the northca, tcrn 
Black Sea in September 1999: (a) - /Jem e m'ata: (b) - M11e111iopsis 
ll'idyi in September 1999: (c) - M11e111iopsis leidyi in Apri l 2000. 



made some movements there with actively beating 
cilia, but did not go to the surface. Then the ctenophore 
began to produce mucus, but later it recovered act
ive movements. In the water with salinity of 10.8, B. 
ovata sank down to the bottom, cilia beating ceased for 
15 min but then the ctenophore completely recovered 
active movements and natural behaviour. 

With the treatment at salinity of 7 .2, Be roe ova ta 
laid on the bottom almost without any movements. Its 
body grew turbid, but in 20-30 min. the ctenophore 
began to move and its behaviour was the same as in 
previous experiments. In a salinity of 4.5 the ctcn
ophore sank to the bottom without movement, body 
density decreased and its tissue turned a whitish color 
and began to disintegrate. Later some recovery of 
movement was observed. When B. ovata was moved 
from Black Sea water (salinity 18) to the water with 
salinity 3 it immediately sank to the bottom and laid 
there without any movements and no recovery. These 
data are preliminary but showed that B. ovata can 
tolerate short-term salinity shocks. 

Respiration rate 

Oxygen consumption by Beroe ovata was measured at 
2 salinities, I 8 and 10.8. In the first case, the respir
ation rate Q (ml ind- 1h- 1)varied nearly linearly with 
wet weight (WW) where Q = o.02ww0-86 (R2 = o. 78, 
11 = 21, p < 0.00 l ). Two of three measurements in 
water with salinity l 0.8 gave higher estimates than 
in experiments with salinity of 18 (Table l, Fig. 2a). 
When the respiration rate was expressed in terms of 
OW (Fig. 2b), no regression was significant. The oxy
gen consumption ranged from 0.25 to 0.7 l, with a 
mean of0.54 ± 0.131 ml g ww- 1 h- 1• 

Our results of metabolic rate, re-calculated for 
standard temperature (20 °C) according to the normal 
Krogh 's curve, were close to results of Finenko et al. 
(2000 a, b; 2001 ), but were two times higher than res
ults obtained for Ber'Oe ovata in the Bahamas (Kremer 
et al., 1986) (Table I). This difference probably was 
due to salinity differences in the habitats, and there
fore on the dry weight, of B. ovata. If the results are 
expressed in terms of body C, we obtain 6.9 ml O2g 
c-1 h- 1, which is similar the value re-calculated from 
Kremer et al. (1986) of7.3 ml O2g c- 1 h- 1• 

FeedinR 

In situ observations in the coastal area of the Blue Bay 
showed Beroe ovata swam near the surface when not 
feeding. Most of the time it was oriented vertically, 
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with the mouth closed 5-10 cm from the surface. Less 
often B. ovata was 30-50 cm from the surface with its 
body oriented horizontally. 

Of the specimens found near the shore, only 2.5% 
of them had Mnemiopsis leidyi in the gut contents. 
Further from shore in depths of 2-4 m, approximately 
20% of B. ovata had M. leidyi in the gastrovascular 
cavity. About 2% of B. ovata had fish larvae in the sto
modeum or a larva was attached on the body outside 
close to the mouth. 

In initial observations, Beroe ovata with newly 
ingested Mnemiopsis leidyi, Aurelia aurita, or Medi
terranean horse mackerel (Trachurus mediterraneus 
ponticus Aleev) and mullet (Mugil sa/iens Risso) fry 
were placed individually in aquaria (20 1). On one oc
casion, the mullet larva, which was on the external side 
of B. ovata escaped and survived in the aquarium. In 
a few other occasions, larvae attached on the external 
part of the body were observed already dead with dam
aged skin. One ingested A. aurita (diameter 32 mm) 
was alive in the B. ovata (size 80 mm) stomodeum, 
and continued to make swimming movements. The 
mouth of B. ovata was closed and it kept the medusa 
in its stomodeum for 8 h before A. aurita was ejected 
and survived. Once a specimen of B. ovata tried to 
envelop another one in the aquarium, but the swal
lowed B. ovata was finally egested. B. ovata also did 
not consume the copepod A. clausi and if swallowed, it 
egested A. c/ausi. In aquaria, non-feeding B. ovata ori
ented vertically near the surface with the closed mouth 
upwards or near the bottom of the tank with the mouth 
turned towards the bottom. 

During digestion observations on the RIV 'Ak
vanavt', newly collected Be roe ova ta and their prey, 
M11emiopsis /eidyi, Pleumbrachia pileus and Aurelia 
aurita, were measured and placed in an aquarium (250 
1). 8. ovata were very active and swallowed M. leidyi 
in two ways - either enveloping them gradually or 
opening the mouth widely, bending their body and 
rapidly sucking in the entire prey. Biting off parts of 
the M. leidyi body with macrocillia was not observed. 
During digestion, the prey was gradually macerated 
and advanced with stomodeum cilia to the aboral pole 
where it accumulated in whitish clumps near the prein
fundibular complex. Then whitish material entered the 
preinfundibulum in fractions and passed in meridional 
canals and excreted with moisture though the pores. In 
addition to M. leidyi, B. ovata ingested P. pileus. One 
B. ovata caught as many as three P. pileus or small M. 
leidyi and P. pileus at the same time. B. ova/a did not 
consume A. aurita in these experiments. Once B. ovata 
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Table I. Beroe ovata oxygen consumption al experimental temperatures, and recalculated lo standard temperature (20 °C) 

Author DW Duration Temperature (°C) 

(g) (h) 

Kremer el al. (1986) 0.01-0.56 3-5 25 

Finenko et al. (2000 a. b) 0.01-0.9 17-18 21 
Shiganova ct al. (2000a, b) 0.31-1.04 4 24.6-26 

swallowed two P. pileus which had Ca/anus euxinus 
Hulsemann in their gut contents. P. pileus was digested 
by B. ovata, but C. euxinus was egested through the 
mouth. Digestion times for M. leidyi prey were 4-5.5 
h at 21-26° C, for P. pileus were 7-8 hours at 25 ° C 
(Table 2). 

We estimated daily ration by two methods. First, 
the cost of respiration at 24-26 °C equalled 2.4 cal g 
ow-1 h- 1• Consequently the minimum daily ration 
of B. ovata (assimilation rate= 0.7) would be about 80 
cal g ow- 1 d- 1 or about 2 cal g ww- 1 d- 1• Feeding 
on Mnemiopsis leidyi (caloricity = IO cal g ww- 1 

(Vinogradov et al., 1989)), the minimum daily ration 
of B. ovata should be about 20% of its wet weight. 
Second, if B. ovata were assumed to feed continuously 
on M. leidyi, one at a time, then the digestion time 
measurements suggest that the daily rations would 
range from 80 to 400% measured as wet weight of 
both predator B. ovata and prey M. leidyi. Such rates 
are unlikely in situ. Our observations in situ during 
August-September 1999 indicated that approximately 
20% of B. ovata contained M. /eidyi. Therefore, we es
timate that during this period, daily ration of B. ovata 
was in the range of 16-80% of its wet weight. 

Distribution and abundance of the main components 
of the Black Sea ecosystem 

In late August-early September 1999, Beroe ovata oc
curred throughout the northeastern part of the Black 
Sea above the seasonal thermocline (15-25 m). The 
average abundance was 0.62 ind. m-2 in the inshore 
waters and 1.27 ind. m-2in the open sea, with an 
average abundance in the whole investigated area of 
1.1 ind. m-2, and an average WW biomass of 31 
g m-2 (Fig. 3a). The most abundant aggregations of 
B. ovata generally coincided with areas where Mnemi
opsis leidyi was also abundant (Fig. 3a,b). In the open 
sea, there were only moderate to large sized B. <Wata, 
while small specimens were found only in the coastal 

Salinity Oxygen consumption Oxygen consumption 

(ml g ow- 1 h- 1) at 20°C (ml g DW- 1 11-I) 

35 0.27 0.19 

18 0.35-0.44 0.34 

18 0.25-0. 71 (0.54±0.131 ) 0.37 

I0.8 0.47-0.83 (0.66) 0.46 

areas and only in small numbers in late August-early 
September. 

After the arrival of Beroe ovata, the sharpest drop 
among other gelatinous species was observed for both 
biomass and density of the ctenophore Mnemiopsis 
/eidyi in 1999 compared with late summer data during 
the previous ten years. In September 1999, the average 
abundance was only 17.3 ind. m-2, and the biomass 
was 155 g m-2 (Fig. 4 ). The proportions of size groups 
of M. /eidyi greatly changed, too. Previously, there 
had been intensive reproduction in August-September 
resulting in an abundance of small specimens of M. 
leidyi (<IO mm) (Shiganova, 1997). By contrast. in 
September 1999, small M. leidyi made up only 11.7% 
of the population inshore and 16.4% in the open sea. 
The most intensive reproduction usually occurs in the 
inshore waters, but during August-September I 999, 
the small M. leidyi were proportionally less abundant 
in the inshore waters than in the open sea. During our 
survey in April 2000, M. leidyi was found only in the 
warmest locations and its density was 1.2 ind. m-2 

and biomass was 28 g WW m-2, but there were no 
individuals of B. ovata at all (Fig. 3c). 

By contrast, populations of gelatinous species not 
eaten much by Beroe ovata were unaffected. The bio
mass of the medusa Aurelia aurita was comparable in 
both September 1998 and 1999 (Fig. 4): 283.6 g m-2 

in 1999 and 305 g m-2 in 1998. The biomass and 
density of the ctenophore Pleurobrachia pileus re
mained practically unaltered relative to the previous 
year, the biomass was 83 g m-2 in 1999 and 86.2 
g m-2 in 1998, density comprised 176.6 ind. m-2 in 
1999, and 183.3 ind. m-2 in 1998 (Fig. 4). The abund
ance of the dinoflagellate, Noctiluca scintillans Kofoid 
& Swezy, decreased markedly from 30 to 37 x 103 

ind. m-2 in September 1998 to 9-10 x 103 ind. m-2 

in 1999 (Fig. 5). 
The biomass of zooplankton was several times 

higher than observed in the same season during all 
years since the Mnemiopsis leidyi invasion. The mean 
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Figure 4. Biomass of gelatinous animals in August-September in the Black Sea I - Pleumbrachia pile11s: 2 - Aurelia aurilll: 3 - Mnemiopsis 
/eidyi (Data from 1989-1992 in Vinogradov et al. ( 1989, 1992, 1993) and Khoroshilov (1993). 

biomass of zooplankton was about I I g 111-2 in the 
open sea and about 13 g 111-2 in the inshore waters 
in early September 1999. Compared with 1998, bio
masses of Ca/anus euxinus and Pseudocalanus elong
atus Boeck remained approximately constant in I 999, 
but biomass of other copepods increased more than 
three fold and reached 1.4 g m-2 and >4 x 104 

ind m-2 between these periods (Fig. 5). The density 
of Sagitta setosa Muller also increased substantially 
to 6-15 x 103 ind. m-2 and the density of 111eroplank
ton also went up. The most conspicuous increase in 
mesozooplankton was for Cladocera, which increased 
up to 150-300 x I 03 ind. m-2. The most abundant 
cladoceran species was Penielia avirostris Dana. After 
many years of absence from the Black Sea zooplank
ton samples species such as Pomella mediterranea 
Claus appeared and Centropages ponticus Karaw was 
found in the 1999 samples in large numbers. 

In 1999, twenty-four species of fish eggs and larvae 
were selected as part of this study (Fig. 6a, b ). The 
eggs of the anchovy Engrau/is encrasico/us ponticus 
Aleksandrov predominated (average 323 eggs m-2), 

followed by the eggs of Trac/mrus mediterraneus 
ponticus (average 11. 1 eggs m-2

), and the eggs of 
Mugil saliens and Diplodus annularis (Linne) (aver
age 1.2 eggs m-2 ). Until these collections such high 
densities of E. encrasicolus and T. mediterraneus eggs 
had not recorded since the Mnemiopsis leidyi invasion 
(Fig. 6a). 

Discussion 

In late August-early September 1999, Beroe ovata oc
curred everywhere in the northeastern Black Sea, both 
in the deep sea and in the inshore waters. Our ob
servations demonstrated that B. ovata consumes both 
other species of ctenophores in Black Sea, Mnemiopsis 
leidyi and Pleurobrachia pileus, primarily feeding on 
the more available M. leidyi. Our observations indic
ated that B. ovata did not digest crustacean zooplank
ton, the medusa A. aurita or fish larvae, although they 
were caught occasionally. Our results for digestion 
times were similar with other researchers (Table 2). B. 
ovata digested large Bolinopsis in 4-5 h at 24-25° C 
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fohle 2. Digestion times of 8 eroe spp. feeding on loba1c ctcnophorcs. Numbers in parclllhcscs arc means 

A uthor Temp. Predator Prey 
(OC) predator 

Kamshilov ( 1960) /J. CI/Cllllli.1· J30/i11<JfJSi.1 
Swanberg ( 1974) 24-25 8. {)\'{//(/ !30/i11opsis 
Finenko cl al. (2000b) 21 B. ova1a 1\l/11emiopsis 
Shiganova el al. (2000a. b) 2 1- 26 8 . (/\'(//{/ 1\t/11e111iopsis 
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Figure 5. Density of zooplankI011 in the nor1hcas1ern Black Sea in 
September 1998- 1999. 

(Swanberg, 1974). /3. rnrnmis Fabricius from the Bar
ents Sea digested small /Jolinupsis in 3 h (Kamshi lov, 
1960 a. b). In our experiments the larger lobates, M. 
leidyi, were digested considerably faster than smaller 
cydippicl P pileus. 

Maximum size of /Jeroe ovolll col lected in the 
Black Sea was larger than for collections it in their 
native regions. B. ovaw reaches 11 5 111111 near the A t
lantic coast o f North A merica (Mayer. 19 12) as well as 
in the Mediterranean Sea (TregoubolT & Rose, 1957). 

Length (mm) Weigh1 (g) Digl!~tiun 
prey predator prey Ii111c (h) 

30-10 15-20 3 
12-40 (27) 12- 90 (50) 4.5 

1.4- 59 0.25- 1.J 0.5- 5.5 
50-98 30-88 11 - 37 3- 22 -1-5.5 

In Great Bahama Bank. the spec imens were obsen ·ed 
from 12 to 40 111111 (.r = 27 111111 ) (Swanberg, 1974 ). 
Specimens of /3. ovaw within the size range I 0- 50 mm 
were f'ound in the Bahamas (Kremer ct al.. 1986). It is 
not clear the reasons for the size difference between 
locations. We suppose that B. uvot(t in the Black Sea 
reach a larger size clue to the abundance of avai lable 
rood, M11e111iopsis leidyi. 

The metabolic rate estimated in our experiments 
was very c lose to the value or Finenko ct al. 
(2000a,b, 200 I ) for the northwestern Black Sea in 
1999 (Table I ), but signi ficantly higheron a dry weight 
basis than for the same species from the northern A t
lantic (Kremer et al.. 1986). Most or th is difference 
can be explained by sal inity differences i f we assume 
/Jeroe ovota composition is in isotonic equil ibrium 
with its surround ing water. where the Black Sea is 
approx imately half the salinity of the water of the 
Bahamas. 

The min imum dai ly ration for /Jeroe ova/a estim
ated from our metabolic data was about 20% of its wet 
weight. The observed digestion rate suggests that i f 8. 
ova/Cl feel continuously, they could consume and digest 
5-8 specimens of M11e111iopsis leidyi daily. In the field 
in August- September 1999. we observed about 20% 

/3. ovalll with M. leidyi in their guts. equivalent to an 
ingestion rate of 1- 1.6 M. leidyi per clay. During this 
period, mean /J. ova/a biomass was 3 1 g WW m- 2 ( 1.1 
incl. m- 2) and M. leidvi biomass was 155 !! WW m- 2 

( 17 .3 ind. m - 2). Co1~sumption by /3. ov:ira that we 
calculatecl from field and experimental feeding rates 
amounted to a clai ly removal of 6.5- 10% of the M. 
leidyi population. About 4% or the M. leidri popu la
tion would need to be ingested per clay to meet the 
metabolic requi rement of the B. ow11a population as 
estimated from measured respiration rates or B. ovara. 

A sharp decrease in the density and biomass 01· 
M11e111iopsis leidri in the northeastern Black Sea in 
September 1999, as compared to September of pn> 
vious years (Fig. 4). impl icates Beme ova/Cl as a po-
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tential ly important source or mortality. The M. leidyi 
population usually increases in spring after a warm 
winter (Shiganova, 1998); considering that the 1998-
1999 winter was warm and that water temperature 
increased by 1.5- 2 °C in June- July 1999 (data or Hy
drophysical laboratory of the Southern Branch of the P. 
P. Shirshov Institute of Oceanology, Russian Academy 
of Sciences), a high density of M. leidyi would have 
been expected in August- September. as observed in 
previous years (Purcell ct al.. 2001 ). In addition. M. 
/eidyi usually actively reproduces al that time (Shigan
ova, 1997, 1998). By contrast. in September 1999, 
we observed an unusually low abundance or M. leidvi 
and low numbers or small specimens relative to the 
previous September (Shiganova ct al., 2000 b). Prob
ably /3. ova/a in itially grazed small specimens in the 
inshore waters, due to the avai labi li ty and accessibility 
of young M. leidyi as prey. 

Observations or previous years showed that sea
sonal population dynamics of M11e111iopsi.1· leidyi were 
similar in the Black and Azov Seas (Shiganova et al. , 
200 I ). In September 1999, however, biomass of M. 
leidyi was very high in the Sea of Azov (Fig. 7), whi le 
the population in the Black Sea was the lowest in I 0 
years (Fig. 6). This c in.:urnstantial evidence impl icates 
B. ovara as a major predator of J\1/. leidyi in the Black 
Sea. 

The abundance or the ctenophore P/eurobrachia 
pi/eus in late summer 1999 was essentially unchanged 

from the previous year. T his may be because Beme 
m·aw inhabits the surface layer while P pile11.1· pre
dominantly inhabits the cold intermediate layer and 
below. Possibly, B. ovaw ingests some P pi/eus at 
night, however. on ly a small part of the P pi/eus popu
lation ascends into the surface layer (Yi nogradov et al.. 
1987). The population of the medusa Aurelia aurita 
was also similar in 1999 to the 1998 level (Fig. 4), and 
slightly higher than average levels for the past 5 years 
(Shiganova et al., 1998). suggesting that its population 
also was not affected by /3. ovata. 

The density and biomass or rnesozooplanklon and 
its species diversi ty greatly increased in September 
1999. after the appearance of !3eroe ovaw, and were 
simi lar lo values observed prior lo the M11e111iopsi.1· 
/eidyi invasion (Shiganova, 1998). The species in
habiting cold intermediate layer ( Cala1111.1· euxinus, 
Pse11docala1111s elo11ga111s) did not change in density 
and biomass. wh ile the density or copepods inhabiting 
surface layer great ly increased. The density of Clado
cern, main ly Pe11ilia aviroslris. inhabiting the sur
face layer also greatly increased. In addition. several 
Mediterranean species (Copepocla: E11clwe1a 111ari11a 
Pustandrea, Rhy11calo11us 11a.1·11111s Giesbrecht , Pleur-
011w11111w gracilis Claus. and Ostracoda Plrilomedes 
globosa) were found in the northeastern region for 
the first time (E. I. Musaeva, P. P. Shirshov Institute 
of Oceanology, Russian Academy of Sciences, pers. 
com.). 
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Fii;ure 7. L ong-ter111 dyna111ics of M111•111i11psis leidyi density in Se:1 of Azov in August. 

Species diversity and tota l numerical abundance of 
ichthyoplankton were unusually high for the north
eastern region in late A ugust 1999. The density or 
eggs of both Engraulis encrasico/us po111icu.1· and 
Trachurus 111edi1errc111eu.1· po111ic11s increased to levels 
comparable to those before the M11e111iopsi.,· /eidri in
vasion (Fig, 6a). The density of larvae was still low 

in August after the introduction or Beme ova/a. Un
l ike the collected eggs, wh ich were spawned only one 
day before sampling, when /3. ovaw was present and 
M. leidyi density was low. the larvae possibly were 
from spawnings before 13. ova/a was present. Thus. 
the 1999 data suggest the appearance or /3. ovaw in 
the B lack Sea decreased the abundance of M. leidyi 
sufficiently to modify populations or other zooplankt
ivores. All effects of 13. ova/a may not be pos111vc, 
however. Preliminary observations indicate that fish 

larvae, although not ingested by /3 . ova/a, may be 
killed though occasional di rect contact with B. ovaw. 

Certainly, all the above improvements were not 
merely the rcsul!s o f the invasion by l3eroe ovata. 
Since the first decrease or M11e111iopsis leidyi dens
ity in 1993, some improvements in parameters of the 
ecosystem and recovery of biodiversity were recorded 
(Shiganova el al., 1998). But it was not until 1999, 
with the advent of B. ovata, that there was a sharp in
crease in the density and diversity or mesozooplankton 
and ichthyoplankton. 

Our data demonstrate that Beme ovata can re
produce, feed and grow in the northeastern Black 
Sea. The same conclusions were made for the nonh
wcstern area (Finenko ct al.. 2000 a, b, 2001). II' 
B. ovata continues to be found in the Black Sea. 

neither mesozooplankton nor endemic gelatinous spe
cies (A urelia auri10, Pleurobrachio pi/eus) should be 
affected directly. Due to its feeding preference and 
vertical distribution. B. ovara should primarily impact 
the population or M11e111iopsis leidr i and indi rectly 
affect mcsozooplankton. 

We demonstrated that Beroe oFaW can live in water 
with rather low salinity, and therefore may be able Lo 
penetrate into the Sea of Azov. however. it is unknown 
ii' B. 011010 could live and reproduce in the Sea or Azov. 
if it wou ld be a constant or temporary inhabitant there. 
or if it could influence the recovery of its ecosystem. 
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Abstract 

The magnitude and extent of jellyfish blooms are influenced not only by the biology and behavior of the animal, 
but also by the geographic setting and physical environment. Hydrography alone is often thought to cause or 
favor gelatinous zooplankton aggregations, however, it is clear that interactions between biology of the animal and 
physics of the water are very important sources of population variations, especially at local scales. We summarize 
the role of physical processes and phenomena that promote aggregations of gelatinous zooplankton. We have 
identified and discussed a suite of physical gradients that can be perceived by gelatinous zooplankton. These include 
light, gravity, temperature, salinity, pressure and turbulence. A recurring theme is accumulation of jellyfish around 
physical discontinuities such as fronts (shelf-break, upwelling, tidal and estuarine) and pycnoclines (thermoclines 
and haloclines). Interestingly, there are few data to suggest that large-scale, quasi-stationary features, such as the 
largest oceanic fronts, serve to physically aggregate gelatinous animals at a similar scale. Rather, examples of local 
aggregations appear to dominate the literature. We also discuss various jellyfish behaviors that are theorized to 
promote aggregation, feeding and reproduction in relation to physical discontinuities. 

Introduction 

The sudden appearance and disappearance of jellyfish 
aggregations or swarms is a common yet enigmatic 
characteristic of jellyfish populations. Most gelatin
ous zooplankters have life-histories with asexual re
production and extraordinary growth rates that allow 
them to undergo rapid population increases. Moreover, 
their gelatinous structure, absence of complex neural 
framework and apparent weak swimming suggest that 
they passively drift with the water current. To the naive 
observer, therefore, the sudden appearance of large 
numbers of jellyfish implies that a bloom has some
how occurred when no one was watching. Indeed, 
blooms, by definition, appear or occur unexpectedly 
or in surprising quantity, almost over night. We now 
know, however, that the apparently simple body plan 
of jellyfish often disguises sophisticated interactions 
with their biological, chemical and physical environ-

ment that contribute to patchy distribution of jellyfish 
throughout the marine environment. Advances in the 
use of in situ techniques over the past 30 years (Ham
ner, 1985) have enormously increased our knowledge 
about the behavioral complexity of gelatinous animals. 

Rapid changes in jellyfish concentrations can be 
due either to rapid population growth (a true bloom) 
or to a re-distribution or re-dispersion of a stable 
population (an apparent bloom). Since population 
changes are addressed elsewhere in this volume, we 
will address only physical factors implicated in ap
parent blooms. We distinguish between advective and 
concentrating factors. Advection means that a patch 
or aggregation of animals is translocated to a pre
viously uninhabited location, whereas concentration 
means that the density of a population has changed. 
Advection of planktonic populations occurs passively 
whenever a water mass moves, whereas concentra
tion changes. in the absence of population growth or 
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mortality, require an element of active behavior or 
physiological alteration by the jellyfish that promotes 
changes in local density. 

Animal aggregations constitute a fascinating and 
complex research topic that requires theory and mod
eling studies linked to empirical work (Parrish & Ham
ner, 1997; Parrish & Edelstein-Keshet, 1999). Non
etheless, in situ observations using SCUBA (Hamner 
et al., 1975), research submersibles and remotely op
erated vehicles (Larson et al., 1992; Mil1s et al., 1996; 
Brodeur, 1998; Raskoff, 200 I) and profiling video 
(Paffenhoffer et al., 1991; Davis et al., 1992), have 
been crucial for investigating the relationship between 
biology, behavior and the physical environment of 
marine organisms (Hamner, 1985). In this paper, we 
review those physical factors that contribute to aggreg
ation of gelatinous zooplankton. As the literature base 
is comparatively new and rarely pre-dates the 1970s, 
we cast a broad net to include mostly medusae, but 
also siphonophores, ctenophores and pelagic tunic
ates. The ultimate goal of the paper is to provide the 
underlying physical context of aggregations as they 
occur in conjunction with, or the absence of, bio
logy and behavior of the animal, and when possible 
we discuss adaptive implications of these interactions. 
While we recognize the importance of physical trans
port of a bloom as an important source of apparent 
population variability (e.g., Nielsen et al., 1997), we 
emphasize here only physical attributes that lead to 
local aggregation of gelatinous animals. 

This review is organized to provide the reader 
first with an understanding of how gelatinous animals 
perceive, and respond to, specific physical character
istics and physical gradients. Biological and chemical 
gradients may also mediate gelatinous zoop1ankton 
distribution (e.g. Arai, 1992; Purcell et al., 1994; 
Purcell et al., 200 I), but we are limiting this discus
sion to physical-biological interactions. We then move 
to specific examples of aggregations that have been 
described in both the horizontal and vertical dimen
sions. And fina1ly, we discuss future directions that 
scientists might follow to advance our understanding 
of gelatinous zooplankton aggregations. 

Passive and active responses to environmental 
physical gradients 

Changes in physical properties of the environment 
serve as important cues for initiating biological and 
ecological processes that result in gelatinous zo-

oplankton aggregation. Physical cues provide the 
primary, proximal information for movements of in
dividuals within an aggregation, as wen as for move
ment of the entire aggregation. Active responses to 
physical cues can also facilitate aggregation through 
the interplay between local circulation and the dir
ected swimming movements of the animals. Another 
response, but not described in further detail, is sea
sonal changes of physical environmental variables that 
can herald the onset of ultimately favorable conditions 
for reproduction, resulting in population changes that 
also culminate in locally high densities of plankton, 
as in blooms of red tide. In the following section, we 
discuss the role of physical properties and gradients as 
cues mediating gelatinous zooplankton migrations and 
aggregations. 

Aggregations of gelatinous zooplankton are three
dimensional entities, and therefore both vertical and 
horizontal physical gradients facilitating aggregation 
will be considered. Gradients and variations of phys
ical properties are far more pronounced in the vertical 
dimension than in the horizontal, therefore physical
biological interactions tend to be more easily observed 
and documented in the vertical axis. Jel1yfish aggreg
ations in the vertical dimension can be envisioned 
as 'layers' in three dimensions. The vertical extent 
of these layers may be from a few centimeters to 
hundreds of meters thick. By contrast, horizontal 
dimensions of aggregations can be on the order of 
tens of meters to hundreds of kilometers. Physical 
gradients and discontinuities implicated in gelatin
ous zoop]ankton aggregations include light, pressure, 
turbulence, currents, temperature and salinity (thus 
density). While active responses to both horizontal and 
vertical gradients or discontinuities are often medi
ated by behavior, we also discuss evidence for passive 
accumulation along physical discontinuities. 

li,:ht-mediated migrations 

Jellyfish are generally considered to be planktonic, 
i.e., not capable of extensive movements against cur
rents. Consequently, their vertical migration patterns 
have been documented more thoroughly than have 
their horizontal migrations. Vertical migrations for 
zooplankton have been described repeatedly in the lit
erature, with induction of migration implicitly linked 
to the diel cycle of light. 'Diurnal Vertical Migration', 
or DVM, usually refers to a pattern of diel behavior 
in the water column wherein individuals swim upward 
toward the surface during the night, and swim down-



ward toward the bottom during the day. The behavioral 
swimming response seen during DVM can result in 
either the entire population moving en masse as a mi
grating layer, or a vertically dispersed population may 
become locally concentrated al the sea surface dur
ing a specific time of day (usually at night). In fact, 
daily nocturnal ascent and diurnal descent is by far the 
dominant type of vertical migratory behavior in nature 
(Bayly, 1986). Perhaps the most studied migrating 
layer of gelatinous zooplankton is the ·oeep Scatter
ing Layer' (DSL) discovered in the late 1940s from 
the acoustic properties of physonect siphonophores 
- primarily Nanomia bijuga delle Chiaje (Barham, 
1963: see Pugh, 1977 for review). 

Light-mediated DVMs range from a few to hun
dreds of meters, and they are widespread among hy
dromedusae (Russell, 1927; Arai, 1973, 1992; Mills, 
1981; Arkett, 1985; Mills & Goy, 1988), siphon
ophores (Barham, 1963; Pages & Gili, 1991) and 
scyphomedusae (Yasuda, 1973; Mackie et al., 198 l; 
Hamner, 1995; Schuyler & Sullivan, 1997). There is 
little evidence that ctenophores exhibit DVMs medi
ated by light (Frank & Widder, 1997). This is perhaps 
due to the lack of light sensing machinery within 
the phylum. Vertically migrating animals must have 
biological equipment that is sensitive to directional en
vironmental information. Many gelatinous zooplank
ton have sensory apparati that can detect gravity or 
light, and these two types of sense organs clearly 
are sufficient to provide the information needed to 
discriminate 'up' from 'down'. While ocelli are typ
ically present in light-mediated migrators, ocelli are 
not specifically required for perception of light by me
dusae, although medusae seem to require illumination 
to stimulate migrations (Mackie et al., 1981 ). Direct 
photo-stimulation of neurons has been described for 
jellyfish (Anderson & Mackie, 1977), and a number of 
cases of DVM have been described in species believed 
to lack ocelli: So/missus albescens Gegenbaur (in 
Mills & Goy, 1988), C/11:vsaora quinquecirrha (Desor) 
(in Schuyler & Sullivan, 1997) and Pe/agia noctiluca 
(WMG, unpublished observations). Moreover, direc
tion and magnitude of illumination or the rate of 
change of illumination driving migrations seems to be 
species dependent (e.g. Mackie et al., 1981; Arkell, 
1985; Schuyler & Sullivan, 1997). 

Almost all experiments and observations regarding 
DVM, for all oceanic animals, have involved only light 
and gravity (Bayly, 1986). DVMs invariably corres
pond with diet changes in ambient illumination within 
the water column. It is tempting, therefore, to con-
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elude that animals migrate up or down in simple, direct 
response to changes in the intensity of light during 
a 24-h day, by maintaining a species-specific, con
stant level of illumination as long as possible during 
twilight, the so-called 'constant isolume hypothesis' 
(Bayly, 1986 ). Nonetheless, there is surprisingly little 
evidence in the literature to suggest that the coincid
ence of swimming depth and penetration depth of light 
during twilight is anything more than a necessary con
sequence of the irrevocable rise and set of the sun 
[but see Backus et al. (1965) and Enright & Hamner 
(l 967)]. 

Various alternative hypotheses regarding the cues 
that trigger DVM are also tenable. For example, 
changes in light intensity at dawn may provide the cue 
to initiate downward swimming, whereas the depth to 
which the population descends during the day might 
be determined by a secondary cue such as pressure, 
temperature, salinity or light intensity. At dusk, altern
atively, upward swimming might well be triggered by 
decreasing light intensity but the upward or downward 
extent of the migration may be constrained simply 
by the physical presence of the sea surface, by pres
sure, or by temperature or salinity discontinuities (e.g. 
Purcell & Madin, 1991 ). Another hypothesis invokes 
the presence of an internal circadian rhythm with 
which the animals tell time of day and thereby anti
cipate dawn and dusk (Enright & Hamner, 1967). An 
internal clock could trigger directed swimming beha
vior, with final position in the water column adjusted 
according to information provided by pressure, tem
perature, salinity, light intensity or the presence of 
the sea surface (Enright & Hamner, 1967). Unfortu
nately, there is no evidence in the literature, to our 
knowledge, about how any gelatinous zooplankter de
termines when to migrate vertically or about what cues 
are used to determine a suitable depth to terminate 
vertical migrations. 

Although the physical cues required to trigger 
DVM are poorly understood, there is no question that 
many species of medusae regularly engage in diurnal 
vertical migratory behavior. For example, in several of 
the marine lakes in Palau, two species of scyphomedu
sae exhibit quite different DVM patterns. Hamner et 
al. ( 1982) found that the moon jelly, Aurelia aurita 
{L.), engaged in typical DVM, swimming to the sur
face at night and down during the day. However, unlike 
many diurnal vertical migrators that descend during 
the day presumably to avoid visual predators, A. aurita 
has no pelagic predators in these lakes. Aurelia aurita 
may simply be tracking their copepod prey, which mi-



202 

grate down to darker waters in daytime, probably to 
avoid visual predators such as silverside fishes. Thus, 
the vertical diurnal migration patterns of A. aurita in 
Jellyfish Lake may be the result of optimal foraging 
behavior rather than a response to daily changes in 
ambient illumination. Aurelia aurita does engage in 
active foraging behavior in the laboratory. Bailey & 
Batty (1983) demonstrated that starved A. aurita re
mained quiescent at the top of a laboratory aquarium, 
but immediately after the introduction and capture of 
one fish larva the jellyfish began vigorously swimming 
throughout the tank, clearly engaged in active foraging 
behavior. 

Variations in migratory behavior within the genus 
Aurelia (and quite possibly within the species A. aur
ita) are pronounced. During the summer in Saanich 
Inlet, Vancouver Island, Canada, a large population of 
presumably A. aurita (possibly A. /abiata Chamisso & 
Eysenhardt) does not engage in DVM but remains at 
the surface both day and night (Hamner et al., 1994 ). 
By contrast, A. aurita in Eil Malk Jellyfish Lake (now 
called Tourist Lake), Palau, engaged in normal vertical 
diurnal migration behavior until 1998. At that time an 
extreme 'La Nina' occurred in the western Pacific and 
the marine lakes in Palau became exceptionally warm. 
The high lake temperature did not affect the size of 
the A. aurita medusa population, but all 1.6 million 
of the Mastigias sp. medusae disappeared (Dawson et 
al., 2001). For unknown reasons, the remaining pop
ulation of A. aurita ceased its daily vertical diurnal 
migration and these medusae now remain at the sur
face both day and night. While other environmental 
changes cannot be discounted, this behavioral shift 
suggests that A. aurita can exhibit considerable be
havioral plasticity. Prior to their disappearance, the 
Mastigias sp. exhibited an unusual example of reverse 
vertical migrations, wherein the animals remained at 
the surface throughout the day and migrated to depth 
during the night. The Mastigias sp. made individual, 
repeated vertical excursions at night to the permanent 
chemocline of this meromictic marine lake, presum
ably to bathe the symbiotic zooxanthellae in nutrients, 
but the medusae remained at the sunlit surface waters 
during the day presumably to provide the zooxan
thellae with light for photosynthesis (Hamner et al., 
1982). 

DVM is also reported in several salp species, in
cluding Sa/pa aspem Chamisso (Wiebe et al., 1979), 
Sa/pa fusiformis Cuvier (Franqueville, 1971 ), and 
Cyclosa/pa bakeri (in Purcell & Madin, 1991 ). Wiebe 
et al. ( 1979) described long-distance vertical migra-

tions of at least 800 m for the large salp, S. as
pera, in northwestern Atlantic slope water. These 
long-distance vertical migrations were attributed to 
nighttime feeding in surface waters. The similar, but 
shallower ( <30 m), migration pattern of Cyclosalpa 
bakeri in the subarctic Pacific was attributed instead 
to near-surface spawning (Purcell & Madin, 1991 ). In 
fact, as discussed by Purcell & Madin ( 1991 ), diel 
periodicity of light seems to be inherently linked to 
both swimming activity and gamete release in many 
gelatinous zooplankton. 

Horizontal movements of jellyfish were over
looked for the most part until the I 980's when in 
situ ethological descriptions of planktonic organisms 
began to appear in the literature (reviewed in Hamner, 
1995). Published accounts of horizontal migrations are 
still somewhat rare, yet in existing examples some 
generalizations have emerged about the physical cues 
used during horizontal migration and, in at least one 
instance, the adaptive advantages of horizontal migra
tion seem clear. Horizontal migrations, like vertical 
migrations, are possible only if the animals can per
ceive, and respond to, horizontal environmental cues. 
Furthermore, horizontal cues must be scaled to jelly
fish swimming to elicit an effective response. As such, 
only small-scale horizontal movements have been doc
umented for gelatinous zooplankton. Light appears to 
be the dominant cue used by gelatinous zooplank
ton for directed horizontal migrations that lead to 
aggregation. 

The first documented case of horizontal migration 
in a jellyfish was for Mastigias sp. in the marine lakes 
of Palau (Hamner & Hauri, 1981 ). Mastigias has sym
biotic zooxanthellae in its tissues and obtains much 
of its daily nutrition from these algae (Muscatine & 
Marian, 1982; Muscatine et al., 1986; McCloskey et 
al., 1994). Sunlight governs the life of Mastigias and 
70% of the population is concentrated in the top 2.5 m 
of the water column during daytime. In Eil Malk Jelly
fish Lake the entire population of Mastigias migrates 
horizontally each morning towards the east end, a 
maximum distance of about 0.5 km. The jellyfish stop 
swimming eastward when they reach the shadow line 
beneath the mangroves at the end of the lake. When 
the population exceeded one million medusae, they 
were compressed into an intense, milling aggregation 
at the eastern end by mid-day, with densities often 
exceeding 1000 medusae m-3. In the present smal
ler population, the accumulation at the eastern shadow 
line is less dense, but still the medusae all reorient to 
the west by the early afternoon. By late afternoon all of 



the medusae have migrated back to the western basin, 
where they remain until dawn and engage in nocturnal 
vertical migration, as described above. 

Since Mastigias sp. are nutritionally dependent on 
photosynthesis by their symbiotic algae, it is tempting 
to postulate that their migrations are simple eastward 
phototactic responses toward the sun in the morning 
and westward toward the sun in the afternoon. But 
on partially overcast days Mastigias sp. often begins 
its westward migration as early as I 0:00 h two hours 
before the sun has passed its zenith, before there is 
clear phototactic directional information from the sun 
(L. Colin, pers. com.). Moreover, in two other jellyfish 
lakes in Palau, Mastigias sp. migrates in quite differ
ent compass directions during the day, west to east in 
one lake and north to south in the second (Hamner & 
Hauri, 1981 ). Consequently, we do not yet fully un
derstand the environmental cues used by Mastigias sp. 
for horizontal migration. 

The 'sun-compass' hypothesis for oriented swim
ming is supported by a large population of Aurelia aur
ita (or A. labiata) in Saanich Inlet, British Columbia 
(Hamner et al., 1994). When the sun is shining, Aure
lia sp. exhibits southeasterly migration during the 
morning, however, when the sun is obscured either 
by clouds or by shadows cast by the eastern ridge of 
the fjord, the population becomes randomly oriented. 
Likewise, the population is also randomly oriented 
at night. In the absence of solar cues, the popula
tion is dispersed by both randomly oriented swimming 
and tidal currents, but in the presence of direct sun, 
concentrated aggregations of medusae form along the 
southeastern shore of the t]ord. This type of navigation 
also requires time-compensated celestial navigation 
ability because the medusac swim toward the south
east all day long, irrespective of the position of the sun 
in the sky. Directed swimming of the population to
ward the southeast during the day increases population 
retention in the fjord and locally also greatly increases 
the population density along the south east side of the 
(jord. This results in a high density of sexually ma
ture medusae, facilitating fertilization by minimizing 
gamete dilution. Two of us (WMG and WMH) have 
observed similar patterns for A. aurita along the east
ern Monterey Bay during a recent investigation. While 
medusae can clearly navigate, the neurological mech
anisms mediating the behavior are unknown. More 
specifically, no one yet understands how a rotating, ra
dially symmetrical medusa can orient to a point source 
of light. 
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Vertical layers associated ivith temperature, salinity 
and density discontinuities 

Zooplankton aggregations are quite often most con
centrated around sharp density discontinuities (Owen, 
1989). Earliest evidence of this distributional pattern 
are from SCUBA observations. Gradients of temper
ature and salinity (and hence density) are especially 
pronounced in fjords, estuaries, and the coastal trans
ition zone. Therefore it is not surprising that gelatinous 
zooplankton layers are most pronounced in these phys
ical regimes as well. Layering of jellies along gradi
ents and discontinuities can be attributed to both active 
behavioral responses and passive accumulation. 

Most of the experimental work to date has been on 
the interaction of gelatinous zooplankton with halo
dines since, logistically at least, artificially construc
ted layers of temperature are far more difficult to con
struct than salinity layers (Harder, 1968). However, 
Arai ( 1976) did make a direct comparison between 
temperature and salinity stratification. With few ex
ceptions, for instance some upwelling centers, vertical 
structure of coastal water columns is often established 
by salt content rather than temperature. While temper
ature contributes to water column stabilization during 
periods of surface warming. rapid cooling during the 
night-time or during cold front passage also leads to 
water column destabilization. 

As jellyfish approach sharp haloclines, two situ
ations develop that can independently lead to localized 
accumulation along the discontinuity. The first is pass
ive accumulation. Since jellies are mostly water of the 
same ionic concentration of the surrounding seawater, 
they tend to remain along isohalines. The medusae 
also may exhibit active behavioral or physiological re
sponses to the sudden osmotic stresses encountered at 
sharp haloclines, which may cause jellyfish to either 
slow their swimming while salts are being adjusted in 
tissues, or perhaps the animals simply turn around to 
remain in a specific range of physiological tolerance. 

Much of our understanding of jellyfish around 
haloclines derives from a series of simple artificial wa
ter column experiments conducted in the I 960s and 
I 970s. The first experiments by Harder ( 1968) tested 
the general tendency of zooplankton to accumulate at 
discontinuities using artificially created haloclines and 
thermoclines in 2 I graduated cylinders. The breadth 
of taxa used by Harder ( 1968) included non-gelatinous 
zooplankton ( e.g. copepods. mysids, barnacle larvae, 
veliger larvae and fish eggs), as well as the ctenophore, 
P/eurobrachia pileus 0. F. MUiier. Most test anim-
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als, including P. pileus, accumulated at an artificial 
halocline that was only a few millimeters thick and 
represented a <3 ppt gradient. Harder concluded that 
accumulation of zooplankton at the artificial halocline 
was entirely passive. 

Arai (1973) expanded on Harder's ( 1968) single 
observation of P. pileus by stepping the 2-3 ppt sa
linity gradient over a broader range of absolute salin
ities. She found that swimming behaviors accounted 
for changes in position within the cylinders with re
spect to salinity discontinuity. In higher salinity lay
ers ( > 25 ppt), animals tended to accumulate higher 
in the column, while in lower salinity layers ( ~ 20 
ppt), animals accumulated at the bottom. A similar 
reaction was observed for the hydromedusa Sarsia tu
bulosa M. Sars but was less clear for the hydromedusa 
Phialidium gregarium L. Agassiz(= Clytia gregaria). 

Jellyfish are osmoconformers, and they maintain 
an ionic concentration of tissue and mesoglea that 
reflects the surrounding seawater medium (reviewed 
by Arai, 1997). Gelatinous zooplankton may act
ively pump sulfate ions to modify density as a form 
of buoyancy regulation in stratified water columns 
(Bidigare & Biggs, 1980). However, a simple ex
periment by Mills & Vogt ( 1984) showed sulfate ion 
regulation was not responsible for short-term density 
changes and that vertical migration in medusae and 
ctenophores was most likely accomplished by swim
ming. As such, small jellyfish such as hydromedusae 
and ctenophores attempting to cross a sharp halo
cline will be constrained within the halocline until 
the relatively slow process of osmosis across cell 
membranes has occurred (Mills, 1984 ). Recent exper
imental work by Wright & Purcell ( 1997) indicates 
that regulation of specific cations such as potassium, 
magnesium and sulfate is important in the estuarine 
jellyfish Chrysaora quinquecirrha, but that sulfate 
equilibration time for C. quinquecirrha was on the 
order of 40 h, too long to be of value for osmotic 
adjustments when medusae cross sharp haloclines. 

All of the experimental evidence for passive ac
cumulation of jellyfish along haloclines has been for 
small hydromedusae and ctenophores. Similar experi
mental studies have not been performed on the larger, 
faster swimming scyphomedusae. However, in situ ob
servations from profiling video of large scyphomedu
sae and from SCUBA shows that larger medusae 
exhibit little difficulty in transiting sharp haloclines or 
thermoclines (WMG unpublished observations). Ob
servations made on large (35-50 cm bell diameter) 
Phyllorhiza punctata von Lendenfeld in the north-

em Gulf of Mexico showed that these scyphomedu
sae made extensive vertical excursions across steep 
haloclines (gradients of >IO ppt) without slowing 
as they approached the salinity discontinuity. There
fore, larger medusae that accumulate along a salinity 
discontinuity may be behaviorally motivated. 

Interactions of jellyfish with thermoclines are less 
clear because an experimental approach with artifi
cial water columns is difficult (e.g. Harder, 1968) and 
because the in situ effect of thermocline and halo
cline cannot be easily separated because the density 
effects of thermoclines and haloclines invariably inter
act. Arai ( 1976) showed that Pleurobrachia pileus and 
Sarsia tubulosa had a modest affinity to the thermal 
discontinuity that was similar to the effect to salinity. 
Her results indicated that a combined effect of thermal 
and salinity stratification led to greater concentration 
than experienced by either factor alone. 

A drawback of the experimental studies described 
here is that they were all performed under artificial 
laboratory circumstances of reduced scale and an ab
sence of natural halocline-related turbulence. While 
salt gradients are often very steep in estuaries and 
fjords, natural settings will always have a higher 
degree of shear creating turbulent mixing at discon
tinuities. Thus unmixed laboratory water columns tend 
to create gradients over millimeters to a few centi
meters, whereas in nature these gradients tend to exist 
from centimeters to meters. Scaling is very important 
since the animals in question range from millimeters 
to almost meters in length. Future experiments in 
the laboratory will need to recreate realistic scales of 
salinity and temperature stratification. 

Field evidence of thermocline effects is difficult 
to evaluate since there are few places where ther
moclines exist in the absence of haloclines. Graham 
( 1994) showed layering of a large scyphomedusa, 
C/11ysaora Juscescens Brandt, along the thermocline 
in the Monterey Bay upwelling system. Solar heat
ing controls structure of the water column in this and 
other upwelling regions, and the absence of a sharp 
halocline suggests that the thermocline is important 
in determining layering of this species. By contrast, 
Chrysaora hysoscella (L.) swims unimpeded through 
steep thermal gradients (Pages & Gili, 1992). Pages & 
Gili ( 1991) reported that upward migrations of some 
siphonophore species were restricted by a thermocline 
that created a density barrier. They also showed evid
ence that Chelophyes appendiculata Eschcholtz can 
pass easily through steep thermal gradients. In the 
subarctic Pacific, the 30 m thermocline (and halo-



cline) serves as a lower boundary to the daytime depth 
distribution of the salp, Cyc/osa/pa bakeri (Purcell 
& Madin, 1991 ). However, long-distance migrations 
of Sa/pa aspera are unaffected by the presence of a 
thermocline (Wiebe et al., 1979). 

One physical characteristic that is difficult to 
evaluate experimentally is current shear. Current 
shear occurs at the air-sea interface, the benthic
boundary layer and within strong density discontinu
ities. Though there are a number of examples where 
gelatinous animals populate boundary-layers, mech
anisms that function to perceive shear are very limited. 
In the western Mediterranean, the population of the 
mesopelagic appendicularian, Oikop/eura villafran
cae Fenaux, is associated with a persistent conver
gent flow that produces localized concentrations of 
food particles along the strongly stratified isopycnals 
(Gorsky et al., 1991 ). The ctenophore Pleurobrachia 
pileus also has been observed to ve11ically migrate in 
the Seine estuary in response to currents (Wang et 
al., 1995). A time-series of P. pileus in relation to 
the semi-diurnal tidal cycle showed that ctenophores 
generally had a hyperbenthic distribution, but the dis
tribution extended to the surface in phase with tidal 
cycle during flood tides. This migration pattern is be
lieved to contribute to estuarine retention of the P. 
pileus population (Wang et al., 1995). Strong hori
zontal shear within a surface front (Graham & Largier, 
1997) may be important in maintaining aggregations 
of Chrysaora fuscescens in Monterey Bay (Graham, 
1994). 

Other cues: hydrostatic pressure and turbulence 

Hydrostatic pressure, more than any other physical 
characteristic of the sea including light attenuation, 
potentially provides the best indication of depth to 
planktonic organisms. In a survey of hydrostatic pres
sure effects on swimming orientation, Rice ( 1964) 
illustrates that gelatinous zooplankton tend to respond 
to pressure variations using gravity as the proximal 
directional cue (with the exception of anthomedusae 
which lack a statocyst). A variety of threshold be
havioral responses to pressure (termed barokinesis) 
for gelatinous zooplankton are discussed by Knight
Jones & Morgan (1966). Some of these response 
thresholds are remarkably small. For instance, the 
hydromedusae, Gossea cmynetes Gosse and C/ytia 
hemispherica, increase pulse rates following pressure 
increases of only 3-5 decibars. The physonect siphon
ophre, Nanomia bijuga, a major component of the 
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DVM community, is similarly responsive to pressure 
change (Jacobs, 1937). Among the Ctenophora, Pleur
obrachia pileus and Mnemiopsis sp. are responsive 
over this same range of pressure change. Knight-Jones 
& Morgan ( 1966) argue that this consistent range of 
response threshold may play an important role in the 
feeding process as many gelatinous animals rely on 
activity (swimming) followed by inactivity while per
forming tentaculate fishing. Sensitivity in this manner 
to pressure changes would allow for maintenance of 
a layered aggregation of animals that still require a 
degree of vertical movement to feed. Unfortunately, 
pressure receptors for most of these taxa have not been 
identified. 

Turbulence might be sensed as pressure waves de
tected across the body of an animal (Knight-Jones & 
Morgan, 1966). Many gelatinous animals are suscept
ible to tissue damage from excessive turbulence near 
the sea surface or close to shore where waves and bot
tom currents create intense shear stresses that could 
easily damage them. The abilities of gelatinous anim
als to sense and, accordingly, move away from these 
areas can contribute to observed layering and migra
tions of gelatinous zooplankton (e.g. Kopacz, 1994). 
In the Pamlico River estuary, wind and turbulence 
strongly affected the distribution of the ctenophore 
Mnemiopsis leidyi A. Agassiz (in Miller, 1974). Cten
ophores remained at the surface until encountering 
turbulence that caused them to sound. They were then 
transported toward the shore in a bottom counter
current until turbulence diminished and they returned 
to the surface. This behavior tended to keep the cten
ophores off the beach and out of rough water, unfa
vorable conditions for weakly swimming, soft bodied 
organisms. Shanks & Graham ( 1987) described a sim
ilar turbulence avoidance behavior for the rhizostome 
medusa, Stomolophus meleagris L. Agassiz, in coastal 
waters of North Carolina. 

Accumulation at the shoreline 

The formation and maintenance of gelatinous zo
oplankton aggregations often depends on impedance 
of swimming by physical barriers. In the next two 
sections, we review the literature that invokes phys
ical barriers as mechanisms of gelatinous zooplankton 
aggregation. For this purpose, physical barriers in
clude both geological (i.e. shoreline and seafloor) and 
hydrographic (i.e. horizontal fronts and vertical dis
continuities) and therefore do not imply that the barrier 
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is impermeable to exchange across the barrier. In the 
following discussion, it is important for the reader 
to draw upon the earlier examples of behaviorally 
mediated swimming because it is the inherent inter
action of behavior with physical barriers that creates 
aggregation of gelatinous zooplankton. 

Dense aggregations of jellyfish frequently occur in 
the surface waters along coastal margins. Accumula
tions appear to be strongly influenced by the direction 
and energy of prevailing winds and surface currents 
such that populations of jellyfish are compressed along 
the shoreline (e.g. Shenker, 1984; Larson, 1990). 
Pleustonic species, such as Physalia physalis (L.) 
and Vele/la velel/a (L.), are routinely blown onto 
shore by sustained onshore winds as 'mass strand
ings'(Kennedy, I 972; Evans, 1986). Mass strandings 
of pleustonic jellies are typically seasonal and depend
ent on wind direction and duration. Interestingly, the 
origin of these populations is often unknown (Bieri, 
1977; Shannon & Chapman, 1983). 

Wind alone often does not explain formation 
and maintenance of jellyfish aggregations along 
shorelines. In many cases, local hydrology interacts 
with topography or coastal prominences to produce 
retentive features that support entrainment of aggreg
ations. It is often the specialized circulation along 
the coastline that interacts with swimming behavior 
to create or maintain aggregations. One such example 
is the entrainment of upwelled water by a coastal 
prominences in northern Monterey Bay, California. 
This feature, described by Graham et al. ( 1992) as 
'upwelling shadows' is a site of a semi-persistent ag
gregation of Chrysaora .fuscescens (Graham, 1994; 
Lenarz et al., 1995). 

Another example of shoreline interaction on jelly
fish blooms is in the Mediterranean Sea where blooms 
of the scyphomedusa Pelagia noctiluca (Forskal) oc
cur over approximately decadal cycles (Goy et al., 
1989). These blooms have been particularly problem
atic during the past twenty years (Malej, 1989). Dense 
subsurface swarms of P. noctiluca up to 20 m thick 
and extending for several kilometers along the shore 
(Malej, 1989) show marked behavioral patterns that 
facilitate aggregation under varying wind and current 
regimes. In calm waters, individuals within a sub
surface aggregation swim actively but are oriented 
randomly (Zavodnik, 1987). However, when a coastal 
geostrophic current exists, the swimming direction of 
individuals within the aggregation becomes uniform 
and directed with current. As we have already indic
ated, we know little about the mechanistic nature of 

how medusae can 'sense' a current. Perhaps medusae 
sense current shear and not the current itself. After 
several days of sustained wind, large aggregations of 
jellyfish form along the mainland and island shores. 
Tidal currents are also important in concentrating P. 
noctiluca along the shore. During the flood tide, hun
dreds of medusae m-2 accumulate near the sea surface 
along the coast. On the ebb tide, these medusae leave 
the surface layer, and they are then driven into deeper 
layers away from shore (Zavodnik, 1987). 

Accumulations at surface convergences 

Fronts 

Ocean fronts are a class of circulation that develops 
along the interface between water bodies of different 
origin. As such, fronts are ubiquitous in the World 
Ocean and exist across a number of scales from the 
Antarctic Polar Frontal Zone at tens of thousands of 
kilometers to Langmuir circulation at tens of meters. 
Because of the breadth in scale, fronts are considered 
one of the principle mechanisms for the re-distribution 
of biological patterns and processes in the sea (Owen, 
198 l; Mackas et al., 1985). Fronts are also quasi
ordered phenomena and tend to follow a set relation
ship between spatial and temporal scale (Mackas et al., 
1985), i.e. larger features tend to be temporally persist
ent (but see Graham, 1993). Characteristic circulation 
of ocean fronts, in both the horizontal and vertical 
dimensions, manifest as convergence, divergence and 
shear. While divergent flow tends to disperse gelat
inous zooplankton, convergent flow at fronts is often 
implicated in the formation and maintenance of gelat
inous zooplankton aggregations. Current shear is a 
potential mechanism for orientation and thus may be 
an important, albeit poorly understood, mechanism for 
gelatinous zooplankton aggregation as well. Since the 
research on current shear perception by jellies is still in 
its infancy, our overview of surface fronts emphasizes 
convergent features. 

Accumulation of gelatinous zooplankton within 
surface fronts is probably the most commonly reported 
type of jellyfish 'patchiness' in the sea. Yet. there are 
surprisingly few published examples describing the 
fine-scale mechanistic relationships between gelatin
ous zooplankton and fronts. Moreover, there is the 
common misperception that accumulation of gelat
inous animals, especially large medusae, is entirely 
passive. This misperception is almost certainly based 



on the high water content of gelatinous animals, which 
would appear to make them either weak swimmers or 
passive tracers. In fact, many large medusae are quite 
capable of swimming speeds that approach or exceed 
vertical (plunging) flow velocities within convergent 
fronts. 

While the term 'front' is often applied generic
ally to describe the interface between water bodies, 
this is a gross over-simplification for contemporary re
search on the dynamics of frontal systems (Federov, 
1983 ). Conceptually, fronts have two characteristics 
relevant to biological systems. These are maximal 
horizontal gradients (Federov, 1983) and laterally con
vergent flow at the surface with induced vertical flow 
below (Owen, 1981 ). In this sense, we discuss the role 
of fronts in forming and maintaining gelatinous zo
oplankton aggregations without describing the abund
ance and complexities of the various types of fronts 
(e.g. upwelling, estuarine, tidal, shelf-break, etc.) 
since all of these fronts share characteristics of hori
zontal gradients and three-dimensional flow. However, 
we do differentiate fronts by scale as suggested by 
Federov (l 983) into (i) large-scale, quasi-stationary, 
(ii) meso-scale, and (iii) small-scale, local origin. We 
will also discuss a fourth category of surface feature 
that includes even smaller convergent structures such 
as Langmuir cells and internal waves. 

Ocean fronts serve as regions of intense trophic 
activity. Phytoplankton and small zooplankton grazers 
usually have generation times appropriately scaled to 
express increased production in many stable frontal 
regions (e.g. Pingree et al., 1977; Yamamoto & Nish
izawa, 1986; Wolanksi & Hamner, 1988; Franks, 
1992). Within the gelatinous zooplankton, perhaps 
only pelagic tunicates (Alldredge, 1982; Deibel, 1985; 
Purcell & Madin, 1991 ), ctenophores (Kremer, 1994; 
Sullivan et al., 200 I) and siphonophores (Pages et 
al., 200 I) also have reproductive life-history charac
teristics that allow population responses to increased 
production within fronts. However, both hydromedu
sae and scyphomedusae have relatively long gener
ation times when accounting for the benthic polyp 
stages. It is unlikely that aggregation of large medusae 
within fronts reflects locally increased reproduction, 
but rather an accumulation of animals by an interac
tion between the front's circulation and the animal's 
swimming behavior (or relative density). 

There are relatively few data suggesting that the 
large, quasi- stationary oceanic frontal regions physic
ally aggregate gelatinous zooplankton. Perhaps this is 
due to a paucity of large-scale cross-frontal surveys, or 
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perhaps it indicates that smaller scale, local circulation 
is more coherent with jellyfish aggregations. Mackas 
et al. ( 1985) suggested that ecological processes like 
behavioral aggregation are matched to physical pro
cesses that occur at scales of a few kilometers and 
less. Therefore, we would expect the largest scale 
fronts to reflect population and community level in
creases in abundance due to increased reproduction 
and population growth. Pages et al. ( 1996) and Pages 
& Schnack-Schiel ( 1996) have conducted large-scale 
frontal surveys in the vicinity of the Antarctic Polar 
Frontal Zone and Antarctic Slope Front, respectively. 
They indicate that these zones serve as boundaries 
for entire communities of gelatinous animals, but the 
evidence for physical aggregation in this large front 
is weak. Young et al. (1996) found no increase in 
biomass of gelatinous zooplankton in the sub-tropical 
convergence between East Australian Current water 
and sub-Antarctic water. 

Meso-scale frontal regions such as shelf/slope 
fronts and meso-scale eddies are associated more 
with population-level changes of organisms than with 
physical-behavioral aggregation (Mackas et al., 1985). 
However, secondary circulation that develops along 
the boundaries of these systems may be quite import
ant in creating local conditions that facilitate aggreg
ation of gelatinous animals. A divergent shelf/slope 
front along the Catalan coast is a region of increased 
secondary production (Sabates et al., 1989), however, 
only salps appear to be concentrated in this particu
lar front. This indicates that salps are accumulating 
through population increases (i.e. blooms) rather than 
physical accumulation, which is unexpected in a diver
gent flow. Pages & Gili ( 1992) reported substantially 
increased abundance of siphonophores and medusae in 
an upwelling front within the Agulhas Current system. 

The literature is replete with examples of small 
fronts with local origin that serve as aggregation cen
ters for gelatinous zooplankton. Coyle & Cooney 
( 1993) conducted an acoustical study of zooplank
ton abundances around hydrographic fronts in the 
vicinity of the Pribilof Islands, Bering Sea. Fronts 
in this region exhibit both strong salinity and tem
perature gradients and contribute greatly to the over
all variability of biological production in the south
east Bering Sea (Coachman, 1986). In the study 
by Coyle & Cooney (1993), sound-scattering around 
surface frontal features was dominated by cnidarian 
assemblages. However, the authors attributed this in
creased abundance to the elevated chlorophyll, trophic 
transfer in the region and numerical increase due to 
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reproduction. We suggest that medusae were probably 
physically accumulated in fronts, but other gelatin
ous (and non-crustacean) animal populations, such as 
chaetognaths and larvaceans, may have experienced 
population growth. Brodeur et al. ( 1997) also found 
that populations of large medusae are delineated by 
numerous tidal fronts in the eastern Bering Sea. 

Local circulation patterns found within sounds, 
bays and estuaries also contribute to physical ag
gregation of gelatinous animals. In Prince William 
Sound, Alaska, Purcell et al. (2000) observed aggreg
ations of up to millions of Aurelia labiata. Vertical 
swimming behaviors, up and down, likely promoted 
concentration within numerous convergences in this 
dynamic coastal region. Small swarms (20 m long, 
5 m deep) of Liriope tetraphylla Chamisso & Eysen
hardt in concentrations up to 3000 m-2 were reported 
in Hiroshima Bay within an estuarine front (Ueno 
& Mitsutani, 1994). Although the front's role could 
not be ascertained, they concluded that individuals 
within the swarm were reproducing. A similar swarm 
was described in the Rfo de la Plata estuary, Argen
tina, by Mianzan et al. (In press). In Tokyo Bay, 
Aurelia aurita aggregate at the innermost part near 
the estuarine frontal region, especially at the edge of 
the low salinity water mass (Toyokawa et al., 1997). 
Aggregations of gelatinous predators have been de
scribed from river-plume fronts in the Chesapeake Bay 
(MacGregor & Houde, 1996). In Monterey Bay, Cali
fornia, a frontal region between warm nearshore water 
and colder offshore water is a consistent location for 
large aggregations of Chrysaora fuscescens (Graham, 
1994 ). Oriented swimming in Monterey Bay popula
tions of C.fuscescens is described by Graham (1994), 
and this behavior likely contributes to their nearshore 
concentration. However, the cues for C. fuscescens 
swimming are not completely understood. 

Temporary aggregations of gelatinous zooplank
ton often develop in small linear surface convergences 
during Langmuir circulation. Langmuir circulation 
cells typically develop under sustained winds that ex
ceed about 2 m s-1 (but break down at wind speeds 
exceeding about IO m s-1 ). Under these conditions, 
surface convection cells form along the axis of the 
wind, creating alternating patterns of convergence and 
divergence. Within convergences, trapping of buoy
ant material is nearly 100% (Owen, 1981 ). Pleustonic 
animals like the Portuguese Man-O' -War, (Physalia 
physalis) are effectively entrained by Langmuir cir
culation cells (Woodcock, 1944 ). Upward-swimming 
epiplanktonic animals are also entrained within Lang-

muir cells. Alldredge ( 1982) observed long, paral
lel rows of appendicularians, Oikopleura longicauda 
Vogt, that were created by Langmuir circulation. High 
concentrations of appendicularians (up to 3565 ind 
1-1

) in these aggregations were believed to be spawn
ing. A separate mechanism was proposed to explain 
the formation of rows of 0. longicauda in surface wa
ters by Owen ( 1966) who observed dense reddish con
centrations of this appendicularian in calm weather. 
He suggested that under calm wind, small thermo
haline circulation cells called Benard cells (Owen, 
1981) develop surface slicks that can also effectively 
trap organisms. Owen ( 1981) suggests that under 
a freshening wind, Langmuir circulation cells may 
develop from Benard circulation cells. 

There are also a number of examples of medusae 
being concentrated within Langmuir cells. In the Ber
ing Sea, both hydromedusae and scyphomedusae form 
dense aggregations at the surface in summer (Ham
ner & Schneider, 1986). On windy nights, medusae 
reached concentrations of 1000 ind m-3 in regularly 
spaced, linear rows that ran parallel to the wind. In the 
Caribbean Sea, the small scyphomedusan, Linuche un
guiculata Schwartz, formed dense, elongated patches 
with the elongated axis being parallel to the wind 
(Larson, 1992). These medusae were apparently main
tained in these convergences by upward swimming. 
Patch-maintenance behavior of L. unguiculata appears 
to be a form of reproductive swarming (Larson, 1992). 
Shanks & Graham ( 1987) also observed dense ag
gregations of the scyphomedusa, Stomolophus melea
gris, in Langmuir circulation cells. Development of S. 
meleagris aggregations was apparently facilitated by 
oriented swimming of medusae into or against wind 
and /or wave direction. Kingsford et al. ( 1991) repor
ted concentrations of Aurelia aurita up to 29 ind m-3 

in Langmuir slicks in an Australian coral reef lagoon. 
In addition to the often-cited benefit of spawn

ing within locally concentrated aggregations, there are 
a number of other additional advantages for gelatin
ous zooplankton. Purcell et al. (2000) suggest that, 
in addition to increased fertilization, accumulation of 
medusae within nearshore fronts may aid in the re
tention of aggregations close to shore and near hard 
substrate required by benthic polyps. In addition to 
retention, locally increased zooplankton prey popu
lations are also distributed within these features (e.g. 
Graham, 1994; Purcell et al., 2000). Purcell et al. 
(2000) also noted that large aggregations of jellies 
might be an effective defense against predation, es
pecially other gelatinous predators. We offer a final 



advantage that highly concentrated aggregations of 
jellyfish may serve to exclude other potential com
petitors such as zooplanktivorous fishes and possibly 
other gelatinous species. Such exclusion of compet
itors might be facilitated by exudation of chemical 
'scents' or unfired nematocysts (Shanks & Graham, 
1988). 

Conclusions and future directions for research 

In this review, we have suggested that the highly 
aggregated dispersion of gelatinous zooplankton pop
ulations may, in part, be attributed to the distribution 
of physical processes and gradients in the sea. In 
many instances, local perception of large numbers of 
jellyfish may be misinterpreted as a real population 
increase, when in fact it is the local re-distribution of a 
population by some physical and/or behavioral mech
anism. Moreover, long-term population changes may 
be important on an ecosystem scale, but local aggreg
ations mediated by physical processes may be vastly 
more important on short-term ecological scales. 

In many instances, locally enhanced concentra
tions of ctenophores, siphonophores and pelagic tu
nicates within fronts may be due to a rapid population 
increase. However, the presence of large medusae at 
physical discontinuities such as fronts and thermo
and haloclines indicates that physical accumulation 
has occurred because population increases of these 
large animals is almost always decoupled from wa
ter column processes. The physical accumulation of 
medusae may be linked to a variety of behavioral 
swimming responses to environmental cues, many of 
which are physical cues such as light, gravity, tem
perature, salinity (and density), current shear, pressure 
and turbulence. In some cases, weaker swimming 
hydromedusae and ctenophores may be passively ac
cumulated in haloclines due to lagged adjustment of 
tissue salts. 

Oceanographers have understood the distribution 
and dynamics of physical gradients and discontinuit
ies for at least a hundred years longer than they have 
understood how these gradients influence marine or
ganisms. Yet, most of the research we have reviewed 
here is largely descriptive and qualitative, and the few 
experimental studies that have been conducted were 
performed at unrealistically small scales (i.e., in small 
cylinders and aquaria). We suspect that inherent diffi
culties of working with gelatinous animals contribute 
to the paucity of information. With the continued de-
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velopment of novel in situ optical and acoustical tech
niques (e.g., Davis et al., 1992; Monger et al., 1998), 
we will gain a much more thorough understanding 
of the relationship between individuals, their behavi
ors and their physical environment. These developing 
systems are directly applicable to fragile gelatinous 
zooplankton distributions and can be integrated with 
a suite of sensors to characterize fully the physical 
environment. However, these tools will continue to 
provide mostly qualitative descriptions unless biolo
gical oceanographers work more closely with physical 
oceanographers and hydrodynamicists. The future of 
research in this area depends on cross-disciplinary co
operation in order to apply proper theoretical aspects 
of the physical environment to the biology of these 
important animals. 
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Abstract 

Little information exists relating life histories of jellyfish species to ocean currents. Successful cycling from sessile 
polyp to mature jellyfish and back must doubtlessly rely on circulation patterns that serve to retain the species in 
an optimum environment or disperse the species for other adaptive advantages. In this study, current vectors from 
a high resolution numerical model of the Gulf of Mexico are applied to a simple advection scheme to develop 
estimates of time and distance scales from probable polyp habitats to areas in which mature scyphomedusae are 
observed in the northern Gulf of Mexico. Although seasonal patterns of wind stress form the basis for circulation 
processes that favour shoreward distribution of medusae of oceanic origin, this dynamic may be altered by deep 
basin events that occur during critical life history stages. Inter-annual differences in distributional patterns of the sea 
nettle, Chrysaora quinquecirrha (Desor 1848), in Mississippi coastal waters could be explained by Loop Current 
processes that alter shelf circulation in the Mississippi Bight. 

Introduction 

There is little information demonstrating the depend
ence of jellyfish species on ocean currents to carry 
them from the sessile polyp to the mature jellyfish 
and to subsequently return planulae to substrates ap
propriate for new polyp formation. Both adults and 
larvae rely on repetitive patterns of currents for distri
bution and recruitment. Current patterns typically vary 
inter-annually according to shifts of global oceanic 
and atmospheric conditions and can produce remark
able fluctuations in local jellyfish population dens
ities. Understanding the mechanism of adult jelly
fish distribution and the subsequent replenishment of 
the over-wintering polyp-cyst stages are germane to 
understanding population fluctuations. 

The present study examines the distribution of 
Chrysaora quinquecirrha (Desor 1848), a promin
ent scyphomedusa of the northern Gulf of Mexico 
(GOM). Except for coloration differences along their 
radial lines, the GOM population is similar to the sea 

* The U.S. Government right to retain a non-exclusive, royalty
free licence in and to any copyright is acknowledged. 

nettle population of upper Chesapeake Bay (fide, J. 
Purcell). Due to significant impacts on tourism and 
commercial fisheries, the Chesapeake Bay population 
has been the focus of a number of studies (Cargo & 
Schultz, 1966; Schultz & Cargo, 1969; Feigenbaum 
& Ke11y, 1984; Cargo & King, 1990; Purcell et al., 
l 994a,b). Life cycles of that population (Cargo & 
Schultz, 1966) include two distinct stages, an estuarine 
sessile polyp form requiring a hard substrate such as 
oyster shells, and pelagic ephyra and medusa stages, 
generated by seasonal strobilation of the polyp. The 
medusa stage cannot survive the winter, but the polyp 
can encyst into a highly resistant form which may 
overwinter, subsequently excysting in the spring and 
strobilating one or more times (Purcell et al., 1999). 
It would be reasonable to expect that the GOM sea 
nettle population would follow a similar life cycle; 
however, it is not demonstrable that the Gulf race of 
C. quinquecirrha occurs in estuaries in the polyp stage 
(Burke, 1975a; Graham, 2001 ). Rather, they appear 
to be advected into shallow coastal waters from the 
deeper GOM. Numerical circulation models were used 
to back trace from observed distributions of adults 
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nearshore in the Mississippi Bight to potential offshore 
substrates for polyps. Forward traces from presumed 
polyp sites were then examined to determine if annual 
fluctuations in observed distribution patterns can be 
explained by variations in current patterns. Ostensibly, 
such analyses could be used to distinguish enhanced 
production from apparent increases resulting from the 
vagaries of currents. 

The Mississippi Bight is an elongated area of the 
continental shelf in the northern GOM lying between 
the Mississippi River Delta in Louisiana and Ap
alachicola, Florida (Fig. 1 ). It is divided into two parts 
by the DeSoto Canyon, which intrudes shoreward near 
the center of the Bight and provides a mechanism for 
interaction of deep basin waters with the shallow in
terior of the shelf. The western half of the Bight is 
characterized by a series of low, sand barrier islands 
that separate the inner shelf from the estuarine-like 
environments of Mississippi and Chandeleur sounds. 
Fresh water drains into these sounds through complex 
waterways involving a number of rivers and bays. In 
contrast, the eastern half of the Bight is characterized 
by sandy beaches with significantly less fresh water 
drainage and less turbid waters. 

Few studies have been conducted on the distri
bution and biology of large medusae in the northern 
GOM. Occurrence and seasonality of planktonic cnid
arians in Mississippi Sound was investigated by Burke 

( 1975b ). Burke (1975a) surveyed the distribution and 
abundance of adult medusae over a 27-month long 
sampling period along both the interior and oceanic 
sides of the barrier islands of Mississippi Sound 
(Fig. 2). These data were analyzed for seasonal and 
annual variations in abundance and were used to make 
some suggestion as to possible polyp source areas. 
Although Burke's surveys used trawls, plankton tows 
and visual transects along the beaches, all observa
tions were combined into a single data set. Seasonal, 
geographic and annual distributions of adult C. quin
quecirrha along the Mississippi barrier islands from 
these data are given in Figure 3. From the seasonal 
distribution patterns, peak adult medusae abundance 
occurred in the shallow waters of the inner shelf in 
August and September. A minor peak also occurred 
in May/June. The minor peak may have been due to 
more distant populations that strobilated earlier in the 
season (fide, M. Graham). Typically by November, 
all adult medusae were gone and did not re-appear 
until the following May. From the distribution pat
terns within locales, it is clear that the overwhelming 
majority of observations were from outside Missis
sippi Sound, hence it is reasonable to conclude that 
the polyp-strobilation source region is offshore, rather 
than in the estuaries or the sounds. The inference here 
is that the northern GOM population of nettles is most 
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and by station number with only those stations located outside the 
barrier islands. Data from Burke ( 1975a). 

probably oceanic in ongm rather than estuarine in 
contra-distinction to the Chesapeake Bay population. 

Wind stress is a significant forcing mechanism 
for continental shelf environments. Due to the shal
low water depths, there is limited capacity in the 
interior of the water column for storage of energy flux 

through the surface. This excess energy concentration 
is quickly converted to fluid momentum. Thus, sea
sonal winds play a strong role in driving the advective 
patterns responsible for the appearance of mature C. 
quinquecirrha in the near shore regions of the Mis
sissippi Bight. Deep basin events may also influence 
shelf circulation dynamics where there is a narrow 
continental shelf or where canyons intrude into near 
shore regions. In the Mississippi Bight, there is a 
severely narrowed shelf off its western end (Missis
sippi Delta) and an intrusive canyon in the center 
(Fig. I). Exceptionally vigorous deep basin events oc
cur in the area through the periodic intrusion of the 
Loop Current and its spin-off eddies. 

The GOM Loop Current (Fig. 4) is part of the 
North Atlantic western boundary current system, 
which flows through the Yucatan Straits into the GOM. 
It forms a loop in the Gulf as it turns anti-cyclonically 
back southward and then exits eastward into the Straits 
of Florida before passing into the North Atlantic as 
the Gulf Stream. The Loop Current is dynamically 
unstable (Hurlbert & Thompson, 1980), at times in
truding far into the Gulf and then pinching off into an 
eddy of 200 km diameter scale which drifts westward 
at about 3-4 cm s- 1 with circulation speeds above 
100 cm s- 1 (Elliot, 1982; Johnson et al., 1992). One 
way this spin-off eddy decays is by generating cyc
lonic eddies around its periphery. Interactions of the 
Loop Current eddy and its associated cyclonic eddies 
with the outer continental slope in the northern and 
western GOM and in the De Soto Canyon are common 
(Huh et al., 198 I; Johnson et al., 1992; Oey, 1995; 
Perry et al., 1998; Johnson & Perry, 1999). If a Loop 
Current intrusion occurred and a spin-off eddy was 
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Figure 4t1. AVHRR images for 1hc Gul f of M exico (a) during a Loop Curren! inlrusion on 18 April 1993. 

Figure 4b. (b) 1hc subseque111 breaking off of a large anlicyclonic eddy. 
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Figure 5. Example of surface currents calculated by the GOM cir
culation model. For clarity in presentation the gridding was reduced 
by a factor of 3. The Loop Current is in a minimal intrusion state. 
The dashed contours are the 200 m and 1000 m isobaths. 

generated during the mid-summer when jellyfish were 
under the influence of seasonal shelf circulation pat
terns, it would be expected that normal distributions 
would be modified. 

In the present study, current vectors from a high 
resolution numerical model of the GOM were applied 
to a simple advection scheme to develop estimates of 
time and distance scales from probable polyp habit
ats to areas in the northern GOM in which mature 
jellyfish, C. quinquecirrha, occur. Although C. quin
quecirrha are known to migrate vertically in the water 
column, only surface currents were used in the track
ing process. Lack of information on swimming pat
terns in GOM populations of C. quinquecirrha limited 
our ability to use vertical structure of currents to model 
trajectories. 

Materials and methods 

The GOM circulation model was developed and run by 
Choi & Kantha ( 1997) and the results stored at I 0-day 
intervals. The model is a three-dimensional, primitive 
equation, sigma-coordinate formulation of the Prin
ceton Ocean Model (Blumberg & Mellor, 1983). The 
model has 21 levels in the vertical and a horizontal grid 
resolution of I/12th degree in longitude and latitude 
(8-9 km). Fig. 5 shows an example of the surface cur
rents calculated by the model. The model is described 
more fully and validated in Johnson & Perry ( 1999), 
where it was applied in a study of blue crab larval 
advection. 
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Figure 6. Hellerman climatological wind stress patterns for January 
(a) and July (b). 
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spin-off eddy during 1972. The center of the eddy during two cruises 
in May, 1972, are located by squares. The center in June, 1972. is 
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Figure 8. Back tracing from the barrier island observation stations (Fig. 2) for 90 days from September and August. Squares represent obser
vation stations where the back trace began and triangles represent ending locations: (a) model year I with Loop Current spin-off eddy forming 
during July, (b) model years 2-4. Trajectories arc omitted for clarity of presentation. 

It is important to note that the model was forced by 
climatological monthly averaged winds and damped 
to climatological sea surface temperature and salinity 
(Fig. 6). Hellerman monthly averaged climatological 
winds were converted to surface wind stress and used 
to force the numerical circulation model. Forcing was 
ramped between months to produce a smooth trans
ition. Although the model current vector components 
were only stored al IO day intervals, the monthly for
cing scale and the smooth transition means that the 
data can be used for advective scale motions (integ
rations on the order of a month or longer) without 
significant aliasing. The model was run for 4 model 
years with the same annual forcing cycle. This means 
that any inter-annual variations would come from pro
cesses other than by winds, such as Loop Current 
interactions with the continental shelf. Damping to 

climatological sea surface temperature and salinity 
produces a highly smoothed surrogate for seasonal 
heat flux and seasonal stream inflow. 

In this study, only the surface currents are used in 
the trajectory modeling. To run advective trajectories, 
the model surface current components, U;.j.k, V;.j.k, 

are first retrieved from storage, where U and V rep
resent the positive east and positive north components, 
respectively; the indices i and j represent longitude 
and latitude, respectively, and k represents time. A 
location and time is selected to start the process and 
the correct starting indices are calculated. From that 
point, currents are integrated backward (or forward) 
in time at {-day intervals, with both space and time 
linearly interpolated from surrounding index points, 
and the trajectory is plotted. The medusae are treated 
as Lagrangian particles in an Eulerian velocity field. 



No account is taken of patchiness or dispersion from 
the mean by turbulence (Hood et al., 1999). 

Strobilation of C. quinquecirrha in upper Ches
apeake bay is triggered most prominently between 
mid-May and mid-June with adults appearing in 
quantity in July and August (Cargo & King, 1990). 
This gives a 60-90 day window for growth to matur
ity. Assuming the same time scale for the northern 
GOM population, backward integration for 90 days 
determines potential sites, and forward integration for 
90 days determines distributions from selected sites 
and assesses inter-annual influences. 

Results 

Climatological wind stress patterns for the northern 
GOM are presented for January and July (Fig. 6). The 
January averaged wind stress (Fig. 6a) represents the 
typical wintertime pattern (October-March). Forcing 
is strongly offshore toward the southwest during this 
period. In April, the wind stress turns more shore
ward toward the northwest. By mid-summer (Fig. 6b), 
the wind stress is light and directly shoreward in 
the Mississippi Bight. This pattern of wind stress is 
consistent with late summer arrival of adult C. quin
quecirrha in the near shore regions of the Mississippi 
Bight if strobilation takes place offshore in early- or 
mid-summer. This does not imply that wind direction 
triggers strobilation, but advances the idea that sea
sonal changes that trigger strobilation also create the 
advective forcing conditions responsible for transport 
shoreward (Cargo & King, 1990). 

Elliot ( 1982) lists a number of Loop Current 
spin-off eddies which were documented in the GOM 
between 1965 and 1972. In 1972, a strong intrusion 
toward the northern Gulf occurred with a spin-off eddy 
being created between May and June of that year. The 
given dimensions of the eddy (Fig. 7) would suggest 
that a strong interaction with the Mississippi Bight was 
possible through the De Soto Canyon, and hence could 
have been responsible for the differences in jelly
fish distributions between l 971 and 1972 (Fig. 3c). 
In 1971, the peak abundance was found toward the 
west (Horn and Petit Bois Islands). In 1972, the peak 
abundance was shifted eastward toward the center of 
the Mississippi Bight (Pensacola, Florida). To ex
plain this distribution and to determine potential polyp 
sites, model currents were used to back trace from 
all of the observation stations of Burke ( 1975a). This 
was done for the model year (I). in which a break-
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off eddy occurred, and for the three model years 
(2-4 ), in which no break-off eddy occurred during 
the summer months. Potential polyp sites associated 
with high counts of medusae at the observation sta
tions were then forward traced and the resulting model 
distribution compared to observed distributions. 

Figure 8a illustrates back trace results for model 
year l. A Loop Current intrusion began in the spring 
and a spin-off eddy was formed in mid-summer. Al
though intrusions and spin-off eddies occurred in other 
model years, they did not occur during the important 
summer months. Model year 1 provides a reasonable 
surrogate for conditions during 1972 when an eddy 
was formed in early summer (Fig. 7), and when the 
distribution of C. quinquecirrha was biased toward the 
center of Mississippi Bight and away from its west
ern side (Fig. 3c). From the model, three potential 
sites were identified: the estuaries of the western Mis
sissippi Bight, along the Chandeleur Islands, and in 
the Apalachee Bay area of northern Florida. Based 
on Burke's ( 1975a) observation that C. qttinquecirrha 
in the GOM was oceanic in habitat, it would seem 
probable that juvenile sources lay outside the barrier 
islands of Mississippi Sound (Fig. 3b). 

Back trace results in non-intrusion-summer years 
show a great deal more variability (Fig. 8b ). In addi
tion to the three sites noted in model year 1, there were 
sites on the mid- and outer-shelf of the Mississippi 
Bight and in the central deep basin of the GOM. The 
latter site may represent Caribbean medusae advected 
northward by the flow through the Yucatan Straits. The 
currents associated with the Loop Current are suffi
ciently strong that medusae could be advected to the 
central Gulf in relatively short time so that an error in 
distance and time here may not be highly significant. 

Since polyps need a hard bottom for attachment, 
we examined the Mississippi Bight for hard bottom 
areas, recognizing that much of the Bight is sand and 
mud. Thompson et al. ( 1999) presented a synthesis of 
hard bottom areas from a variety of studies including 
lease blocks with documented hard bottom (unfor
tunately this study did not extend into Apalachee 
Bay). These hard bottom sites are shown in Figure 9 
(represented by square symbols). 

Starting in the model month of early June, drifters 
were integrated forward in time from each of the hard 
bottom sites for 90 days for each of the four model 
years. In addition, potential sites in Apalachee Bay 
and along the Chandeleur Islands were examined. As 
seen with the backward integration (Fig. 8), the dif
ferences between model year I and model years 2-4 
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Figure 9. Forward tracing from selected hard bottom locations in the Mississippi Bight (square symbols) for 90 days from June through August. 
The two circle symbols represent possible locations on the northeast Florida Shelf and along the Chandeleur Islands. Small crosses show track 
locations every 0.5 days and triangles represent ending locations after 90 days. Ending locations outside the Bight are not shown. Isobaths are 
shown at 20 m intervals from 20 m to 100 m (solid lines of model year l). The 200 m isobath is shown by a dot-dash line and the IO0O m 
isobath by the dashed line. (a) model year I, (b) model year 2, (c) model year 3, and (d) model year 4. 

are striking. In model year 1 (Fig. 9a), trajectories for 
all of the sites within Mississippi Bight go offshore, 
hence, medusae from these sites would not show up 
in the observations along the barrier islands of Missis
sippi Sound. The only successful landing was from the 
site in Apalachee Bay. This confonns well with the ob
servation that, during a year of summer Loop Current 
intrusion and eddy formation ( 1972 observations and 
model year 1 ), the higher number of observations oc
curred at the easternmost stations in the central Bight. 
In model years 2-4 (Figs 9b-d), successful landing 
occurred in the western part of the Bight from shallow 
water hard bottom sites near the DeSoto Canyon in 
water depths from 20 to 60 m. This conforms well 
with the data from 1971 (Fig. 3c) that showed more 
landings in the western part of the Bight. 

Discussion 

Observational data to date implies that C. quinque
cirrha in the northern GOM is oceanic. Identification 
of C. quinquecirrha polyps on shelf molluscs and the 
absence of polyps in inshore waters suggests that po
tential polyp sites are located offshore (Burke, 1975a). 
In this study, this hypothesis was examined using ad
vective currents from a numerical circulation model. 

Stored arrays of currents from the model were used to 
back trace from adult observation sites to areas of po
tential polyp sites. When the general area was located, 
hard bottom sites in these regions were identified from 
the literature. Forward integration from these sites was 
used to test inter-annual variability. 

Wind stress forcing plays a dominant role in driv
ing continental shelf circulation and in establishing 
annual distribution patterns of scyphomedusae on the 
shelf. The intrusive deep basin Loop Current and spin
off eddies provide an added mechanism for changing 
distribution patterns when the intrusion occurs during 
the important summer months. Model year I and sur
vey year 1972 were years with such summer intrusions 
and eddy formations in the northern Gulf. The inter
annual differences in distribution patterns from both 
model and survey could be explained by Loop Current 
processes if the polyp strobilation areas were located 
in deeper water (20-60 m) near the DeSoto Canyon 
and on the northern West Florida Shelf. There are 
potential hard bottom sites near the DeSoto Canyon. 
Knowledge of such sites for the northern West Florida 
Shelf does not exist. 

Although there is, in general, little exchange 
between shelves and deep basins, it is demonstrable 
that exchange occurs through the DeSoto Canyon and 
along the western edge of the Bight where the shelf 



is narrow. Approximately 6% of the back calculated 
trajectories terminate in the central Gulf where it is 
easy to imagine that they could have been brought to 
that area by strong currents coming from the Carib
bean. Larger medusae, associated with the small peak 
in observations in May (Fig. 3a), could easily be of 
Caribbean origin where the long advection time allows 
greater growth and an early stobilation date is possible 
(fide, M. Graham). 

It should be recognized that this study is a present
ation of methodology as well as a search for reason
able hypotheses for potential polyp sites. The role that 
variations in circulation patterns can play in creating 
fluctuations in abundance and distribution of medusae 
is promulgated and it is not difficult to see that some 
years and some areas could experience a 'bloom' that 
is more related to circulation patterns than to enhanced 
productivity. 
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Abstract 

The mechanical basis of prey capture and behaviour of Phyllorhiza ptmctata von Lendenfeld, 1884, as with most 
members of the Order Rhizostomeae, has not been described. Free-swimming medusae were videotaped in order 
to quantitatively describe the feeding process of P. punctata. Kinematic data demonstrated that adult medusae 
were surrounded by relatively high Re ( I 02- I 03) flows while swimming. Therefore, momentum dominated these 
flows and the motions of particles entrained in the fluid surrounding swimming P. punctata. Artemia salina nauplii 
entrained within these flows contacted two principle capture surfaces: the oral arm cylinder and the underside of 
the subumbrellar surface. Prey were ingested by small polyp-like mouthlets located on these surfaces. Ingestion 
followed capture at these sites. P. punctata's body morphology is highly modified to channel flows into these 
capture surfaces and feeding is dependent upon this pattern. Swimming activity, and hence the creation of flows 
used for prey capture, is continuous, as is feeding, and plays a central role in this medusa's foraging behaviour. 

Introduction 

Medusae of the scyphomedusan order Rhizoslomeae 
are an important group of plank tonic predators and are 
part of growing 'jellyfish' fisheries in tropical Pacific 
waters. Despite their increasing economic importance, 
the feeding biology of rhizostome medusae has re
mained sparsely studied. Several genera of this group 
are actively caught and exported to a variety of south
east Asian countries (Hsieh et al., 200 I ; Omori & 
Nakano, 200 I). Annual catches of these medusae are 
highly variable (Omori & Nakano, 200 I) and little is 
known of the factors determining annual abundance 
or distribution of these species. Likewise, the feeding 
habits of these medusae are not well documented. Al
though the diets of species such as Pseudorhiza lweck
eli Haacke (in Fancett, 1988), Stomolophus meleagris 
L. Agassiz (in Larson, 1991) and Phyllorhiza punctata 
(in Garcia & Durbin, 1993) have been quantified, the 

mechanisms underlying selection and capture of their 
zooplankton prey are less well known. One rhizostome 
species, Stomo/ophus meleagris, has been found to en
train zooplankton in currents created by bell pulsation 
and to subsequently sieve these prey through intricate 
feeding structures (Larson, 1991; Costello & Colin, 
1995). However, comparative data on feeding by other 
rhizostome mcdusac has been lacking and so the ap
plicability of the results found for S. meleagris for 
other rhizostome medusae has remained unresolved. 

Phyllorhiza punctata is a tropical rhizostome 
scyphomedusa that has been successfully reared 
through its full life cycle in the laboratory (Lange 
& Kaiser, 1995). The ability to maintain P. punctata 
in a controlled environment provided an opportun
ity to quantitatively describe functional aspects of 
prey capture and broaden understanding of feeding by 
rhizostome medusae. 
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Methods 

Experimelllal organisms 

Phyllorhiza punctata medusae of different sizes ( 1.4-
7.4 cm diameter) were received from the Berlin Zoo
Aquarium (Germany) and maintained in a cylindrical 
kriesel design tank (Tide-Pool, Inc., Japan) at Naples 
Aquarium (Italy). The tank used a sand bed filter to 
maintain water quality and four 50 W lamps to supply 
light for P. punctata's zooxanthellae. 

Microvideography 

A backlit optical system similar to that described by 
Costello & Colin ( 1994) was used to detail movements 
of medusae, prey (newly hatched Artemia salina 
nauplii) and their surrounding fluid. Medusae were 
videotaped while swimming freely within rectangular 
vessels ranging in dimensions from 30x 17x25 cm to 
23 x 7 x 23 cm (height x depth x width). Vessel size 
was chosen in order to maximize the medusa's op
portunity to swim freely and avoid contact with the 
vessel walls while minimizing the depth of the viewing 
field. These trade-offs optimized image clarity and our 
ability to track individual particle motions. 

A field counter labelled each sequential S-VHS 
video frame ( 1/60 per field) in order to provide tem
poral information. Spatial characteristics of the optical 
field were determined from scale bars periodically 
included in the recordings. 

Kinematics 

Bell pulsation provides thrust during medusan swim
ming and the changes in bell shape during pulsation 
were measured by the bell fineness ratio. The fineness 
ratio (F) was defined as the proportion of bell height 
(h) to diameter (d): 

h 
F= d" 

Medusa motion was measured from sequential 
changes in position (x) of the tip of the exumbrellar 
surface at 0.05 s (3 fields) time intervals (t). Motion 
only within a two-dimensional viewing field was en
sured by using a sequence in which bell orientation 
was level as the medusa swam through the viewing 
field. 

The medusa's velocity (u) for a specific time inter
val (i) was calculated according to the formula: 

x; - x; - I 
llj = 

Reynolds number (Re) is used to estimate the relative 
importance of viscous and inertial forces in a fluid 
(Vogel, 1994 ). Re-calculations for the flow around 
swimming P. punctata: 

du 
Re=-

" 
were based upon bell diameter (d), medusan velocity 
(u) and the kinematic viscosity of seawater (v) at 20 °C 
(l.047 x 10-6 m2 s- 1 ). 

Flow.fields 

Prey trajectories were tracked in the fluid surrounding 
the bell during the initial stages of the relaxation phase 
because prior observations indicated that this phase 
of the bell pulsation cycle was critical for prey en
trainment. The pathways of entrained Artemia salina 
nauplii were used to track fluid motions around swim
ming P. punctata. Although Artemia nauplii do swim, 
their swimming velocities are negligible compared to 
flow velocities created by most scyphomedusae (Cos
tello & Colin, 1994, 1995). Flow field images were 
taken while the camera was stationary and the medusa 
swam through the field of view. The flow field dia
gram was constructed from several pulsation cycles, 
because no single cycle contained enough appropri
ately located and focused prey to describe the entire 
flow field. All the prey paths were measured by su
perimposing an x-y grid on a video sequence of a 
free-swimming medusa in order to measure particle 
motions in relation to the medusa's bell position. All 
measurements were made at the same phase of the re
laxation phase- 0.08 s (5 fields) after the stroke began. 
Particle velocity was determined from its change in 
position during the subsequent 0.08 s interval. 

Results 

Cyclic bell pulsation resulted in regular variations 
in medusan swimming velocities. During bell con
traction (increasing bell fineness, Fig. I a) velocities 
increased (Fig. I b) as did Re values of the fluid mov
ing past the medusa's bell (Fig. le). Fluid flows around 
a swimming medusa were characterized by peak Re 
values greater than I 03 during bell contraction. There
fore, these flows, and the prey entrained within them, 
were dominated by inertial forces (Vogel, 1994). 

Prey entrained in the high Re flow created by 
bell contraction were transported past the bell margin 
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Figure 2. Flow patterns surrounding a 6.0 cm Pl,yllorl,iza p1111ctata 
medusa. Arrows represent Artemia sa/i11a paths at the beginning of 
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Figure 3. Marginal llow velocities of Phyllorhiza ptmctata medusae 
of different bell dimm:ters. Each data point represents a different 
medusa. Ten particle velocities were determined for each medusa; 
error bars represent ± I standard deviation from the mean velocity 
for each mcdusa. 

(Fig. 2) where the flow branched towards either of 
two principle prey capture areas. These two capture 
regions were located at the distal end of the oral arm 
cylinder and at the oral arm convergence near the cent
ral region of the bell's subumbrellar surface (Fig. 2). 
Flow velocities at the bell margin increased as bell 
diameter increased (Fig. 3). Each of the capture sur
faces, and, to a lesser extent, the interior surfaces of 
the oral arms between the two principle capture areas, 
was covered with small mouthlets (term from Mianzan 
& Cornelius, 1999) - pinnately branched polyp-like 
oral structures that have been described in more detail 
by Mayer ( 1910). Prey were observed to be trapped 
on the tentacle-like extensions of these mouthlets and 
ingestion followed prey entrapment. 

Discussion 

Prey capture via now entrainment resembles that de
scribed for another rhizostome medusa, S. meleagris 
(in Larson, 1991; Costello & Colin, 1995) in sev
eral important ways. Both medusae entrain prey in 
fluid motions created by bell pulsation and these flows 
transport prey to capture surfaces covered by mouth
lets. The position and morphological details of the 
capture surfaces differ between the two species of 
medusae, but share essential similarities. For both 
species, the major concentrations of mouthlets were 
located at the distal end of the oral cylinder. Bell con
traction by either species forces fluid, and entrained 
prey. along and through these distal feeding structures. 
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Figure 4. Comparison of mcdusae marginal flow velocity regres
sions for Phy//orhiz.a p1mctata, Chry.mora q11i11q11ecirrha and A11re
lia aurita with prey escape velocities. P. punctata regression from 
Figure 3, C. quinquedrrha regression from Ford et al. ( 1997). A. 
aurita regression and prey escape velocities from Costello & Colin 
(1994). 

As the bell begins the relaxation phase, a portion of 
the fluid flowing past the bell margin is drawn into the 
bell cavity and passes through a second major cap
ture surface lining the oral arm surface nearest the 
bell. The scapulets of S. meleagris are covered with 
mouthlets which contact prey during the relaxation 
phase. P. punctata does not possess scapulets, but 
fluid entering the subumbrellar space during the re
laxation phase flows over clusters of mouthlets near 
the base of the oral arm disk and in the center of the 
fused oral arm cylinder. Thus, both species use the 
contraction and relaxation phases of bell pulsation to 
transport prey to different capture surfaces. Based on 
evidence from these two species and the morphology 
of other rhizostome medusae (illustrated in Mayer, 
1910), we suspect that this is a widespread trait within 
the Rhizostomeae. In this case, different rhizostome 
genera utilize variations of this flow-based feeding 
architecture. 

P. punctata's marginal flow velocities are high re
lative to previously studied scyphomedusae (Fig. 4 ). 
For comparable bell diameters, the marginal flow ve
locities of P. punctata exceed those of semaeostome 
scyphomedusae such as Aurelia aurita (Linnaeus) or 
Chrysaora quinquecirrha (Desor). Although not de
scribed here, Cyanea sp. marginal flow velocities 
approach, but are still less than, those of P. punctata 
(Costello, unpublished data). These relatively high 

values reflect the strong bell contraction pattern of 
P. punctata. They are ecologically important because 
higher marginal flow velocities allow entrainment of 
more rapidly escaping prey (Costello & Colin, 1994) 
and can thereby affect in situ prey selection (Sul
livan et al., 1994). Several rhizostome species are 
strong swimmers (Hamner & Hauri, 1981 ; Shanks 
& Graham, 1987) and probably share high marginal 
flow velocities with P. punctata. If so, the evolu
tion among rhizostome medusae of morphologies that 
create, channel and sieve flow may result in differ
ent prey selection patterns than co-occurring semaeo
stome medusae. There are some indications that these 
patterns do occur in nature. For example, in a coastal 
Australian community, the rhizostome Pseudorhiza 
haeckeli consumed more rapidly swimming calanoid 
copepods and fed at significantly higher rates than did 
the co-occurring semaeostome medusae Cyanea capil
lata (Linnaeus) (in Fancett, 1988). However, the reli
ability of inter-order comparisons of scyphomedusan 
feeding impacts is presently limited because relat
ively few species have been studied in sufficient detail. 
This level of prey selection detail will need to be de
termined if the impacts of scyphomedusan population 
outbreaks are to be accurately evaluated. 
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Abstract 

The scyphozoan Aurelia aurita (Linnaeus) is a cosmopolitan species, having been reported from a variety of 
coastal and shelf sea environments around the world. It has been extensively studied over the last I 00 years or 
so, and examination of the literature reveals three striking features: ( l) the presence of populations in a wide 
range of environmental conditions; (2) large inter-population differences in abundance and life history patterns 
over large and small spatial scales; and (3) inter-annual variability in various aspects of its population dynamics. 
A. aurita is clearly a highly flexible species that can adapt to a wide range of environmental conditions. While 
various physiological and behavioural characteristics explain how A. aurita populations can take advantage of 
their surrounding environment, they do not explain what governs the observed temporal and spatial patterns of 
abundance, and the longevity or lifespan of populations. Understanding these features is necessary to predict how 
bloom populations might form. In a given habitat, the distribution and abundance of benthic marine invertebrates 
have been found to be maintained by four factors: larval recruitment (sexual reproduction), migration, mortality and 
asexual reproduction. The aims of this review are to determine the role of reproduction and life history strategies 
of the benthic and pelagic phases of A. aurita in governing populations of medusae, with special attention given to 
the dynamic interaction between A. aurita and its surrounding physical and biological environment. 

Aurelia aurita populations 

General observations 

The common moon jellyfish, Aurelia aurita (Lin
naeus), is a cosmopolitan species with a worldwide 
distribution in neritic waters between 70° N and 40° S 
(Kramp, 1961; Russell, 1970). It has been reported 
from a variety of coastal and shelf sea marine envir
onments particularly in northwestern Europe (Palmen, 
1954; Moller, 1980; Hernroth & Grondahl, 1983; Yan 
Der Veer & Oorthuysen, 1985; Lucas & Williams, 
1994; Olesen et al., 1994; Schneider & Behrends, 
1994), the Black Sea (Shushkina & Arnotauv, 1985: 
Lebedeva & Shushkina, 1991: Mutlu et al., I 994 ), Ja
pan (Yasuda, 1969; Ishii ct al., 1995; Omori et al., 
1995), and parts of North America (Hamner et al., 
1994; Greenberg et al., 1996). A. aurita has a com
plex life cycle, comprising an alteration of generations 

between an asexual benthic polyp, or scyphistoma, 
and a sexual pelagic medusae. Examination of the 
wealth of literature on A. aurita populations reveals 
three striking features, summarised as follows: (I) 
the presence of populations in a wide range of en
vironmental conditions; (2) large inter-population dif
ferences in abundance and life history patterns, and 
(3) inter-annual variability in abundance, growth, and 
timing of reproduction within single populations. 

Habitats 

A. aurita populations are found predominantly in 
coastal embayments, fjords, and estuaries where there 
are suitable substrata for the benthic scyphistoma 
polyp. Within these habitats, the degree of contain
ment, tidal flow, water depth, temperature and salinity, 
and trophic condition can vary quite considerably 
(Table I). 
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Table I. Summary of the documented habitats of Aurdia ,mrita medusae. together with their maximum abundance and biomass. 
Location Types: s-e est = semi-enclosed estuary; s-e I = semi-enclosed lagoon; s-e ljd = semi-enclosed tjord; o-fjd = open tjord; o-h 
= open bay; s-e b = semi-enclosed bay; o = open water. nd = no data. "Converted from published data using WW:DW:C relationships 
reviewed by Hirst & Lucas (1998). References: I. Lucas & Williams (1994); 2. Lucas (1996); 3. Olesen ct al. (1994); 4. Riisgard ct 
al. (1995): 5. Hemroth & Grondahl (1983); 6. Grondahl (1988a): 7. Omori ct al. (1995): 8. Panayotidis ct al. (1988): 9. Hamner et al. 
(1982); 10. Ishii & Bamstedt (1998): 11. Schneider (1989b); 12. Moller (1980); 13. Schneider & Behrends (1994): 14. Mutlu ct al. 
( 1994 ); 15. Van Der Veer & Oorthuysen ( 1985): 16. Yasuda ( 1969); 17. Yasuda ( 1971 ); 18. Rasmussen ( 1973) 

Location 

Southampton Water, U. K. 

Horsea Lake, U.K. 

Kertinge Nor. Denmark 

Gullmartjord, Sweden 

Tokyo Bay. Japan 

Type Depth Notes 

(m) 

s-e est 15 industrial 

s-e-1 6-7 no river 

s-e fjd 2-3 

0-fjd 120 winter ice 

o-b nd 

Productivity 

High (12.8 mg C m-3 mesozooplankton) 

Low (5.2 mg C m-3 mcsozooplankton) 

Eutrophic + low mcsozooplankton 

nd 

Eutrophic (400 mg DW m-3 zooplankton) 

Max. Max. 

Abundance Biomass 

(No. m-3) (mg C m-3 ) 

8.71 30.2 

24.9 43.2 

300 350-450 

14.96 nd 

1.53 12511 

Ref 

1,2 

2 
3,4 

5.6 

7 

Elef sis Bay, Greece s-e b 33 anoxia Eutrophic (471 mg DW m-3 zooplankton) 44 95" 7 

Jellyfish Lake, Palau s-e I 30 sulphide High 

Vagsb!llpollen, Norway s-e b 12 Very low zooplankton 

Eckemforde Bay, Kiel Bight o-tjd 20 26.7 mg C m-3 zooplankton 

Kiel fjord, Kiel Bight o-fjd 8 nd 

Kiel Bight 0 nd nd 

Black Sea 0 >200 Mneiopsis Eutrophic 

Dutch Wadden Sea 0 5-10 North Sea High? 

Urazoko Bay, Japan s-e b nd nd 

lsefjord, Denmark o-fjd 9 winter ice Eutrophic 

0.30 

22.3 

0.03-0.23 

0.33 

~0.14 

'? 

0.49 

71 

nd 

nd 9 

710 to 
54.8 II 

~60 12,13 

~35 13 

0.21 g Cm -2 14 

175 

nd 

nd 

15 

16.17 

18 

KB Kagoshima Bay 
KN Kertinge Nor 

Medusa abundance is generally higher in small, 
shallow, semi-enclosed or enclosed systems with lim
ited tidal exchange (Olesen et al., 1994; Lucas, 1996; 
Ishii & Bamstedt, 1998), than in open water sys
tems or where depths exceed several hundreds of 
metres (Van Der Veer & Oorthuysen, 1985; Mutlu 
et al., 1994; Schneider & Behrends, 1994 ). On a 
seasonal and small-scale spatial basis, temperate es
tuaries often have widely fluctuating temperature and 
salinity regimes, and A. aurita can be considered both 
eurythermal and euryhaline in its distribution (Fig. I). 
Populations occur in fjords that experience winter ice 
cover (Rasmussen, 1973; Hernroth & Grondahl, 1983, 
1985a), and in tropical, aseasonal environments such 
as Jellyfish Lake, Palau, where surface water temper
ature rarely deviates from 31 to 32 °C (Hamner et al., 
1982; Dawson & Martin, 2001 ). Similarly, A. aur
ita are found in salinities ranging from I 4 to 22 in 
Kertinge Nor, Denmark (Olesen et al., 1994) to 38 
in Elefsis Bay, Greece (Papathanassiou et al., 1987), 
although there are also reports of populations living in 
salinities of< 10 (see Russell, 1970). 

EB Elofsis Bay 
GF Gullmarfjord 
HL Horsea Lake 
IF lsefjord 

SW Southampton Water 
UB Urazoko Bay 

As well as the physical parameters described 
above, one of the most conspicuous aspects of A. 
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Figure I. Temperature and salinity ranges of Aurelia aurita. 
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aurita distribution is its presence in systems with 
highly contrasting nutrient inputs, productivity and 
food availability (Table 1 ). For example, Horsea Lake 
in southern England has no riverine input to sup
ply nutrients, and a numerically- and species-poor 
zooplankton community that is controlled by both 
bottom-up (chlorophyll a <2 mg m-3) and top-down 
(A. aurita 43 mg C m-3) pressure (Lucas et al., 1997). 
On the other hand, A. aurita populations may also 
be abundant in polluted, eutrophic systems that may 
have anoxic bottom waters. Examples include Elefsis 
Bay (Papathanassiou et al., 1987; Panayotidis et al., 
1988), Kertinge Nor (Olesen et al., 1994; Riisgard et 
al., 1995) and the Black Sea (Mutlu et al., 1994 ). 

Variations among populations 

A. aurita populations around the world are character
ised by a great diversity in population and life history 
characteristics, such as abundance, growth, timing and 
periodicity of strobilation, timing of and size at sexual 
maturation and longevity of the medusa (Fig. 2). Sig
nificant differences in population characteristics can 
occur over small (10s of kilometres) and large (100s 
of kilometres) spatial scales, with the role of envir
onmental conditions such as temperature and food 
availability considered to play a key role. 

In many of the populations studied, the main 
period of strobilation, resulting in the liberation of 
ephyrae, starts in the late winter/early spring (Thiel, 
1962; Moller, 1980; Yan Der Veer & Oorthuysen, 
1985; Lucas & Williams, 1994; Omori et al., 1995). 
Autumn and spring periods of strobilation have also 
been reported in parts of northern Europe (Rasmussen, 
1973; Hernroth & Grondahl, 1983 ), with the autumn 
generation of ephyrae undergoing a winter diapause 
in deeper water (Hernroth & Grondahl, 1983, 1985a). 
For the most part, the winter-spring recruitment of 
ephyrae develop into medusae in early spring, which 
then remain in the water column until the summer 
or early autumn (Moller, 1980; Papathanassiou et al., 
1987; Lucas & Williams, 1994), thus forming distinct 
seasonal patterns of medusa abundance and biomass. 
Prolonged or even semi-continuous periods of strobil
ation have also been reported in some areas, resulting 
in the presence of ephyrae in the water column for 
much of the year (Yasuda, 1968; Hamner et al., 1982; 
Schneider, 1989b; Lucas, 1996). Year-round popula
tions of ephyrae and medusae occur in Urazoko and 
Tokyo Bays, Japan (Yasuda, 1971; Omori et al., 1995), 
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Jellyfish Lake (Hamner et al., 1982) and Horsea Lake 
(Lucas, 1996). 

Patterns of growth and the maximum bell diameter 
attained by medusae are highly variable among pop
ulations. Three growth phases are typical of most 
populations: slow growth during the winter and early 
spring; exponential growth once temperature and food 
availability have increased in mid-spring; and finally, 
shrinkage in the summer and autumn during gam
ete release (Moller, 1980; Schneider, 1989b; Lucas 
& Williams, 1994 ). Medusae typically reach 200-
300 mm maximum bell diameter, although they can be 
as large as 450 mm (M. Omori, pers. comm.). Com
parison among populations reveals an inverse relation
ship between medusa abundance and maximum bell 
diameter (Fig. 3 ), suggesting that there is a density
dependent mechanism governing A. aurita popula
tions, as was first suggested by Schneider & Behrends 
( 1994) for the Kiel Bight population. In severely food
limited populations such as in Kertinge Nor (Olesen 
et al., 1994) and Horsea Lake (Lucas, 1996), instant
aneous growth rates are <0.1 d- 1• and mean bell 
diameter of adult medusae is typically <50 mm. 

Medusae typically reach sexual maturation at the 
upper end of the size range of the population (Lucas 
& Lawes, 1998). In most situations adult medusae 
shrink and die following spawning. It is thought that 
this is caused by extrusion of gastric filaments during 
gamete release, resulting in morphological degrada
tion and susceptibility to parasitic invasion (Spangen
berg, 1965). Longevity of medusae is impossible to 
quantify if there is semi-continuous recruitment. Even 
in univoltine populations, the age of an individual 
is extremely difficult to determine. Nevertheless, it 
seems that in most environments, medusae live for 4-
8 months. Individuals living for > I year have been 
reported by Yasuda (1971) and Hamner & Jenssen 
(1974),whilst Miyake et al. ( 1997) consider that not 
only do medusae from Kagoshima Bay, Japan, live 
for 2 years, but that individuals spawn twice in suc
cessive summers. Recently, attempts have been made 
to use morphological and chemical characteristics to 
determine age of medusae. Kakinuma et al. ( 1993) 
and Miyake et al. ( 1997) found that the number of 
branching points on the radial canals of the water vas
cular system increased with time, independently of 
environmental factors, and therefore could be used as 
an age index for A. aurita. Ishii et al. ( 1995) found 
that A. aurita medusae in the shrinkage phase fol
lowing gamete release had lower concentrations of 
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Figure 2. Timing of the appearance of ephyrae. medusae and planula-bearing mcdusac (where determined) in a variety of Aurelia a11rita 
populations. 

ATP-related compounds compared with those in their 
growth phase. 

Inter-annual variability 

Although long-term datasets are rather scarce in jelly
fish research, a few regions have been studied over 
periods of 5 years or more. In addition to the inter
population differences described above, these studies 
have highlighted that there can be considerable intra
population variability in timing of ephyrae release. 
abundance, growth, bell diameter and reproductive 
output, both in the shorter term (i.e. between consec
utive years), and over decadal scales. Over the shorter 
time-scale, one of the most comprehensive datasets for 
A. aurita is in the western Baltic Sea, with studies 
by Moller ( 1980), Schneider ( 1989b) and Schneider 
& Behrends ( 1994, 1998). Years of high numbers of 

smaller, lighter medusae were followed by years of 
low numbers of larger, heavier medusae, indicating 
a density-dependent mechanism regulating adult size. 
In addition, the dense populations of medusae pro
duced fewer numbers of high C:N ratio planula larvae. 
while the lower abundance medusae produced very 
large numbers of planulae with low amounts of storage 
compounds (Schneider, 1988). 

Inter-annual variability in the liming of ephyrae 
appearance, maximum abundance and bell diameter 
has also been observed in Southampton Water (Re
ubold, 1988; Zinger, 1989; Lucas & Williams, 1994, 
Lucas, unpublished data). Although there has been 
a considerable decline in medusa abundance between 
the mid- I 980s and early 1990s, the density-dependent 
relationship between abundance and bell diameter (see 
Schneider & Behrends, 1994) is not readily apparent 
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Table 2. Inter-annual variation in the appearance, maximum 
abundance and bell diameter of the Aurelia aurira population 
in Southampton Water, U.K. Data from Reubold (1988); Zinger 
( 1989); Lucas & Williams (1994); Lucas (unpubl. data); Hirst 
(1996). No sampling in 1989 and 1995; nd = no data 

Year Appearance (Julian Days) Max. Max. 

From To Abundance Bell Diameter 
(No. m-3) (mm) 

1985 nd 177 29.96 nd 

1986 59 176 1.16 nd 

1987 nd nd 21.0 145 

1988 42 135 nd nd 

1990 61 159 5.39 141 
1991 77 179 8.71 123 

1992 20 133 5.98 nd 

1993 59 173 5.35 94 

1994 42 174 1.75 135 

1996 nd 182 2.48 130 

in Southampton Water. This implies that factors in 
addition to food availability regulate size and density 
of the Southampton Water population. The very small 
medusae in 1992, for example, may have been due to 
the temporal shift in their presence to the early part 
of the year, when low water temperature and food 
availability would have resulted in low growth rates 
(Hansson, 1997). Regarding the timing of ephyrae ap
pearance, this has been rather irregular over the 11 
years of study, varying by 58 days (Table 2). Neverthe
less, longevity of the population has been consistent at 
90-115 d, except in 1988. In the Isefjord, longevity 
of the medusa population has been related to summer 
temperatures (Rasmussen, 1973), and this may be the 
case in Southampton Water. 

Impacts of Aurelia aurita 

When abundant, A. aurita medusae can have a sig
nificant impact on coastal plankton communities. In 
several temperate coastal systems, it has been repor
ted that the spring-summer reduction in zooplankton 
biomass is caused by A. aurita predation (Schneider 
& Behrends, 1994, 1998; Lucas et al., 1997). When 
gelatinous predatory pressure on herbivores is suffi
ciently intense, and nutrients and light are not lim
iting, top-down regulation of plankton communities 
may also occur, resulting in increased phytoplankton 
blooms and alteration of species composition (Lindahl 
& Hernroth, 1983; Olsson et al., 1992; Smayda, 
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1993 ). Predators such as A. aurita may also affect fish 
standing stocks, either directly by predation on fish 
larvae, or indirectly by competing with fish larvae for 
available food resources (Purcell & Arai, 200 I). 

The role of jellyfish and other gelatinous plankton 
in marine ecosystems is of interest not only biologic
ally but also socio-economically. Bloom populations 
of A. aurita can have detrimental effects on fisheries, 
tourism and power stations, and mass occurrences of 
A. aurita have been reported from many regions. The 
most notable cases include, Elefsis Bay (Papathanas
siou et al., 1987; Panayotidis et al., 1988), Kertinge 
Nor (Olesen et al., 1994), Horsea Lake (Lucas, 1996), 
V agsb¢pollen, Norway (Ishii & Bamstedt, 1998), and 
the Black Sea (Shushkina & Musayeva, 1983; Shushk
ina & Arnautov, 1985; Mutlu et al., 1994). While 
some of these blooms are considered to have been 
brought about by restricted water exchange, eutroph
ication and overfishing (Zaitsev, 1992; Kideys, 1994; 
Ishii & Bamstedt, 1998), it is clear that A. aurita is a 
highly flexible species that can successfully adapt to a 
wide range of environmental conditions. 

Causes of population variation 

Several aspects of the physiology and behaviour of 
A. aurita enable it to utilise the available food to its 
maximum advantage. The mucous and ciliary current 
prey capturing mechanism means that A. aurita can be 
considered a 'generalist feeder', with a wide range of 
mesozooplankton (Matsakis & Conover, 1991; Sulli
van et al., 1994), some microzooplankters (Stoecker 
et al., 1987; Bamstedt, 1990), and fish larvae (Moller, 
1980) observed in the diets of individuals. There is 
evidence of prey selectivity (Sullivan et al., 1994, 
1997), although reports are mixed. Nevertheless, as 
with most gelatinous predators, they are capable of 
very high clearance rates, even at prey densities in 
excess of those found in situ (Bamstedt, 1990). Thus, 
they are able to utilise dense zooplankton populations 
and prey patches effectively. 

When food is sufficient, A. aurita is capable of 
extremely rapid growth because of its low carbon 
density, and this results in a large surface area and 
further increase in prey capture capacity. In Kiel Bight, 
for example, the maximum increase in mean bell dia
meter was in the order of 5. 7 mm d- 1 (Moller, 1980), 
while in Southampton Water it was 4.9 mm d- 1 (Lu
cas & Williams, 1994 ). When food is scarce, medusae 
are also capable of reversible shrinkage, which allows 

them to survive considerable periods of starvation. 
There do not appear to be any long-term side-effects, 
as the medusae grow to their original size, and the 
gonads, which may have been resorbed, develop and 
become fertile when food becomes available again 
(Hamner & Jenssen, 197 4 ). 

While these characteristics explain how A. aurita 
populations can take full advantage of their surround
ing environment, they do not explain what governs the 
observed temporal and spatial patterns of abundance 
and distribution, or the longevity of populations. The 
most likely explanation for high medusa abundance in 
shallow, enclosed systems is that there is high recruit
ment at both the planula and ephyra stages because 
of the presence of suitable substrata in shallow wa
ter for the scyphistomae, and containment of the adult 
planula-bearing population (Ishii & Bamstedt, 1998). 
Nonetheless, remarkably little is known about the role 
of reproduction, recruitment and life history strategies 
in governing population size of scyphomedusae, and 
how these might be affected by environmental factors. 

Reproduction and life-history strategies 

Scyphozoans have a life cycle comprising a planktonic 
sexually-reproducing medusa and a benthic asexually
reproducing polyp. Selection occurs at all stages of a 
life cycle, but mortality during the juvenile stages of 
planktonic-benthic life cycles can have a major effect 
on the abundance of the adult population. Thus, mor
tality of the planula, polyps and ephyrae may be im
portant in the development of large inter-annual vari
ations in the abundance of mature medusae. Grondahl 
(1988b) considered mortality of planulae and polyps 
to be more important than mortality of ephyrae and 
medusae for the abundance of the medusa population. 

In contrast to the medusa, we know very little 
about the scyphistoma and its variants. The few studies 
that have examined the benthic phase of the A. aur
ita life cycle include those of Hernroth & Grondahl 
(1985a, b) and Grondahl (1988a, b, 1989) in the 
Gullmarfjord, Sweden, Brewer ( 1978), Keen ( 1987) 
and Keen & Gong ( 1989) in North America, and 
Miyake et al. (1997) and Watanabe & Ishii (2001) 
in Japan. Production of polyps has also been stud
ied in Cyanea capi/lata (Linnaeus) (Grondahl, 1988a; 
Brewer & Feingold, I 991 ), and Chrysaora quinque
cirrha (Desor) (Purcell et al., 1999; Condon et al., 
2001). 



Most of the research on reproduction and life his
tory strategies in the marine environment has been 
carried out on benthic invertebrates. In a given habitat, 
the distribution and abundance of benthic marine in
vertebrates is maintained by 4 factors: recruitment via 
sexual reproduction, migration, mortality and asexual 
reproduction (Chia, 1989), with each of these af
fected by the ambient environment. The roles of food, 
temperature, salinity and photoperiod have long been 
considered important in synchronising annual cycles 
of reproduction and influencing reproductive output in 
marine invertebrates, with much of the evidence based 
on correlations between gonad maturation, spawning, 
and environmental variables (Olive, 1985). Investig
ations into how the reproductive biology of jellyfish 
is affected by environmental conditions are, however, 
extremely rare. 

The life cycle and developmental biology of A. 
aurita has been reviewed comprehensively by Arai 
(1997). Here, I will consider the dynamic interac
tions between A. aurita and its physical and biological 
environment, and how these can lead to blooms of 
medusae. In particular, I will draw upon regions that 
have long-term data sets or have been fairly compre
hensively studied: Kiel Bight in the Baltic Sea, the 
Gullmarfjord in western Sweden, Southampton Wa
ter and Horsea Lake in the U. K., and Tokyo Bay 
and Urazoko Bay in Japan. These studies have been 
invaluable in providing information on complete life 
cycles and inter-annual variability in population dy
namics. In addition to the influence of environmental 
variables on A. aurita, another possibility is that the 
recognised species, A. aurita, is in fact made up 
of more than one species, and that genotype causes 
divergence in physiological and reproductive charac
teristics (Dawson & Martin, 200 I). Brief reference to 
this topic will be made later. 

Life history stages of Aurelia aurita and its 
environment 

Asexual bemhic phase 

Brewer & Feingold ( 1991) recognised that "the tem
poral distribution of the conspicuous medusa is regu
lated by factors affecting the occurrence and activity 
of the inconspicuous polyp", and yet we know very 
little about what influences the benthic phase of the 
life cycle of scyphozoans. As with the pelagic medusa, 
the benthic scyphistoma of A. aurita is highly adapt
able to a wide range of environmental conditions, and 
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has similar feeding and growth characteristics. The 
scyphistoma displays low feeding selectivity (Tsikon
Lukanina et al., 1995), and can also survive several 
months of starvation (Hiromi et al., 1995). The dis
tribution and abundance of the benthic population is 
determined by: ( 1) recruitment of planulae to the 
seabed, (2) vegetative budding of the scyphistoma; 
and (3) inter- and intra-specific predation. Recruitment 
to the pelagic phase usually occurs via strobilation 
of the scyphistoma, although direct development of 
ephyrac from planulae has also been reported (Kakin
uma, 1975). Each of these activities may be stimulated 
or influenced in some way by environmental variables. 

The timing and periodicity of recruitment of plan
ulae to the seabed obviously depends on sexual matur
ation of the adult population, which can either be con
tinuous or occur over a 2-3-month period in summer 
or autumn. Planulae of A. aurita are Iecithotrophic, 
spending between 12 h and 1 week in the water 
column prior to settling. The reason for this time range 
is unclear, but is probably related to the effect of wa
ter temperature on metabolism and survivorship, and 
on turbulence transporting the larvae to suitable sub
strata in shallow water (Schneider & Weisse, 1985). 
Although there is no evidence in the literature, mortal
ity of planulae in the water column is likely to be high. 
Successful recruitment of planulae depends partly on 
the reproductive strategy of the medusa. A. aurita is 
considered to be an r-strategist, so that high mortal
ity is offset by the production of large numbers of 
larvae. The low numbers of larvae that are produced 
in years of high medusa abundance have high organic 
content, which would presumably promote increased 
survivorship to settlement (Schneider, 1988). 

Factors affecting the settlement and subsequent 
metamorphosis of marine invertebrate larvae include: 
(1) predation by benthic fauna, (2) physical charac
teristics of the substratum, including boundary layer 
properties; (3) contact with biofilms; (4) gregari
ous settlement with conspecifics; and (5) presence of 
compounds produced by adults. Often, a hierarchical 
combination of factors is required (see Keen, 1987). 
Polyps of A. aurita are found on the undersides of vir
tually any hard substrata - bare rock, shells, amphipod 
and polychaete tubes, ascidians and macroalgae (Rus
sell, 1970; Rasmussen, 1973; Brewer, 1978; Miyake 
ct al., 1997). They also readily colonise glass, ceramic 
or plastic settling plates. In situ experiments have been 
carried out at a variety of depths between 0.3 and 25 m 
(Keen, 1987; Hernroth & Grondahl, 1985b; Brewer & 
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Feingold, 1991 ), although Russell ( 1970) reports that 
polyps are not found deeper than 20 m. 

Brewer ( 1978) and Grondahl ( 1989) found evid
ence of gregarious settlement and metamorphosis of 
A. aurita planulae, whereas Keen ( 1987) observed that 
recruitment of planulae was dependent on areas of 
low shear stress and relatively thick boundary layer, 
and independent of conspecific density. Based on the 
tidal regimes of the study sites of Keen ( J 987) and 
Grondahl ( 1989), the latter considered that in areas 
with strong water movement (i.e. Eel Pond, Woods 
Hole), hydrodynamic processes were more important 
than conspecific density. Although Grondahl (1989) 
found evidence of gregarious settlement and meta
morphosis, predation experiments by the same author 
(Grondahl, 1988b) also revealed that polyps of A. aur
ita preyed upon planulae of C. capillata and, to a 
lesser degree on planulae of conspecifics. The differ
ence between the two studies was that 4 d old polyps 
(0.28 mm) were used by Grondahl ( 1989), while 10 
d old polyps (0.62 mm), which had better-developed 
feeding tentacles, were used by Grondahl ( 1988b ). 

Dense populations of established A. aurita polyps 
may affect the recruitment of planulae to the seabed 
because they are competing for space and food. 
Grondahl ( 1989) considers that planulae develop be
havioural patterns to settle in areas with conspecific 
polyps, while polyps develop behavioural patterns to 
avoid overcrowding. The relative effects of pulsed or 
continuous inputs of planulae on recruitment success 
are unknown. 

In a major study in the Gullmarfjord (Hernroth & 
Grondahl, 1983, 1985a, b; Grondahl, 1988a, b), set
tling plates were used to evaluate the annual cycle 
of A. aurita polyp development in relation to envir
onmental variables (Fig. 4 ). Peak polyp densities of 
between 60000 and 400000 m-2 occurred between 
July and October following recruitment of planulae. 
Dense aggregations in the field may arise from high 
planulae recruitment as well as from asexual budding 
of new polyps. In the Gullmarfjord, this type of clon
ing occurred in the spring, and so did not contribute 
to the observed peak densities. During the autumn, 
the developing scyphistomae became highly polydisc 
and strobilated between October and mid-November. 
This is the period of peak ephyrae abundance. Occa
sionally, monodisc or moderately polydisc strobilation 
occurred in spring. A dramatic decline in polyp dens
ity during October-November resulted from predation 
by the nudibranch Coryphella verrucosa (M. Sars). 
Because C. verrucosa is highly stenophagous, a tight 
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Figure 5. Relationship between the initial timing of Aurelia aurita 
ephyrac appearance and minimum winter temperature in Southamp
ton Water (Lucas. unpubl. data.). 

coupling between predator and prey abundance was 
observed, so that nudibranch density decreased rap
idly once the polyps had been consumed. Grondahl 
( 1988a) considered interannual variation in ephyrae 
abundance to be controlled by predation of the polyps 
by C. verrucosa. Following the outbreak of C. verru
cosa, the few surviving polyps developed into podo
cysts, and remained as such throughout the winter and 
early spring. The nudibranch Facelina bostoniensis 
(Couthouy) (Thiel, 1962) has also been found to prey 
on A. aurita polyps. 

Little is known about the factors that stimulate 
cyst formation, although scyphistomae seem to en
cyst during unfavourable conditions as a mechanism 
of ensuring the survival of a cohort through to the next 
period of strobilation. In the Gullmarfjord, podocysts 
occur during the winter when both water temperat
ure and zooplankton biomass are at their minimum. 
By contrast, Brewer & Feingold ( 1991) observed that 
Cyanea sp. encysted during the summer, but sugges
ted that this was for protection against predators and 
competitors. 

Polyps of scyphozoans are perennials, surviving 
for up to several years in the laboratory. Reports on in 
situ longevity are scarce, although Brewer & Feingold 
( 1991) considered that polyps in the field could survive 
for prolonged periods of many months in the encysted 
state. Vegetative budding (cloning) of daughter polyps 
helps to counterbalance mortality and increases the 
survivorship of the polyp population for future strobil
ation. Budding in A. aurita is varied (Berrill, 1949). 



Kakinuma ( 1975) identified four main types of asexual 
reproduction: (I) budding from the base of the par
ent; (2) stolon formation; (3) longitudinal fission; and 
( 4) the formation of new polyps from the pedal disc 
(pedal laceration). The controls over asexual prolif
eration are very poorly understood. In Kakinuma's 
laboratory study, elevated temperatures (25 °C) were 
optimal for all types of bud formation. Keen & Gong 
( 1989) found that budding rate and bud size increased 
with feeding frequency. This would suggest that at low 
food levels, the strategy of increasing the surface area 
to volume ratio and maximising the per-polyp rate of 
food capture is preferred over the strategy of utilising 
the limited food resources for producing a few large 
individuals with potentially larger reproductive output 
(strobilation of ephyrae). However, the total volume 
of tissue produced displayed plasticity, depending on 
genotype, food supply and the interaction between the 
two. In the field, budding and stolon formation tend 
to be observed during the summer months, when wa
ter temperatures and zooplankton biomass are elevated 
(see Berrill, 1949; Grondahl, 1988a). 

Initiation of the process of strobilation in A. aurita 
has most frequently been attributed to. or correlated 
with, changing temperature, levels of irradiance and 
food supply, although no variable has been singled 
out as the major regulator (Verwey, 1942; Thiel, 
1962; Spangenberg, 1968). Nevertheless. most au
thors agree that the main period of strobilation occurs 
following a reduction in temperature. Purcell et al. 
(1999) also observed that in C. quinquecirrha, each 5 
°C reduction in temperature delayed peak production 
of ephyrae by I week. The trend of later appear
ance of A. aurita ephyrae at more northerly latitudes 
in Europe (and North America) has been attributed 
to the lower temperatures at these locations (Ver
wey, 1942; Thiel, I 962). However, there are many 
exceptions to this. Within populations, year-to-year 
variations in timing of strobilation are more readily ex
plained by differences in winter temperature (Palmen, 
1954; Rasmussen, 1973). A similar trend of delayed 
ephyrae appearance in colder winters is also observed 
in Southampton Water (Table 2, Fig. 5), although the 
relationship is not significant. Other factors such as 
food availability during the winter period may also 
be important. In contrast to the above observations, 
some A. aurita populations (e.g. Gullmart]ord) con
sistently release their first ephyrae within a 10 d time
period each year (Grondahl, 1988a). It is not clear 
which factor or combination of factors, synchronise 
strobilation to occur in such a small time frame. 
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Food supply also plays a role in the strobilation 
process. Many authors agree that a relatively long 
period of high food density for the build up of storage 
products is necessary for strobilation (Thiel, 1962). In 
addition, the number of segments produced is strongly 
dependent on food availability (Thiel, 1962; Span
genberg, 1968), presumably because well-fed polyps 
grow larger and have greater reproductive capacity 
(Keen & Gong, 1989). Up to 20-30 ephyrae can be 
produced per scyphistoma (Berrill, 1949). In the Gull
marfjord, polydisc strobilation coincided with max
imum zooplankton biomass, while in the spring, when 
zooplankton biomass was low, strobilation either did 
not occur or it was monodisc or moderately polydisc. 
In several locations, such as Kiel Bight and Horsea 
Lake, there is a secondary peak of ephyra abundance 
during mid-late spring, which could be a response to 
elevated food levels. Individual polyps can strobilate 
several times a year in response to high food levels 
(Thiel, 1962), and those that are strobilating may 
become polydisc, so produce more ephyrae per polyp. 

Although some broad generalisations have been 
made regarding strobilation, caution should be ap
plied when directly comparing different populations, 
and there are many more questions than answers. If 
strobilation occurs only a few weeks after a drop in 
temperature (Brewer & Feingold, 1991 ), one would 
expect winter to be the main period of ephyrae release. 
In many populations, however, peak ephyrae release 
occurs during the spring when water temperatures are 
rising (Table 3, Fig. 6). In high latitudes where there 
is winter ice cover, the very low temperatures cause 
strobilation to stop. Therefore, ephyrae release can 
not take place until the late spring (Rasmussen, 1973; 
Kakinuma, 1975). In the Gullmarfjord, however, peak 
strobilation occurs in the autumn before the ice cover 
forms. In this case, strobilation is most likely stimu
lated by a combination of decreasing temperature and 
maximum zooplankton biomass. The reasons for the 
spring occurrence of ephyrae in some warmer environ
ments, such as Tokyo and Urazoko Bays in Japan, and 
Elefsis Bay in Greece are unclear as these locations do 
not experience particularly low winter temperatures. 

What governs the longevity of ephyrae production? 
Ephyrae may occur for only a couple of months (e.g. 
Southampton Water), several times a year (e.g. Hor
sea Lake, Kiel Bight), or year round, as in Jellyfish 
Lake, where temperatures rarely deviate from 31 to 
32 °C. Strobilation can be stimulated throughout the 
year in the laboratory, but conditions are not usually 
representative of the ambient environment. If food is a 
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MEDUSA DENSITY depends on recruitment of 
ephyrae and aggregation (l1ydrodynamics 
and behaviour) 
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POLYP DENSITY depends on successful 
planulae recruitment, asexual budding 
and predation by nudibranchs 

Figure 7. Summary of the role or environment v:iriabks in synchronising and influencing the bcnthic and pdagic stages of the li fe cycle of 
/\11re/io 1111riw (re-drawn from Grondahl, I 988b). 

stimulus for multiple strobilation events, as suggested 
by Thiel ( 1962). what causes ephyrae production to 
occur over a 7-month period in 1-lorsea Lake. where 
there is an extremely numerically- and species-poor 
zooplankton community? Nearby. in the productive 
e. tuary. Southampton Water. ephyrae arc present for 
only a 2-3 month period. 

Our understanding of strobilation and other 
asexual reproductive activ ities has barely advanced 
since the early 1980s, and there clearly ex ists a great 
need to examine these further. It is most likely that 

there exists a dynamic balance between environmental 
variables, in part icular rood availability and tem
perature, synchronising strobilation. The time-period 
between 1he init iation or strobilation and actual re
lease of ephyrae probably depends on the winter min
imum temperature and food availabi l ity affecting the 
strobilation process. Kakinuma ( 1975) reported that 
decreasing temperature in advance-stage strobi lating 
polyps resulted in no separation. while early-stage 
strobilating polyps reverted to non-strobilating polyps. 
Nevertheless. we know very little about the combined 
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Table 3. Timing of the appearance of ephyrae across the latitudes in Western Europe, with corresponding minimum winter temperature and 
temperature at the time of ephyrae release, together with zooplankton abundance or biomass. References: I. Palm en ( 1954 ); 2. Hernroth & 
Grondahl (1983, 1985a); 3. Rasmussen (1973); 4. Olesen ct al. (1994); Riisgard et al. (1995); 5. Thiel (1962). Schneider (1989b); 6. Van Der 
Veer & Oorthuysen ( 1985); 7. Lucas (1996); 8. Lucas & Willimns (1994); 9. Papathanassiou et al. (1987), Panayotidis et al. (1988). nd = no 
data 

Location Ephyrae appearance Temperature (0 C) Zooplankton 

winter minimum at ephyrae release 

I. Tviirminne, Finland May-Aug 0 (Mar-Apr) 

60° 27'N. 22° 02' E 

2. Gullmarfjord, Sweden Nov-Dec ( + Feb-Apr) -1.4-1.0 

58° 19N 11° 32' E (Feb-Mar) 

3. lsefjord, Denmark Nov-Dec ? (Feb-Apr) 0 (Feb 1963) 

55° 451 N 11° 50'E I (Feb 1959) 

4. Kertinge Nor, Denmark Feb-Apr 3.5 (Dec) 

55° 35'N 10° 23'E 

5. Kiel Bight, W. Baltic Sea Dec-Apr(+ May-Jun) I (Jan-Feb) 

54° 2l'N 10° IO'E 

6. Wadden Sea, Holland Feh/Mar ?-May nd 

52° 58'N 04° 46'E 

7. Horsea Lake, U.K. Dec-Jun 5.8 (Jan) 

50° 52'N 01° 06'W 

8. Southampton Water, U.K. Jan/Feb-Mar 2.6-7.9 

50° 54'N 01 ° 251W (Jan) 

9. Elefsis Bay, Greece Jan-Feb (+Apr-May) 10.1-12.1 

38° 021N 23° 33'E (Jan-Feb) 

effects of environmental variables. It is also possible 
that a combination of critical conditions is specific to 
individual populations, and that the response of the 
benthic scyphistoma is partly governed by genotype, 
as is cloning (Keen & Gong, 1989). 

Sexual pelagic phase 

It has been demonstrated above that the balance 
between mortality resulting from inter- and intra
specific predation and the rate of asexual budding 
and strobilation during the benthic phase of the life 
cycle can regulate year-to-year fluctuations in medusa 
abundance. The successful recruitment of planulae 
to the benthic population is also important, and this 

5-6 nd 

10-12 (Nov) Max: Sep-Dec (3-6.5 g OW m-2) 

Min: Jan-Mar 

5 (Mar-Apr 1963) Max: spring 

3-4 (Feb 1959) 

3.5-6.4? <5 mgC m-3 

Max: Mar (30 mg C m-3). Jul (55 mg C m-3) 

5 (Dec) Max: May and autumn 

Min: early spring 

nd Range: 40-60 mg C m-3 in May-Jun 

9.4 (Dec) Max: Jul (4000 m-3) 

Min: winter and mid-summer 

2.6-8.7 Max: May and Oct-Nov (8000 m-3) 

Min: winter and mid-summer 

10.1-12.1 Max: Jan-Apr (l00-471 mg DW m-3 ) 

Min: May-Oct (<50 mg OW m-3) 

depends, in part, on factors that influence sexual 
reproduction during the pelagic phase of the life cycle. 

As with the polyp generation, the distribution 
and biomass of the medusa population depends on 
larval recruitment (i.e. ephyrae production), mortal
ity and growth. Mortality of ephyrae and medusae 
prior to maturation is generally considered to be 
low (Schneider, 1989a). Predators of A. aurita in
clude other pelagic cnidarians such as C. capillata, 
Aequorea victoria (Murbach & Shearer) and Phace/
lophora camtschatica (Brandt) (Arai & Jacobs, 1980; 
Strand & Hamner, 1988; Purcell, 1991; Bamstedt 
et al., 1994), turtles and various fish species (Arai, 
1988; Purcell & Arai, 2001). These may be po
tentially important regulators of medusa abundance 
where predator and prey species co-exist, but it is 



difficult to assess accurately in the field because jelly
fish are not easily identified in gut contents. There are 
also several parasites in A. aurita medusae, with larval 
trematodes and cestodes (Arai, 1988; Purcell & Arai, 
2001 ), and hyperiid amphipods having received most 
attention. Infestations of medusae by the amphipod 
Hyperia galba (Montagu) increase rapidly following 
the maturation of the gonads. It is not clear to what 
extent this might decrease fecundity or mortality of 
the host, although Rasmussen ( 1973) reported '"'v 100% 
infection of A. aurita medusae every summer in the 
Isefjord could account for their "early" disappearance. 

A characteristic feature of all scyphomedusae is 
their ability to utilise the available food resources for 
growth and reproduction, quickly and effectively. Al
though high food availability can result in medusae 
reaching bell diameters of >400 mm, there appears 
to be a density-dependent mechanism governing max
imum bell diameter, whereby dense populations of 
medusae are characterised by small average size. The 
regulation of medusa size has important implications 
for the subsequent maturation and eventual reproduct
ive output of the population. In general, the initial ap
pearance of sexually mature individuals occurs when 
the maximum average size of the population has been 
reached (Rasmussen, 1973; Lucas, 1996; Lucas & 
Lawes, 1998). Considering the wide range in max
imum bell diameter among populations, one would 
also expect considerable variation in size at matur
ity, assuming that it is not size- or age-dependent 
(Table 4 ). There is good evidence that the size of 
sexually mature medusae is influenced by the effect 
of food availability on growth. In laboratory exper
iments, Ishii & Bamstedt ( 1998) demonstrated that 
when food is scarce growth rate slows down, and 
there is a change in energy allocation towards repro
duction. Maturation therefore occurs at a smaller size 
than in well-fed individuals. When food is abund
ant, medusae grow to a large size at the expense 
of gonad development. The A. aurita population in 
Horsea Lake has also been shown to partition the avail
able food resources toward somatic growth when food 
was abundant, and reproductive effort when food was 
scarce (Lucas, 1996 ). 

Within individual populations, although the on
set of maturation occurs first in the largest medusae, 
eventually all medusae mature, even those that are re
latively small. In Southampton Water, a reduction in 
minimum size at maturity from 118 mm in late May 
to 64 mm by mid-June was strongly correlated with 
increasing water temperature (Lucas & Lawes, 1998). 
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Table 4. Variation in the size of sexually mature female mcclusae 
of Aurelia cmriw. both within and among populations. Refer
ences: I. Lucas (1996); 2. Lucas & Lawes (1998); 3. Ishii & 
Bamstedt ( 1998); 4. Spangenberg ( 1965); 5. Yasuda ( 1971 ); 6. 
Omori et al. ( 1995 ). nd = no data 

Location Size at maturity (mm) Ref 
min max 

Horsea Lake. U.K. 19-63 98 1.2 

Southampton Water. U. K. 45-118 135 2 

Vltgsbupollen, Norway (in situ) 50 nd 3 

Vagsbupollen. Norway (well-fed) '?(>156) nd 4 

Laboratory-reared 55 nd 4 

Urazoko Bay, Japan 70 310 5 

Tokyo Bay. Japan 85-90 net 6 

Increased temperature may act directly on the meta
bolic rate of A. aurita, or indirectly on its food supply 
through increased primary and secondary production 
(Lucas & Lawes, 1998). Miyake et al. ( 1997) also 
reported that, as a medusa aged, the more acceler
ated was its gonadal development. In Horsea Lake, 
the relationship between sexual maturation and ambi
ent temperature and food availability is more complex. 
During the spring when temperatures increased, size at 
maturity decreased, as described above. However, fol
lowing an isolated zooplankton peak, both overall size 
and minimum size at maturity increased to 63 mm. 
Thereafter, it decreased to 19-20 mm in December 
as zooplankton biomass and temperature declined. It 
was thought that the extreme food-limitation during 
the autumn and early winter led to either the pre
cocious maturation of young individuals (Hamner & 
Jenssen, 1974), or shrinkage of existing adult medu
sae (Lucas & Lawes, 1998). Differences in the size 
of sexually-mature medusae are likely to influence the 
reproductive output of individuals, which may sub
sequently affect recruitment success of planulae to the 
seabed. The number of planulae produced per female 
increases linearly with body weight (Schneider, 1988; 
Lucas, 1996), although the number of planulae pro
duced at a particular size may vary, depending on food 
availability (Lucas, 1996). 

Somatic and reproductive growth are clearly in 
competition for the assimilated food, so that different 
food conditions will favour either growth or repro
ductive development. The Demographic Theory of life 
history evolution (reviewed by Olive, 1985) states that 
when food is limiting, reproductive effort increases, 
leading to increased fecundity and/or increased sur-
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vivorship of the offspring. Conversely, when food is 
abundant, somatic investment increases, leading to in
creased future output. From a bioenergetic point of 
view, the amount of assimilated food directed into 
growth and reproduction when A. aurita medusae have 
abundant food is 35% and 4%, respectively, whilst in 
food-poor years, these values drop to 18% and 2%, 
respectively (Schneider, I 989a). Although food lim
itation may favour an increase in reproductive effort 
over growth, the overall amount of energy allocated 
to reproduction is higher when medusae are well fed. 
Gonad indices (i.e. gonad weight as a percentage of 
total weight), used as an indicator of reproductive 
condition, also indicate that the amount of energy in
vested into reproduction is greater in well-fed popula
tions compared with severely food-limited populations 
(Lucas & Lawes, 1998). 

Not only does the amount of energy invested into 
reproduction depend on food availability, but also the 
nature of partitioning of the assimilated energy once 
metabolic demands have been met. Variation in repro
ductive output may manifest itself through changes in 
fecundity and/or organic content of the gametes pro
duced. Most life-history models predict that females 
produce many small eggs in favourable conditions, 
and fewer larger eggs in unfavourable conditions (see 
Olive, 1985). This can be seen in A. aurita when com
paring populations in Kiel Bight, Southampton Water, 
and Horsea Lake (Schneider, 1988; Lucas, 1996; Lu
cas & Lawes, 1998). Populations living in food-rich 
environments produce large numbers ( "-65,000) of 
planulae of small size (average 34.6 µ,m dia.) and 
low organic content (0.28 µ,g C). Conversely, food
limited medusae produce fewer planulae ( <5000) that 
are significantly larger (average 40.4 µ,m dia.) and 
have higher organic content (0.68 µ,g C); in other 
words rand k selection. Eckelbarger & Larson ( 1988) 
provided evidence of three types of storage product 
in vitellogenic oocytes: membrane-bound yolk bodies, 
glycogen, and lipid droplets. Planulae from food
limited medusae have higher lipid content than those 
from well-fed medusae (Schneider, 1988). The en
hanced investment in each gamete presumably in
creases the survivorship of offspring, thus improving 
the chances of successful recruitment of planulae lo 
the benthic generation. 

As well as physiological adaptations, behavioural 
mechanisms may also enhance successful recruitment. 
A. aurita medusae are dioecious. In order for high 
fertilisation success to occur, spawning must occur in 
close proximity with individuals of the opposite sex. 

This may take place over a considerable period of time 
as gametogenesis is asynchronous and age structure 
of the population may be heterogenous, depending on 
the periodicity of ephyrae release. Active migration of 
A. aurita medusae during the daytime was observed 
by Hamner et al. ( 1994) in Saanich Inlet, British 
Columbia, and this was interpreted as an aggregation 
mechanism to facilitate reproductive success. The vast 
majority of evidence indicates that medusae are an
nuals, and that once spawning has occurred, medusae 
deteriorate and die, although Miyake et al. ( 1997) 
suggested that medusae could reproduce more than 
once. 

A. aurita medusae clearly display great plasticity in 
their population characteristics in response to environ
mental conditions. Growth, maturation and fecundity 
can even change within a season (Hamner & Jenssen, 
1974; Lucas, 1996). Schneider (1988) suggested, 
rather speculatively, that fluctuations in the production 
of planula larvae by A. aurita depend on the breed
ing strategy of the female medusae, and that breeding 
strategy is regulated by medusa density. However, to 
what degree is reproductive strategy and output gov
erned by phenotypic plasticity or by genotype? The 
study of Lucas & Lawes ( 1998) revealed that al
though there were significant differences in planula 
size between two populations with contrasting food 
supplies, planula size did not vary within a population 
(Horsea Lake), in spite of differences in food supply. 

The role of' genetics 

At the beginning of the 20th century, I 2 Aurelia spe
cies were recognised by Mayer ( 1910). Since then, the 
number of species has been reduced by synonymy, so 
that now three species, A. aurita (Linne), A. limbata 
(Brandt) and most recently A. labiata (Chamisso & 
Eysenhardt) are recognised (Greenberg et al., 1996; 
Wrobel & Mills, 1998; Purcell et al., 2000; Dawson 
& Martin, 200 I). In recent years, there has also been 
much debate as to whether A. aurita is a truly cosmo
politan species, or whether there are in fact distinct 
species, which may have different population charac
teristics. Evidence from ongoing allozyme studies on 
A. aurita (Dawson & Martin, 200 l) suggest that there 
are six divergent groups that probably represent differ
ent 'species', and that at least five additional 'races' 
are spread within three of the six species. Dawson 
& Martin (200 l) suggest that each species is adapted 
to its own habitat, so that over a wide range of lat-



itudes and temperatures, physiological (and possibly 
reproductive) rates are essentially the same. 

Regarding the Horsea Lake and Southampton Wa
ter A. aurita populations, it is possible that the con
trasting food and salinity regimes have caused selec
tion of certain alleles, so that each population has 
adapted to its own particular ambient environment 
(e.g. Powers et al., 1983). In dynamic models of en
ergy allocation (reviewed by Perrin & Sibly, 1993), 
assimilated energy is allocated to maintenance, so
matic growth, storage or reproduction and the nature 
of allocation can change with age. The expected evolu
tionary outcome in different populations is an optimal 
allocation pattern, which depends on the ambient 
environment experienced during the evolutionary pro
cess. Thus, certain reproductive characteristics, such 
as planulae size may be genetically pre-determined 
within a population, regardless of short-term changes 
in food supply. This is rather speculative, however, as 
the Horsea Lake population has been isolated for only 
15-20 years. Nevertheless, selection within the lim
ited gene pool may have yielded gene combinations 
different from those of the ancestral population - the 
so called 'founder effect'. 

Summary and suggested future research directions 

A summary of our current understanding of the inter
active relationships between the benthic and pelagic 
phases of A. aurita and the ambient environment is 
illustrated in Figure 7. The balance between growth 
(planulae recruitment, asexual budding, strobilation) 
and mortality (recruitment failure, predation by con
specific polyps and nudibranchs, extreme conditions) 
in benthic population is clearly a major factor in 
governing recruitment to the pelagic phase and thus 
medusa abundance. However, the benthic phase of the 
life cycle, from planulae recruitment to ephyrae pro
duction, is very complex, and our knowledge of it is 
still very limited. This is in spite of the fact that A. aur
ita is probably the most studied jellyfish. Knowledge 
of other jellyfish is extremely limited. 

Both the benthic and pelagic forms of A. aurita dis
play great adaptability to their ambient environment, 
making it possible for this species to exploit a wide 
range of environments and form mass occurrences. 
It can do this because of plasticity in reproductive 
and life history characteristics. An individual polyp 
can undergo asexual budding, encystment or strobila
tion, depending on ambient conditions of temperature, 
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food. irradiance and possibly predation, to ensure sur
vival to the next generation. Similarly, switches in me
dusa growth and reproductive strategy in response to 
variable food supply results in the production of viable 
larvae that will successfully settle and metamorphose. 
Although it is clear that reproductive strategy is gov
erned by the ambient conditions, it is possible that to a 
certain extent, the strategies are influenced by the me
dusae themselves (i.e. density-dependent regulation 
and genotype). 

The vast majority of research carried out on A. 
aurita and other jellyfish species over the years has 
been concerned with the impact of populations on the 
zooplankton community. Little is known about life 
history strategies, and factors governing them. This is 
somewhat surprising because in order to understand 
which factors control population size and therefore 
predator and prey interactions, a basic knowledge of 
reproduction and recruitment is required. In order to 
improve our understanding of the factors affecting me
dusa abundance, particularly in light of the apparent 
increase in bloom events, I suggest that the following 
areas need to be addressed in future research: 

(I) Greater understanding of the benthic phase of life 
cycle; in particular factors affecting recruitment to 
the medusa population. Simultaneous studies of 
the benthic and pelagic phases of the life cycle 
should be carried out, in order to determine the 
relative roles of the two phases of the life cycle 
in governing population fluctuations. 

(2) The relative roles of phenotypic plasticity and 
genotype in governing population response to the 
ambient environment. 

(3) Further information on medusa reproductive 
strategy in response to environmental conditions, 
and therefore environment change. 

(4) Greater understanding of the nature and import
ance of density-dependent mechanisms controlling 
populations. 
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Abstract 

The continuous changes in the number of newly established polyps of Aurelia aurita (L.) on settling plates under 
natural conditions were observed from August 1998 to September 1999 in Tokyo Bay, Japan. A sharp decline in 
survivorship of newly settled polyps was observed within the first few days, however, survivorship of polyps settled 
in October increased by budding up to 399% after two months. The number of discs in each strobila varied from 
1 to 6, however, most of the strobilae formed single discs. The percentage ratios of the total number of ephyrae 
to the initial number of polyps on settling plates were generally lower than I 0%, but the highest ratio of 594.4% 
was estimated for the polyps settled in October. It is considered that most of the liberated ephyrae originate from 
the polyps settled in October in Tokyo Bay. This study suggests that the occurrence of ripe medusae with planula 
larvae throughout the year contributes to the success of settlement and growth of the polyp stage in Tokyo Bay. 

Introduction 

The scyphomedusan Aurelia aurita (L.) is a cosmo
politan jellyfish observed in many coastal waters (e.g. 
Yasuda, 1971; Van Der Veer & Oorthuysen, 1985; 
Matsakis & Conover, 1991; Lucas & Williams, 1994; 
Schneider & Behrends, 1994; Miyake et al., 1997; 
Ishii & Bamstedt, 1998; Dawson & Martin, 200 I ; Lu
cas, 200 I) and some previous studies described their 
large predation impact on pelagic zooplankton com
munities (Moller, 1984; Van Der Veer & Oorthuysen, 
1985; Behrends & Schneider, 1995; Schneider & 
Behrends, 1998). In Tokyo Bay, mass occurrences of 
medusae are frequently observed in summer and au
tumn (Ishii et al., 1995; Omori et al., 1995; Toyokawa 
et al., 2000) and a decisive role of medusae in the food 
web is suggested (Ishii & Tanaka, 2001). 

The life cycle of A. aurita includes an alternation 
between the benthic polyp and the pelagic medusa 
stages. The polyp stage reproduces asexually by bud
ding and strobilation (Lucas, 200 I), and each disc of a 
strobila liberates an ephyra. The number of ephyrae 
produced is equal to the number of discs in each 
strobila. Therefore, it is important for the prospect of 
mass occurrence of the medusae to know the in situ 

changes in the numbers of polyps and discs in each 
strobila. 

Most of the previous studies on polyps were per
formed by laboratory experiments, and in situ ob
servation of polyps under natural conditions is rare 
(Thiel, 1962; Hernroth & Grondahl, 1983, 1985a, 
b; Grondahl & Hernroth, 1987; Grondahl, 1988a, 
1989). All previous studies described the reduction 
of polyps under natural conditions, and some studies 
implicated the predation impact on polyp population 
(Thiel, 1962; Hernroth & Grondahl, 1985a, b). Thiel 
( 1962) found that the nudibranch, Facelina bostoni
ensis (Couthouy), was an important predater in Kiel 
Fjord, Germany. Hernroth & Grondahl ( 1985a, b) 
carried out in situ observations and laboratory exper
iments and stated that predation on A. aurita polyps, 
especially on older polyps by the nudibranch, Cory
phella verrucosa (M. Sars), was one of the significant 
factors regulating the size of A. aurita medusae pop
ulations. However, the degree and seasonal trends of 
predation effects have not been elucidated. 

Strobilation in A. aurita is usually induced by 
decreasing water temperature (Kakinuma, 1962; Cus
tance, 1964; Kato et al., 1980). This phenomenon co
incided with in situ observations. Thiel ( 1962) found 
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that most polyps (ca. 100%) strobilated between Janu
ary and March and the maximum number of discs in 
each strobila was 3-10 in Kiel Fjord, Germany. In 
situ observations of A. aurita polyps on settling plates 
were also made in Gullmar Fjord, Sweden (Hernroth 
& Grondahl, 1983, 1985a, b, Grondahl & Hernroth, 
1987, Grondahl, 1988a, 1989). Hernroth & Grondahl 
( 1983, 1985a) reported that strobilating polyps of A. 
aurita formed plural discs during autumn and a single 
disc during winter. In spite of observations of various 
numbers of discs in each strobila, the crucial factor 
affecting the number of discs is unknown. These in 
situ investigations gave information about predation 
and strobilation of A. aurita polyps, however, seasonal 
changes in the number of newly settled polyps and 
total number of ephyrae liberated in each polyp are 
unknown. 

In Tokyo Bay, the female medusae with planula 
larvae occur throughout the year (Miyake et al., 1997). 
The planula larvae are always present in the water and 
always potentially can settle on suitable substrates. In 
this study, we observe the changes in the number of 
newly settled polyps of A. aurita on settling plates 
under natural conditions and estimate the percentage 
ratio of the number of ephyrae liberated from polyps to 
the initial number of newly settled polyps. This is the 
first study on polyps in Tokyo Bay and the first in situ 
observation of polyps on settling plates continuously 
throughout one year. 

Materials and methods 

Sampling and in situ experiments 

Sampling of Aurelia aurita medusae was conducted 
in daytime once a month with the T.S. "Hiyodori" of 
Tokyo University of Fisheries in Tokyo Bay, Japan 
from August 1998 to June 1999 (Fig. 1 ). Female me
dusae with planula larvae were scooped from surface 
aggregations with a hand net ( 10 mm mesh size) and 
kept in buckets with ambient seawater. Planula larvae 
were collected by a pipette from the brood sacs of the 
oral arms of ripe female medusae and were immedi
ately transferred to glass bottles filled with ambient 
seawater. 

In the laboratory, the samples of planula lar
vae were cleaned by carefully pouring the planulae 
through a 330 µm mesh net into a 1200 ml bowl filled 
with I µm filtered seawater. Planula larvae were im
mediately transferred to glass bowls containing 200 ml 

of I µm filtered seawater, and a settling plate made 
of acrylic plastic (5 x 6 cm) was floated in each glass 
bowl for the settlement of the planula larvae. After 
I week, the settling plates with newly settled polyps 
were transferred to petri dishes with I µm filtered 
seawater and the number of polyps on each settling 
plate counted using a dissecting microscope. The me
dian and estimated standard error of the number of 
polyps on each plate was 318±99.8. These settling 
plates were kept in a plastic container filled with I /Lm 
filtered seawater and were carried to Stations A and B 
within 3 h (Fig. I). 

At the stations, 3-12 settling plates were attached 
on the upper and lower sides of the base plates 
(25x25 cm) in a large container (50x67x23 cm) 
filled with ambient seawater (Fig. 2). Each base plate 
with the settling plates was horizontally moored from 
the piers at 0.8 and 2.3 m depths at Station A, and at 
0.8 m depth at Station B. We conducted 11 different 
series with different starting dates. We identified the 
series by the starting dates of each observation. 

The observations of polyps on the settling plates 
at both stations were made on day 1, 2, 3, 5 and 
7 during the first week, and once a week there
after. For these observations, the base plates were 
lifted from the sea and placed into large containers 
(50 x 67 x 23 cm) filled with ambient seawater, and the 
settling plates were detached from the base plates. The 
settling plates were immediately moved to a transpar
ent plastic box (13.5 x I 3.5 x 7 cm) filled with ambient 
seawater. Polyps on the settling plates were observed 
with a dissecting microscope during the daytime, and 
the number and diameter of polyps, the number of 
strobilae and the number of discs in each strobila were 
determined. Strobilae were defined as polyps with dis
tinctly formed discs. Other organisms that settled on 
the settling plates were also identified and counted. 
After the observations, the settling plates were re
attached to the base plates and were moored again. 
All observations were carried out until 27 September 
1999. 

Surface temperature and salinity were also meas
ured simultaneously with the polyp observations. Ver
tical profiles of temperature and salinity were meas
ured once a month using a CTD (AST- I 000S, Alec 
Co., Japan). Water sampling was carried out once a 
month using a Van-Dorn Bottle (3 I) at 1.5 m and 
0.8 m depths at Stations A and B, respectively. The 
water sample was concentrated through a 20 µm mesh 
net and subsequently filtered through I µm Whatman 
GF/C filters. The salt contained in any water remaining 



on the filters was eliminated with isotonic ammonium 
formate. The filters were immediately frozen and 
transferred to the laboratory. For the determination of 
the total dry weight of micro- and small zooplankton, 
the filters were dried at 60 °C for 24 h and weighed. 

Calculations 

The mean survivorship of polyps on the settling plates 
on t day (MS, % ) was calculated from the following 
equation; 

MS= [t(P;,/P;o) · 100] /11 

where P;1 is the number of surviving polyps including 
strobilae on each settling plate on t day, P; 0 is the 
initial number of polyps on each settling plate and n 

is the total number of settling plates. 
The cumulative strobilation ratio (R, % ) on the set

tling plates on t day was calculated from the following 
equation; 

[ 

II ( II II )] 
R = tr sir'/ trs; + tr P;' . 100. 

where S;1 ' is the cumulative number of strobilae on 
each settling plate on t day, S; is the total number of 
strobilae on each settling plate during the investigated 
period and P;' is the number of surviving polyps on 
each settling plate on the day the last strobila was 
found. 

The ratio of the total number of strobilae to the 
initial number of polyps (N, % ) was calculated from 
the following equation; 

( 

II II ) 

N = tr S;/ tr P;o · 100. 

The ratios of the total number of ephyrae liberated 
from polyps to the initial number of polyps (E, % ) 
were estimated from the following equation; 

( 

II II ) 

E = tr D;/ tr P;o · 100, 

where D; is the total number of discs on each settling 
plate. 
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Figure I. Medusa sampling area (solid rectangle) and mooring 
stations for the observations of polyps (solid circles) in Tokyo Bay. 
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Fi!:ure 2. Base plates for settling plates. The base plates were hori
zontally moored from the piers at 0.8 and 2.3 m depths at Station A, 
and at 0.8 m depth at Station Bin Tokyo Bay. 
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Figure 3. Monthly changes of water temperature and salinity al Stations A and B in Tokyo Bay from September 1998 to September 1999. 
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Figure 4. Monthly changes in biomass as mg dry weight 1- 1 of 
zooplankton (> 20 µm) at Stations A and B in Tokyo Bay from 
November 1998 to September 1999. 

Results 

Temperature and salinity 

Monthly changes of water temperature and salinity at 
Stations A and B from September 1998 to September 
1999 are shown in Figure 3. The maximum surface 
temperatures were 29.2 °C and 29.8 °C in August and 
the minimum surface temperatures were 9.4 °C and 
10.4 °C in February, at Stations A and B, respect
ively. Variation of salinity among observation dates 
was higher in surface waters. The maximum surface 
salinity was 32.9 psu in March and January, and the 
minimum surface salinity was <0.1 psu and 1.3 psu in 
August, at Stations A and B, respectively. 

Zooplankton biomass 

Monthly changes in biomass as mg dry weight 1- 1 of 
zooplankton at Stations A and B from November 1998 
to September 1999 are shown in Figure 4. The biomass 
increased from winter to spring and it decreased dur
ing summer and autumn at both stations. Maximum 
biomass was 4.7 and 3.8 mg dry weight 1-1 on 8 April, 
1999 at Stations A and B, respectively. Minimum bio
mass was 0.86 and 0.69 mg dry weight 1-1 on 7 July, 
1999 at Stations A and B, respectively. 

Su n1ivorsh ip 

Figure 5 shows the changes in mean survivorship of 
polyps on the upper side of the settling plates at Sta
tions A and B. The numbers of polyps on the settling 
plates rapidly decreased during the first few days after 
the start of observations. Polyps on each plate with 
different starting dates disappeared within 4 months 
at both stations, except for polyps on the settling 
plates of 2 October at Station B. A different pattern 
was found on the settling plates of 2 October; mean 
survivorship reached 159.0% on 20 November 1998. 
Significant differences in the mean survivorship of 
polyps between 0.8 m and 2.3 m depths at Station 
A and between Stations A and B were not observed 
except two and four cases, respectively (Table l ). 

Figure 6 shows changes in mean survivorship of 
polyps on the lower side of the settling plates at Sta
tions A and B. The numbers of polyps on the settling 
plates decreased rapidly with variable patterns dur-



Table I. Results of the statistical analyses by Two-way ANOVA without replication for survivorship of Aurelia aurita polyps on the settling plates on each 
starting date. The results of the analyses among sampling dates were omitted from the table. F and p indicate F-ratios and probability values. respectively 
(*: p < 0.05, **: p < 0.01). Degrees of freedom of each result was I on each analysis. 

Starting date Upper side Lower side Upper Side - Lower Side 

0.8 m-2.3 Ill Sta. A - Sta. B 0.8 m- 2.3 m Sta. A - Sta. B Sta. A0.8 m Sta. A 2.3 m Sta. B 0.8 m 

F p F p F p F p F p F p F p 

31 Aug. 1998 2.422 0.140 16.595 0.004 ** 0.067 0.800 9.046 0.017 * 0.002 0.968 2.077 0.170 1.071 0.359 

2 Oct. 1998 5.710 0.044 * 35.877 < 0.00 I ** 9.526 0.005 ** 24.315 < 0.001 ** 25.852 < 0.00 I ** 33. 177 < 0.00 I ** 36.527 <().00 I ** 

26 Oct. 1998 2.883 0.133 0.001 0.980 2.676 0.128 26.760 < 0.001 ** 19.917 <0.001 ** 9.490 0.0 IO ** 40.591 < 0.00 I ** 

24 Nov. 1998 2.422 0.140 1.498 0.236 16.211 < 0.001 ** 29.969 < 0.001 ** 0.489 0.497 10.685 0.003 ** 21.593 < 0.00 I ** 

15 Dec. 1998 10.779 0.()06 ** 12.833 0.002 ** 3.940 0.060 26.194 < 0.001 ** 21.300 < 0.001 ** 4.092 0.056 13.928 < 0.00 I ** 

26 Jan. 1999 1.444 0.253 12.364 0.005 **12.860 0.003 ** 20.692 < 0.001 ** 4.813 0.051 6.783 0.019* 14.913 0.001 ** 

23 Feb. 1999 0.006 0.941 1.128 0.309 0.845 0.373 7.135 0.017 ** l.982 0.187 0.836 0.375 16.173 0.001 ** 
6 Apr. 1999 1.446 0.268 1.550 0.253 0.492 0.498 11.114 0.008 ** 0.058 0.816 5.505 0.039 * 2.331 0.158 

5 May 1999 1.263 0.290 3.710 0.090 7.477 0.017 * 2.232 0.186 2.641 0.143 13.557 0.003 ** l.181 0.319 

25 May 1999 0.923 0.381 0.043 0.845 9.293 0.023 * 1.360 0.308 2.350 0.186 9.906 0.020 * 1.229 0.349 

6Jul.1999 4.552 0.(>77 5.419 0.059 8.193 0.019 * 0.479 0.511 7.287 0.031 * 7.424 0.023 * 0.468 0.524 

N 
Vl 
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Figure 5. Changes in mean survivorship of Aurelia aurita polyps on the upper side of the settling plates at Stations A and B in Tokyo Bay. 
Starting date is also expressed. 

ing the first few days after the start of observations. 
Polyps on settling plates of 3 I August, 26 January, 23 
February, 6 April, 5 May, 25 May and 6 June disap
peared within 4 months at both stations. But polyps on 
settling plates of 2 October, 26 October, 24 Novem
ber and 15 December survived more than 4 months. 
The mean survivorships of polyps of 2 and 26 Octo
ber reached 320.9% and 393.3% on IO December and 
16 December 1998 at Station B, respectively. Signi
ficant differences of the mean survivorship of polyps 

between 0.8 m and 2.3 m depths at Station A and 
between Stations A and B were observed for six and 
eight cases, respectively (Table 1 ). 

Polyp survivorship was usually higher on the lower 
side. Statistical analyses of the mean survivorship of 
polyps between upper and lower sides at each station 
also showed that there were significant differences on 
each settling plate, especially for the settling plates of 
October (Table l ). No significant differences of the 
survivorship between upper and lower sides of the set-
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Figure 6. Changes in mean survivorship of Aurelia aurita polyps on the lower side of the settling plates at Stations A and B in Tokyo Bay. 
Starting date is also expressed. 

tling plates were found for the plates of 31 August at 
either station (Table I). 

The settling plates were usually invaded by the 
barnacles, Ba/anus eburneus Gould, B. impmvin.rns 
Darwin and B. amphitrite Darwin, the clam worm, 
Polydora ligni Webster, the mussel, Mytilus gallo
provincialis Lamarck. and the amphipod, Corophium 
sp, which grew rapidly on the both sides of the set
tling plates at both stations. All plates were frequently 
covered on both sides with dense aggregations of 

these organisms, such as M. galloprovincialis, which 
completely covered the settling plates after May 1999. 

Strobilation 

Figure 7 shows the changes in cumulative strobilation 
ratios on the upper and lower sides of the settling 
plates at Stations A and B. Strobilae were first ob
served on the lower side of settling plates of 2 October 
at Station B on 10 December 1998. At Station A, 
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Upper side lower side 

Station A Station B Station A Station B 

Starting date 0.8 m 2.3 m 0.8 m 0.8 m 2.3 m 0.8 m 

2 Oct. 1998 0 0 ~ ~ ~ () 

26 Oct. 1998 0 0 ~ C) C) C) 
• 1 

24 Nov. 1998 0 0 C) C) C) C) • 2 

tm3 

15 Dec. 1998 C) C) C) C) C) C) 04 

1§5 

26 Jan. 1999 C) C) C) C) C) C) tm16 

23 Feb. 1999 C) C) C) C) C) C) 

6 Apr. 1999 C) 0 0 C) C) 0 

Figure 8. The frequency of Aurelia auriw strobilae having various number discs in each strobilae. 0 denotes no strobilae observed. 



the cumulative strobilation ratios on the upper sides 
were less than 50%, however, on the lower side, 96. 9-
98.4% of polyps strobilated on the settling plates of 2 
October. By contrast, the cumulative strobilation ra
tios at Station B were nearly l00% on both sides and 
for all settling plates. Strobilation continued for more 
than one month. On 1 May 1999, the last strobila was 
observed on the lower side at Station 8, and all polyps 
disappeared by 31 May 1999. 

Number of discs in each strohila 

Figure 8 shows the frequency of strobilae having vari
ous numbers of discs on each strobila on the settling 
plates. The number of discs varied from I to 6 in 
each strobila, however, 54. 9-100% of the strobilae had 
single disc. Strobilae having plural discs were only 
observed on the settling plates of 2 and 26 October. 
Six discs in a strobila was observed on the lower side 
of the settling plate of 2 October at Station 8. 

Number <~f ephyrae 

We estimated the percentage ratios of the total number 
of strobilae and anticipated ephyrae to the initial m11n
ber of polyps (Table 2). The percentage ratios were 
generally lower than l 0%, however, greater than 200% 
was observed on the lower side of the settling plates of 
2 and 26 October at Station B. The highest percentage 
ratio of 594.4% was observed on the settling plates 
of 26 October at Station 8. Comparisons between 
the upper and lower sides showed that the estimated 
ratios of ephyrae liberated from polyps were signific
antly higher on the lower side of the settling plates 
at 2.3 m depth at Station A (Wilcoxon's signed-ranks 
test, P < 0.01) and at Station B ( P < 0.025). 

Discussion 

Survivorship 

The higher survivorship of polyps on the lower side 
of the settling plates suggests that naturally settled 
polyps will also be observed on the lower side of sub
strata in situ. This phenomenon is frequently observed 
in other coastal waters (e.g. Hernroth & Grondahl, 
1983; Grondahl & Hernroth, 1987; Grondahl, 1988a; 
Miyake et al., 1997). In Japanese waters, SCUBA 
divers observed that polyps settled only on the lower 
side of floating piers (Miyake et al., 1997). In labor
atory experiments, more than 90% of the planula 
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larvae recruited on the lower side of plastic coverslips 
(Brewer, 1978). These studies suggest that cnidarian 
planulae preferentially settle on the lower side of 
substrata, perhaps enabling polyps to avoid sedimenta
tion. In coral reefs, sedimentation is a serious problem 
for the survivorship of polyps in many habitats (e.g. 
Babcock & Davies, 1991; Babcock & Mundy, 1996; 
Gilmour, 1999). In the present study, sedimentation 
was observed only on the upper side, where polyp 
survivorship was lower. 

A rapid decrease in the survivorship of newly 
recruited larvae is also observed in other benthic or
ganisms (Gosselin & Qian, 1997; Hunt & Scheibling, 
1997), indicating that one of the significant causes of 
their mortality is predation by other benthic organ
isms. Grondahl ( 1988b) reported that the mortality rate 
of newly settled polyps in Gull mar Fjord was 4.5-28% 
within IO days after placement in situ. 

In our present study, invasion and growth of 
other organisms were observed on all settling plates. 
From February to September, other organisms such as 
M. galloprovincia/is Lamarck completely covered the 
surface of the settling plates on both sides as a mus
sel bed. The invasion and growth of other organisms 
on the plates decreased from October to December, 
and the abundance of A. aurita polyps increased by 
budding during this period. Of course in nature, some 
polyps can establish colonies which is different from 
our investigations; the importance of the colony effect, 
which could eliminate open space for other organisms, 
remains to be elucidated. In the present study, some 
polyps (i.e. plates of October on lower side in Station 
8) established dense colonies on the settling plates 
and the lower mortality was recorded on this plate. 
If polyps grow continuously without initial reduction 
by competition, they would survive for a long period. 
These findings suggest that competition for space with 
other organisms influence to the survivorship of A. 
aurita polyps. 

Strobi/ation 

A high cumulative strobilation ratio in this study 
means that most of the polyps surviving through
out the strobilation period will strobilate and liberate 
ephyrae. Thiel ( 1962) also reported that ca. l 00% of 
the A. aurita polyps in Kiel F]ord, Germany strobil
ated. Previous laboratory experiments indicated that 
strobilation by A. aurita is initiated by reduction in 
water temperature (Kakinuma, 1962; Custance, 1964; 
Kato et al., 1980). Because of water temperature de-
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Table 2. Percentage ratios of the total number of strobilac and ephyrac liberated from polyps to the initial 
number of polyps. 0 denotes no strobilae observed. 

Started date Station A Station 8 

0.8m 

Strobilae Ephyrae 

Upper side 2 Oct. 1998 0 

26 Oct. 1998 0 

24 Nov. 1998 0 

15 Dec. 1998 0.1 

26 Jan. 1999 0.7 

23 Feb. 1999 1.8 

6 Apr. 1999 0.2 

Lower side 2 Oct. 1998 12.2 

26 Oct. 1998 0.2 

24 Nov. 1998 0.1 

15 Dec. 1998 3.3 
26 Jan. 1999 0.7 

23 Feb. 1999 2.0 

6 Apr. 1999 0.1 

creases from autumn to winter, the autumn recruitment 
and growth of polyps observed in this study should 
reduce the dangerous period when polyps are exposed 
to competition for space with other benthic organisms. 
On the other hand, the reduction and loss of the num
ber of polyps after strobilation suggests that polyp 
lifetime is less than l year or until late spring. As 
mentioned above, the new invasion of other benthic or
ganisms, such as M. gal/oprovincia/is, may cause the 
reduction of the post-strobilated polyps of A. aurita. 
The in situ observation of natural polyps of Grondahl 
( 1988b) and Hernroth & Grondahl ( 1985a, b) revealed 
that the predation impact by other organisms is greater 
on older polyps of A. aurita. We could not observe 
actual predation by other organisms on the settling 
plates, however, from the observation that all polyps 
disappeared by August, we assume that the in situ 
lifetime of polyps is less than I year in Tokyo Bay. 

Cessation of strobilation and loss of polyps may 
also be explained by lowering salinity (Purcell et al., 
1999). In the present study, water salinity decreased 
from winter to spring with a minimum of <0.1 psu on 
I 7 August. Purcell et al. ( 1999) also stated that the low 
salinity ( < 11 psu) inhibits strobilation and the pro
duction of Chrysaora quinquecirrlw (DeSor) polyps 
in Chesapeake Bay, U.S.A. 

0 

0 

0 

0.1 

0.7 

1.8 

0.2 

14.9 

0.2 

0.1 

3.3 

0.7 

2.0 

0.1 

2.3 Ill 0.8m 

Strohilac Ephyrae Strobilae Ephyrae 

0 0 29.7 46.2 

0 0 8.6 9.2 

0 0 2.2 2.2 

0.3 0.3 5.5 5.5 

0.6 0.6 1.6 1.6 

6.5 6.5 16.6 16.6 

0 0 0 0 

19.5 25.1 237.2 292.0 

0.3 0.3 455.6 594.4 

1.9 1.9 9.0 9.0 

2.7 2.7 27.1 27.2 

1.2 1.2 6.8 6.8 

9.0 9.0 11.3 11.3 

0.8 0.8 0 0 

Number of discs in each strobila 

Most of the strobilae in the present study formed 
single discs. In Gullmar Fjord, Sweden, Hernroth & 
Grondahl ( 1983) found plural discs in each strobila 
during autumn and spring with in situ observations 
and a single disc in each strobila only in mid
winter. Hernroth & Grondahl ( 1983) and Grondahl 
& Hernroth ( 1987) suggested that the zooplankton 
biomass in ambient seawater correlated with the oc
currence of plural discs. An increase in the numbers 
of discs in each strobila was reported with an increase 
in food availability in laboratory experiments by Span
genberg ( 1967, 1968). Polyps of A. aurita usually 
formed a single disc after starvation (Spangenberg, 
1967). Spangenberg ( 1968) also reported that the sizes 
of A. aurita polyps apparently influenced the number 
of discs of strobilae and that very small polyps formed 
a single disc. By contrast, Watanabe (unpublished) 
found that each strobila produced 22-30 discs when 
supplied with excess Artemia nauplii as food in labor
atory experiments. All results suggest that the food 
availability was not enough to produce plural discs in 
each strobila during the strobilation period in Tokyo 
Bay. However, further experiments are needed to know 
the relationship with food availability and the number 
of discs produced in each strobila. 



Number of ephyrae 

The number of ephyrae liberated from polyps reflects 
the survivorship at the polyp stage. The present study 
revealed that most of the liberated ephyrae would ori
ginate from polyps recruited in October. On the lower 
side in Station B, it was surprising that 2-5 times 
the initial numbers of settled polyps were produced 
after several months as polyps. If the ephyrae were 
produced continuously from December to April, as 
observed in this study, the cumulative numbers of 
ephyrae collected by net would be highest from March 
to April. This suggestion agrees with previous res
ults of the occurrence of ephyrae by net sampling in 
Tokyo Bay (Sugiura, 1980; Toyokawa & Tcrazaki, 
1994; Omori et al., 1995). Sugiura ( 1980) repor
ted that ephyrae occurred from December to April. 
Toyokawa & Terazaki ( 1994) reported that ephyrae 
were abundant from January to March, and peaked in 
March. Omori et al. ( 1995) also reported that ephyrae 
appeared in March. This suggests that the number of 
polyps newly settled in autumn should contribute to 
the mass occurrence of medusae in next year in Tokyo 
Bay. 

Most of the settled substrate in Tokyo Bay is oc
cupied by the other benthic organisms such as M. 
galloprovincialis (see Furuse & Furota, 1985). This 
observation means that A. aurita polyps are exposed to 
keen competition for space with other organisms, es
pecially during spring and summer as observed in this 
study. If the recruitment of planula larvae is restricted 
to summer as observed in many waters (Van Der Veer 
& Oorthuysen, 1985; Matsakis & Conover, 1991; Lu
cas & Williams, 1994; Schneider & Behrends, 1994; 
Miyake et al., 1997; Ishii & B{m1stedt, 1998), the 
consequent production of ephyrae could be low in 
the following spring. In Tokyo Bay, ripe medusae 
with planula larvae are frequently observed through
out the year (Miyake et al., 1997). It is believed that 
it depends on the abundance of zooplankton, such 
as Oitluma davisae Ferrari & Orsi, as food (Ishii & 
Tanaka, 200 l ) or on rather warm water temperatures 
during the winter (Hamner et al., 1982). The presence 
of ripe medusae with planula larvae. even in autumn 
and winter, would contribute to increasing settlement 
and survival of polyps during the period of low recruit
ment and growth of other benthic organisms, resulting 
an abundant settlement and high survival during the 
polyp stage. This flexibility will explain their success 
in many coastal waters. 
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Abstract 

Mitochondrial and nuclear DNA sequence data indicate considerable phylogeographic structure and at least five 
sibling species of Aurelia in the Pacific Ocean. At least a sixth sibling species can be found in the northwest Atlantic 
Ocean. These data suggest long histories of geographic and ecological sub-division and divergence of populations, 
which are inconsistent with current descriptions of Aurelia as a tri-typic genus in which most populations belong to 
one almost ubiquitous ecological generalist, A. aurita Linnaeus. Existing ecological and systematic descriptions of 
Aurelia, therefore, should be re-evaluated in light of these molecular data. Reciprocally, such re-evaluations should 
facilitate interpretation of the molecular data. Here, we introduce new DNA sequence data from Pacific and Black 
Sea Aurelia and novel ecological data describing tropical Aurelia inhabiting a marine lake in Palau, Micronesia. 
Despite large genetic distances between temperate and tropical Aurelia and the different environments inhabited 
by these populations, their rates of feeding, growth, respiration and swimming are similar. We discuss this result 
in terms of geographic variation and ecological adaptation in Aurelia and also comment on population dynamics, 
blooms, exotic species and the systematics of Aurelia. Finally, we consider briefly the implications of these findings 
for other scyphozoan species. 

Introduction 

The moon jellyfish, Aurelia, is among the most widely 
distributed of all scyphozoans (Mayer, 1910; Arai, 
1997), ranging circumglobally between 70°N and 55 
0 S (Fig. I; Moller, 1980a; Mianzan & Cornelius, 
1999). It also is the best studied of all scyphozoans 
(see references in Arai, 1997). ln situ observations 
and experimental field and laboratory studies, ranging 
in scale from manipulations of groups of organisms 
to biochemical experiments, describe Aurelia, most 
often Aurelia aurita, from Japan eastward and north
ward to Scandinavia. Consequently, although these 
data originate from only a fraction of its range, Aure
lia has provided information sufficient to explore the 
nature and consequences of geographic variation in 
scyphozoans. 

Ecological studies refer to A. aurita as a wide
spread, ecological generalist ( e.g. Kerstan, 1977, cited 
in Behrends & Schneider, 1995; Olesen et al., 1994; 
Miyake et al., 1997; Ishii & Bamstedt, 1998), a 
description supported by its successful invasion of for
eign habitats around the world (Greenberg et al., 1996; 
Wrobel & Mills, 1998). Its aptitude for anthropogenic 
introduction may reflect a flexible life-history and eco
logy that result from adaptation to variable environ
ments, which would be encountered by a widely dis
persing planktonic species over evolutionary time. For 
example, Aurelia medusae feed on many different prey 
items, ranging from ciliates (Stoecker et al., 1987) 
to zooplankton (e.g. Behrends & Schneider, 1995; 
Ishii & Tanaka, 2001) and fish larvae (e.g. Moller, 
1980b), and may absorb dissolved organic matter 
(Shick, 1973, 1975). A. aurita may even sort its food, 
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Figttre I. (A) The known distribution or the genns Aurelia (grey shading: Mayer. 1910: Kramp. 1961, 1965. 1968: Naumov. 196 1: Devaney 
& Eldredge. 1977; Moller, 1980a: Ki ngsford ct al.. 199 1; Colin & Arneson. 1995: Mianzan & Corneli us. 1999: Dawson & Jacobs. submitted: 
northwest Australia - P. Alderslade. pcrs. comm.: southwest Australia - K. Pitt. pcrs. comm.: New Ze,tland - J. Starmer. pers. comm.). 
Black hatching illustrates the geographic locations of populations used in molecular analyses. White bars in the northern Pacific Ocean and 
northwestern Atlantic Ocean indicate approximately the southern limits or Aurelia limbata (Kramp. 1961 ). (13) The locations or Aurelia sampled 
in Palau. (C) Key to geographic locations of Aurcli1t recogniled as genetically distinct by molecular studi<.!s. Numbers. 1-6. indicate six 
putative sibling-species or Aureli1t based on phylogenetic analyses of mitochondrial and nuclear DNA sequence data (Dawson & Jacobs. 200 I: 
this study). Letters. a-c. indicate up to fi ve groups or Aurelia distinguishable by protein electrophoresis: these data indicated close affi ni ties 
between a and a· and between band b' (Zubkoff & Linn. 1975). Roman numerals. i- ii. indicate two groups of Aurelia distinguishable by 
protein electrophoresis: these data suggest the inlroduction or Aurelia from Japan into San Francisco Bay (sjb: Greenberg ct al. . 1996). S11 -
Sooke Basin. Vancouver Island. Canada: N/3y - Newport Bay. Oregon. U.S.A.; TIJ_,· -Tonialcs Bay. Cali fornia. U.S.A.: M IJy - Momcrcy Kay. 
Calil"ornia. U.S.A.: N/Jc - Newport Beach. Cal ifornia. U.S.A .: folly - Tokyo Bay. Japan: [JJLK - Big Jellyfish Lake. Koror. Palau: Nge/1- NJcll 
Channel. Palau: TKCU - Tab Kukau Covt:. Urukthapcl. Palau: Ol .O - Ongacl Lake. Ongacl. Palau: O"/i\4 - Ongcim'I Tkctan. Mechcrchar. 
Palau; TLM - Tkctau Lake. Mcchcrchar, Palau. 

depending upo n what is available, presumably to serve 
best its nutritiona l or energetic needs (Stoecke r et al.. 
1987; Marlin, 1999). Yet, if starved, Aurelia can de
grow (Hamner & Jenssen, 1974), potentially e luding 
death by starvation unti l conditions again are favor
able for growth. Moreover, Ihe benthic scyphistomae 
can reproduce asexually in more than half-a-dozen 
ways (Arai, 1997; Lucas, 200 I; Watanabe & Ishii, 
200 I), allowing a population to persis t and propagate 
even if environmental conditions do not foster sexual 
reproduction (via medusae) for one or more years. 
ff conditions arc favorable, however, such attribu tes 
might also promote the rapid growth or medusae and 
populat ions resulting in ' blooms' or Aurelia. Large, 
often dense, swarms of Aurelia are characteristic of 
protected coastal waters from sub-polar (Purcell ct al.. 
2000) and cold-temperate regions (e.g. Hamner et a l.. 
1994; Olesen et al., 1994) to the trop ics (Hamner et a l., 
1982; Martin, 1999), a lthough aggregations o r je lly-

fi sh typically have been related to behavioral (Hamner 
& Hauri . 198 1: Larson, 1992: Hamner ct a l.. 1994: 
Purcell cl al. , 2000) and hydrographic e ffects (Hamner 
& Schne ide r, 1986; Larson. 1992: Purcell c t al.. 2000). 
Thus, A. auriw may be a quintessentia l gene ra list with 
a suilc of attributes that can be induced by and befi t 
best the particular local environment. 

However, recent mo lecular data suggest the re are 
at least four cryptic species of Aurelia in the North 
Pacific a lone (Dawson & Jacobs, 200 I). Thus. vari
ations on the life-cycle and ecology or Aurelia may 
not be adaptation of a single species to a wide vari
ety of habitats bu1 adaptation of many sibl ing species 
to lm:al conditions (e.g. Be rstadt et a l.. I 995). The 
gene ralist actually may be a composite o f specia lists 
(Fig. I). The mo lecu lar data a re more akin to the tra
ditional Iaxonomy of mo re than 35 years ago, when 
as many as 20 species or varieties of Aurelia were 
recogni zed (e.g. Mayer. 1910: see Kramp. 1968). 



than more recent descriptions of Aurelia as a bipartite 
(Kramp, 1968; Russell, 1970) or tri-partite (Wrobel & 
Mills, 1998; L. Gershwin, pers. comm.) genus. Un
fortunately, while the flux of species names is grist 
to the mills of taxonomists, it confounds the inter
pretation of, among others, systematic, evolutionary, 
conservation and ecological research. 

Here, we present new and summarize briefly the 
existing molecular data that describe Aurelia. We also 
introduce novel ecological data describing a tropical 
population of Aurelia that inhabits a marine lake in 
Palau, Micronesia. We then compare these novel data 
with similar data from more northerly populations and 
discuss their implications for geographical variation 
and ecological adaptation in Aurelia. We also refer 
briefly to introduced species and the systematics of 
Aurelia. Finally, we discuss the implications of these 
data for other scyphozoans. 

Methods 

Phylogenetic analyses 

Mitochondrial cytochrome oxidase c subunit I (COi) 
and nuclear internal transcribed spacer region one 
(ITS I) sequences were concatenated for 19 specimens 
for which complete data are available (see Dawson 
& Jacobs, 200 I; Fig. I). Additional COi and ITS I 
sequences were obtained from Aurelia medusae col
lected (during summer and fall 1999) in Tokyo Bay 
(Japan), Monterey Bay (California), and the Bosporus 
(Turkey) using the method of Dawson & Jacobs (2001; 
modified from Dawson et al., 1998), concatenated, 
and appended to the existing database. These com
bined sequences ( 456 bp COi and 397 bp ITS I) 
were used in •total evidence' (Kluge, 1998) maximum 
parsimony analyses. The default options of the branch
and-bound search option in PAUP4.0 b3a (Swofford, 
2000) were used in all reconstructions. Both acceler
ated and delayed transformation were used. Analyses 
explored the effects of a range of weighting schemes, 
varying from (1) 'equal weighting' of all charac
ters to (2) weighting I st:2nd:3rd positions 4: 18: l, 
transitions:transversions I :3, and COI:ITS I sequences 
I: 1.2, respectively. These schemes reflected inversely 
the number of variable characters in 1st, 2nd and 
3rd positions, the frequency of transitions and trans
versions, and the length discrepancy between COi 
and ITS I sequences. Bootstrap analyses and Bremer 
indices were calculated for unweighted data using 
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PAUP4.0 b3a, PAUP 3.1.1 (Swofford, 1993) and 
TreeRot (Sorenson, 1996). Weighted and unweighted 
data also were analyzed using distance (Neighbor
Joining; Kimura 2-parameter substitution model) and 
maximum likelihood (quartet-puzzling; default op
tions) criteria in PAUP4.0 b3a. 

Ecological studies in Palau, Micronesia 

All research was completed with Aurelia from Big 
Jellyfish Lake, Koror (BJLK), either in situ or at 
the nearby Coral Reef Research Foundation (CRRF), 
Malakai, between September 1994 and December 
I 998. Many of the physical, chemical and some biolo
gical characteristics of BJLK are described by Hamner 
& Hamner ( 1998; see also Hamner & Hauri, 1981 and 
Hamner et al., 1982). Of the many attributes of the 
Aurelia inhabiting BJLK described by Martin ( 1999), 
we present here a subset that are methodologically 
independent such that each attribute, although linked 
irrevocably via the functional biology of the medusa, 
is a discrete estimate of the biology of these Aurelia. 

Respiration rates 

Estimates of daily respiration rates were determined at 
BJLK by enclosing groups of several medusae of sim
ilar size in sealed containers (0.87 or 5.4 I depending 
upon the size of the medusae; mean sizes = 4-26 cm 
bell diameter) for 4 h. A YSI 85, digital, field oxygen 
meter with a polarographic Clarke type sensor was 
used to measure the initial and final dissolved oxy
gen concentrations and temperatures in the containers. 
Control vessels without medusae were used to distin
guish the respiration of incidentally enclosed plankton 
from that of Aurelia. The diameter and wet weight 
(WW, c.f. dry weight, OW) of animals were measured 
at the end of the experiment. The wet weights were 
used to estimate the displacement volume of anim
als (assuming neutral buoyancy) and so to calculate 
the true volume of water used and oxygen consumed 
in each experimental chamber. Respiration rates were 
calculated as µI 02 h- 1 mg ww- 1 and converted 
to 111 02 h- 1 mg ow- 1 using the equation DW = 
0.028 WW (Martin, 1999). 

Dail_v ration 
Gut contents were collected from Aurelia on May 7th, 
1996, between 0845 and 0930 hours, on May 9th and 
23rd, 1997, at 0800, 1200, and 1600 hours, and on 
May 24th-25th, 1997, at 2000, 0000, and 0400 hours. 
Aurelia of all sizes were collected in re-sealable bags 
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from all depths by freedivers or divers using SCUBA. 
Aurelia were taken as quickly as possible to the surface 
where the diameter of each animal was recorded and 
the gut contents evacuated completely from all 4 gast
ric cavities using a clean 60 ml syringe. The syringe's 
contents were expelled immediately into a pre-labeled, 
microcentrofuge tube containing an aliquot of form
alin. The gut contents of each individual were removed 
and preserved generally within 5-10 min of collection. 
Gut contents from a total of 197 individuals, ranging 
from 3 to 29 cm, were collected. 

All gut contents were enumerated under a dis
secting microscope and counts were used to estimate 
individual daily feeding rates (FR = ingestion rates), 
according to the equation: 

FR = number of prey in guts x 

(24/digestion time]= number prey d- 1 

The mean digestion times of copepods (n = 42) and 
bivalve veligers (n = 21) were determined experiment
ally at 30°C by feeding freshly caught zooplankton 
to 21 freshly captured BJLK Aurelia of 4-8 cm bell 
diameter and using a dissection microscope to docu
ment in vivo digestion of individual plankters or food 
boluses at quarter-hour intervals. Feeding rates were 
converted, using values from the literature, to equiva
lent carbon ingestion rates to estimate specific daily 
ration (SDR), i.e. the percentage of the individual's 
carbon content ingested per day (Arai, 1997). The av
erage carbon content of Acrocalanus inermis nauplii 
(0.05 µg C) and post-naupliar individuals (0.54 µg 
C) were taken from Kimmerer (1983) for the same 
species found in Kaneohe Bay, Hawaii. No values 
were available specifically for Oithona oculata so the 
mean carbon content for post-naupliar individuals was 
assumed to equal 0.2 µg C per individual (equiva
lent to Oithona davisae from Tokyo Bay, Japan; Uye, 
1994 ), and 0.02 µg C for nauplii ( Oithona similis 
nauplii from the Kattegat; Sabitini & Kiorbe, I 994). 
Estimates of the carbon content of bivalve and snail 
veligers (0.2 µg C), and fish larvae (6 µg C) and eggs 
( l O µg C), tunicate larvae ( l µg C), harpacticoid cope
pods (2 µg C), and shrimp megalopa (IO µg C) were 
taken from Martinussen & Bamstedt ( 1995). BJLK 
Aurelia carbon content (CC) was calculated using the 
conversion CC = 0.04DW (see Arai, 1997). 

Population dynamics and growth rates 
During field trips between September 1994 and 
December 1998, the Aurelia population in BJLK was 

sampled at weekly to 3-monthly intervals using a I m2 

mouth, I mm mesh, net hauled vertically through 
the entire habitable mixolimnion ( 18 m to surface). 
Sequential lifts were made at l O or 20 m intervals 
along the lengths of two perpendicular transects that 
crossed at the center of the lake. Sampling typically 
was completed during one or two consecutive days. 
The bell diameters of all Aurelia in each haul were 
measured to the nearest 0.5 cm while animals were 
lying exumbrella-down on a flat tray. These diameters 
were used to construct size frequency distributions for 
each sampling event. Growth rates between I l /20/98 
and 1/30/97 were estimated as the change-in-mode 
divided by time between sampling events. However, 
the mode was not always a robust measure of the 
growth of cohorts. Growth rates of Aurelia for 3/97, 
9/98 and 10/98 were estimated using an horizontal 
cohort method based on median values that accounts 
for mortality (Aksnes et al., 1993). This method en
tails dividing the difference between the median values 
of consecutive stages, here defined as consecutive 
sampling events, by the time between those stages. 
This method was preferred because the median is the 
most informative 'average' value of skewed distribu
tions (Steel & Torrie, 1980; Wilkinson et al., 1992), 
always approximated the mean (within 0.8 cm), and 
was more robust than the mode to sampling error. 

Pulse rates 
In December, 1996, and January, 1997, medusae of 
all sizes were selected at random and observed for one 
minute during which time the number of bell contrac
tions (pulses) was counted. A time-budget for swim
ming was estimated by documenting the behaviour of 
medusae for up to half-an-hour. Observations made at 
night used red light. Water temperatures were meas
ured contemporaneously throughout the water column 
of BJLK. This protocol was repeated at a second mar
ine lake, Ongeim'l Tketau (OTM, 'Jellyfish Lake'). 

Results 

Phylogenetic analyses 

All analyses but one recovered topologically the same 
tree (Fig. 2) with only minor variations within each 
of the seven numbered clades. The single excep
tion, maximum likelihood analysis of unweighted data 
which placed clade 2 outside a group containing clades 
3, 4, 5 and 6, likely was attributable to third posi
tions of COi because this topology was not recovered 
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Figure 2. Unrooted phylogenetic tree showing the eludes and evol
utionary relationships supported by phylogenetic reconstructions 
completed for this study. Branch-lengths, the number of nucleotide 
changes or 'mutations' between adjacent nodes, from the 8 equally 
most-parsimonious trees recovered by unweighted parsimony ana
lyses are shown above each branch. (Branch-lengths of all branches 
in clade 5. and the basal branches in clade 5/6 and 6 were vari
able, the average branch-lengths are shown). Bootstrap values (the 
percentage, if >50%, of 1000 bootstrap replicates in which each 
branch occurred, plain text) and Bremer support values (the increase 
in tree length, i.e. deviation from parsimony. required for a branch 
to be absent from the tree, italics) appear below branches. Clade 
numbers correspond to six eludes recognized by Dawson & Jacobs 
(200 I; also see Fig. 1 ), as follows: 1, Atlantic Ocean/Black Sea; 2. 
Californian Province: 3, Oregonian Province; 4. Lagoon; 5, Marine 
Lake; 6, Cove. 

when third pos1t10ns were down-weighted or from 
ITSl data alone. Variation within and between max
imum parsimony analyses was limited to the number 
of shortest trees (2-8), the consistency index (0. 7189-
0. 734 l) and other such indices (e.g. retention index 
= 0.9063-0.9105), and differences of up to 2 steps in 
branch-lengths, depending on the weighting scheme 
employed. All analyses recovered at least five clades 
of Aurelia in the Pacific Ocean, a sixth in the At
lantic Ocean and Black Sea, and suggested shallower 
subdivision of several of these clades (#s 1, 3, & 4; 
Fig. 2). Sequences from Aurelia collected in Monterey 
Bay, California, are essentially indistinguishable from 
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Figure 3. Mean wet weight (WW. g ind- 1 ) versus respiration rate 
(RR; µ I 0 2 h- 1 ind- 1, 30 °C) for Aurelia from BJLK. Error bars are 
included for wet weight because each point comprises multiple indi
viduals enclosed in respirometry chambers. (RR= l.084WW1.o59 . 
R2 =0.982,p < 0.001). 

others in Northern California and Oregon; they fall 
in the Oregonian biogeographic province. In contrast, 
sequences from Aurelia collected in Tokyo Bay, Ja
pan, are related closely to Californian Aurelia and, 
thus, belong to a clade with members from two distant 
biogeographic regions. The sequences from Black Sea 
Aurelia also link two distant biogeographic regions, on 
opposite sides of the North Atlantic Ocean. 

Ecological studies in Palau, Micronesia 

Respiration rates 

Mean respiration rates at 30 °C regressed on mean 
wet weights demonstrated µ,L 02 h- 1 ind. - I= 

l.084 ww1.o59 (WW measured in grams; R2= 0.982; 
p < 0.0005; Fig. 3). 

Daily ration 

The mean digestion time (± 95% confidence interval, 
CI) of BJLK copepods was 0.71 h (±0.05) and bi
valve veligers was 2.3 h (±0.58). The SDR ranged 
from 11 .4% to 1.3% in 1996 (2.9-23.9 cm Aurelia) 
and from 9.9% to 0.3% in 1997 (3.5-29 cm Aure
lia). The log10 of the SDR (log SDR) was related 
to the diameter ( d) of Aurelia according to the equa
tions log SDRt996 = log 0.954-0.026dor log SDR1997 
= log 0.431-0.015d depending on the year of obser
vation (significant negative slope, p < 0.0005 for 
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Figure 4. Specific daily ration (SDR,% of carbon content ingested 
per day) versus bell diameter (d) of Aurelia in BJLK in 1996 (black 
circles, solid line) and 1997 (white circles. dashed line). (A). 1996, 
log[SDR] = log[0.954 - 0.026d] (R2 = 0.45, p < 0.001 ). 1997, 
log[SDR] = logf0.431 -0.015d] (R2 = 0. ISi, p < 0.001 ). (8). 0800 
hours only. Although the slopes of the two regressions are equal 
(ANCOVA. F(l.71) = 0.001; p = 0.997), the SDR is signific
antly greater in 1996 than 1997 (ANCOVA. Fo.72> = 17.006, p < 
0.001). 

both years; Fig. 4a). Comparing similar times between 
years (0800-0900 h only), the slopes of the 1996 and 
1997 regression equations were the same ( Fe 1. 11 > = 
0.001, p = 0.997) although the daily ration was sig
nificantly greater in 1996 (Fct.72) = 17.006, p < 
0.0005; Fig. 4b). 

Population dynamics and growth rates 

On all dates sampled, the population of Aurelia in 
BJLK consisted of a wide size range of individuals 
both sexually immature and mature. The population 
size varied from 1.2 x 105 to 1.6 x 106, and mean 
± 95% CI density from 0.17 ±0.04 medusa m-3 to 
2.7±0.40 medusa m-3• On several occasions between 
1994 and 1998, most notably 1996-97 and 1998, 
obvious peaks in the size-frequency distributions dis
tinguished relatively discrete and large strobilation 

events. Comparisons of successive size-frequency dis
tributions indicated that diameters increased by 0.2-
1.1 cm wk- 1 (mean= 0.7 cm wk- 1; Fig. 5) or 0.02-
0.20 g C wk- 1• The dissipation of cohorts over time 
indicated inter-individual variation in growth rates. 

Pulse rates 

During I -min observation periods, Aurelia medusae 
swam either continuously or discontinuously, the latter 
consisted of series of pulses interrupted by quiescence. 
Continuous pulse rates ranged from 75 to 14 pulses 
min- 1 and discontinuous pulse rates ranged from 20 
to 4 pulses min- 1 in 2-25 cm medusae, respectively, 
between 30 and 31 °C. Medusae that pulsed continu
ously pulsed significantly more frequently than those 
that pulsed discontinuously in both BJLK (ANCOVA, 
Fo,35) = 24.163, p < 0.001) and OTM (ANCOYA, 
F( t ,58) = 19.035, p < 0.00 I) but there was no sig
nificant difference in pulse rates between BJLK and 
OTM Aurelia that pulsed continuously (ANCOYA, 
F< 1. t 2) = 2.363, p = 0.15) nor between BJLK and 
OTM Aurelia that pulsed discontinuously (ANCOVA, 
F(l.81) = 0.134, p = 0.715). All individuals observed 
for longer than one minute swam discontinuously, 
pulsing between 42% and 84% of the time (mean± sd, 
69± 13%, 11 = 7). Pulse rates were correlated inversely 
with the bell diameter of medusae (Fig. 6). 

Discussion 

Geographically concordant patterns of molecular vari
ation in Aurelia have now been described by three in
dependent studies (Zubkoff & Linn, 1975; Greenberg 
et al., 1996; Dawson & Jacobs, 200 I; also this study; 
Fig. I). In the northern Atlantic and Pacific oceans 
alone, at least six clades of Aurelia are distinguishable. 
These clades can be recognized by their geographic 
locations, habitats and unique genetic constitutions 
(Figs I and 2; Zubkoff & Linn, 1975; Greenberg et 
al., 1996), differences that suggest long histories of 
geographically or ecologically structured division and 
divergence of taxa (Avise et al.. 1987; Lynch, 1989; 
Futuyma, 1998; Dawson & Jacobs, 200 I). Whether 
allopatric or sympatric, the division and divergence of 
populations is the beginning and, if sufficiently long
lasting, can be the end of speciation (Ridley, 1993; Fu
tuyma, 1998; but see Grant & Grant, 1998). Comparis
ons of COi and ITS I sequence differences in Aurelia 
with species-level sequence differences in other taxa 
suggest each clade of Aurelia constitutes a distinct 
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Fi!!ure 5. Size-frequency distributions of Aurelia in BJLK between 1996 and 1998. Tracing of mode, or medians (a. h) hcIwccn conscculivc 
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1999.) 

species (Dawson & Jacobs. 200 I ). Recognizing these 
clades as species also is supported by the coincid
ence of geographic or habitat separation with probable 
reproductive and physiological isolation (Dawson & 
Jacobs, 200 I ). Moreover. there are discern ible mor
phological differences between molecularly ident ified 
clacles of Aurelia. and these c lades coincide approx
imately with previous morphological and geographic 
descriptions of A . .flavidula Peron & Lesueur (western 
North Atlantic). A. labia/a Chamisso & Eyscnhardt 
(Pacific North America). A. co/pow Brandt ( Indian 
Ocean to Pacific) A. hrn/i,w Brandt (North Pacific), 
and A. 111aldive11sis Bigelow (Maldive Islands: Mayer. 
19 I 0: Kramp. 1961 ). Thus, the majorit y of data avai l
able at this time suggest strongly that clescript ions or 
Aurelia as a bi - or tri-typic genus in which most pop
ulations belong 10 one almost ubiqui tous generalist. 
A. auriw. are b iogeographical ly and systematically 
overly conservati ve. 

The existence of cryptic species o f Aurelia impl ies 
classical taxonomic studies o f this genus lack resolu
tion. Kramp ( 1965, 1968) noted that there wen: few 
morphological characters that would distinguish rel i
ably the different varieties or A11relia . He attributed 
this to high levels or intra-specific variation and a 

lack or good species ( Kramp. 1965 . 1968). Kramp 
( 1968) recognized only two species or Aurelia: A. 
li111/Jata Brandt and A. aurita. However. Greenberg et 

al. ( 1996) found that only two of 12 morphological 
characters (manubrium length and canal structure) dis
tingu ished reliably two distinct genetic variet ies or 
J\11relia, which suggests there is a dearth or good 
characters and 1101 necessarily a dearth or good spe
cies. lndeccl, molecular studies have demonstrated that 
morphological homoplasy is rampant among marine 
organisms (Knowlton. 1991: Potter ct al.. 1997: see 
also Goslincr & Ghiselin. 1984). 

Phenotypic variation. such as that encountered by 
Kramp ( 1965. 1968) and Greenberg et al. ( 1996). is 
a doublc-cclgccl sword. I f there is 110 1 enough or there 
is too much and it is 110 1 di. tri buted discretely among 
monophyletic taxa. variation wi ll confound the recov
ery or accurate phylogenies (Yang. 1998). However. 
in light or a robust phylogeny. phenotypes can re
veal much about the evolution or taxa. For example, 
convergent evolution o ften indicates intense select
ive pressure (e.g. for eyes on an i lluminated planet 
I Dennett , 1995 : 128. 114 1 and transparency in epipela
gic plankton I McFal l-Ngai. 1990; Hamner. I 9951), 
as does rapid evolut ion (Rooney & Zhang. 1999), 
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whereas high levels of polymorphism or phenotypic 
plasticity suggest selectively neutral traits or selection 
for variation (Takahata, 1993; Futuyma, 1998:384-
390; Rutherford & Lindquist, 1998). The power of 
molecular analyses, therefore, is not necessarily in 
their utility for reconstructing robust phylogenies as 
much as in the ability of robust phylogenies to explain 
patterns of geographic variation. 

Geographic variation ... 

Laboratory experiments demonstrate that the respir
ation rates of many marine invertebrates more than 
double for every IO °C increase in temperature (Arai, 
1997). Similarly, medusae transferred to higher tem
peratures show greatly increased pulse rates (Berstadt 
et al., 1995; see also Arai, 1997: 127-130). Such 
changes in rate with temperature also occur naturally 
and, indeed, the most common patterns of geographic 
variation are clines effected by latitudinal changes in 
temperature (e.g. Briggs, 1974, 1995: 208-211; Un
win & Corbet, 1984; Nybakken, 1988:61; Stevens, 
1989; Huntley & Lopez, 1992; Cockrell et al., 1993; 
Ridley, 1993; Van Voorhies, 1996; Sanz, 1999; but see 
Colwell & Lees, 2000). Variability in ambient tem
perature also affects life-history traits and the more 
variable temperate climate is more demanding phys
ically and evolutionarily than is the relatively benign 
tropical climate (Dobzhansky, 1950; Briggs, 1974; 
Heinze et al., 1998; Schultz et al., 1998). These obser
vations suggest two simple, testable, hypotheses: (H 1) 
that metabolic processes and their effects will be more 
rapid in tropical than in temperate organisms, and 
(H2) that population dynamics will be more seasonally 
variable in temperate regions than in the tropics. 

... and ecological adaptation 

Annual life-cycles predominate in temperate Aurelia. 
Medusae generally are strobilated during spring and 
grow rapidly through summer, become reproductive 
by fall and senescent in late-autumn or early-winter 
(Rasmussen, 1973; Hamner & Jenssen, 1974; Moller, 
1980a; Van Der Veer & Oorthuysen, 1985; Papath
anassiou et al., 1987; Olesen et al., 1994; Costello & 
Mathieu, 1995; Schneider & Behrends, 1998). How
ever, local variations exist. In Southampton Water, the 
cycle occurs between January and June (Lucas & Wil
liams, I 994 ). In the Black Sea, strobilation between 
November and May produces two cohorts, the first 
matures in the spring and the second in the summer 

(Lebedeva & Shushkina, 1991 ). Elsewhere, genera
tions of medusae overlap between years and they may 
(Hamner & Jenssen, 1974; Miyake et al., 1997) or may 
not (Yasuda, I 971; Omori et al., I 995; Lucas, 1996) 
co-exist with reproductive medusae of the subsequent 
generation. 

Cohorts of medusae are obvious in temperate pop
ulations of Aurelia in which strobilation is discrete 
and, like the senescence of medusae, typically an
nual (Moller, 1980a; Papathanassiou et al., 1987; 
Lucas & Williams, 1994; Olesen et al., 1994; Ishii 
& Bamstedt, 1998; Schneider & Behrends, 1998). 
Cohorts also are obvious in populations in which 
medusae persist for more than one season (Yasuda, 
1968; Hamner & Jenssen, 1974; Omori et al., I 995; 
Miyake et al., 1997), strobilation occurs twice per 
year (Rasmussen, 1973; Hernroth & Grondahl, 1985; 
Ledebeva & Shushkina, 1991 ), or strobilation occurs 
for many months of the year (Moller, 1980a; Lu
cas, 1996). Particularly in univoltine populations, the 
strobilation of strong cohorts can rapidly increase the 
density of medusae from effectively zero up to many 
tens (Lucas & Williams, 1994; Lucas, 1996; Nielson 
et al., 1997; Ishii & Bamstedt, 1998) or hundreds per 
cubic meter (Olesen et al., 1994 ). The most dense 
'blooms' occur in fully- or semi-enclosed environ
ments (Ishii & Bamstedt, 1998; see also Youngbluth & 
Bamstedt, 2001) perhaps due to reduced advection, di
lution, and predation compared to more open habitats 
(Ishii & Bamstedt, 1998). 

In contrast, tropical marine lake populations of 
Aurelia perennially consist of abundant medusae of all 
sizes and rarely contain strong cohorts. Here, medu
sae are strobilated and senesce throughout each year. 
In addition, the maximum densities of marine lake 
Aurelia populations are low and the maximum bell 
diameters of medusae high ( > 30 cm) relative to other 
enclosed systems (Table I; Hamner et al., 1982; Ishii 
& Bamstedt, 1998; Martin, 1999). 

The different characteristics of Aurelia populations 
in open, enclosed, and marine lake ecosystems suggest 
important effects of the environment on population 
dynamics. It is tempting to attribute perennial popu
lation structure and continual strobilation, which so 
far are recorded only from marine lake Aurelia, to 
the relatively constant tropical environment (cf. tem
perate regions). For example, marine lake Aurelia 
might be adapted to year-round food availability be
cause more diffuse strobilation dissipates intra-cohort 
competition (see Bridle & Jiggins, 2000), allowing 
medusae to grow larger and thus more fecund (see 
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Table /. Growth rates of Aurelia at different latitudes and temperatures. Additional information. such as population density. prey 
ahundance. and bell diameter of medusae arc provided as these also might influence growth rates. nd, no data. 1 "very low" (Ishii & 
Bamstcdt. 1998) 

Growth Density Location Lat. 
(cmwk- 1) (No. m-3) (ON) 

0.4 0.20-0.23 BJLK- 1996-1997 7 

I.I 0.17-0.20 BJLK - 1997 7 

0.2-0.9 2.5 BJLK - 1998 7 

0.25-0.7 3.1 Urazoko Bay. Japan 35 

0.9 < 0.05-0.35 Tokyo Bay. Japan 35 

0.4 ~7 Horsca Lake. England 51 

3.4 0.5-2 Southampton, England 51 

4.5 < 0.05-0.2 Western Wadden Sea 53 

4 0.09 Kiel Bight - Western Baltic 54 

d).1-1.25 50-125 Kertinge Nor. Denmark 58 

0.5 < 20-60 Kcrtingc Nor. Denmark 58 

< 1.5. max 2.6 5-20 Vagsb0pollcn. Norway 60 

Schneider, 1988; Lucas, 1996; Hansson, 1997). The 
potential for strong cohorts, or 'blooms', then may 
be reduced further by inter-cohort competition from 
larger medusae, which have a disproportionately high 
predation effect per unit bell diameter (Martin, 1999). 
Thus, the reduced 'peakiness' of density distributions 
of marine lake populations might be attributable in 
some way to reduced seasonality. However, protrac
ted life-histories, spread throughout many months and 
even between years, also are apparent in temperate 
populations of Aurelia in enclosed habitats (Hamner 
& Jenssen, 1974; Moller, 1980a; Lucas, 1996 ), sug
gesting other contributing factors, including perhaps 
relaxed selection for synchronized strobilation and 
maturation because adults are rarely advected away 
(Martin, 1999; see also Schneider, 1988). In addi
tion, pulses of strobilation do occur in BJLK (e.g. 
Fig. 5) and may be associated with changes in weather 
patterns (Martin, 1999), suggesting tropical popula
tions may be adapted to respond to smaller climatic 
variations. Indeed, Aurelia in partially-open coves in 
Palau occur in distinct, approximately annual, cohorts 
(Dawson & Martin, pers. obs.) and the same is true 
of Mastigias (Dawson & Martin, pers. obs.). Thus, 
contrary to H2 posited above, seasonality is obvious 
in tropical biota despite only modest seasonality in 
tropical weather (Dobzhansky, 1950). 

Additional comparisons also reveal similarities 
between tropical and temperate Aurelia that are con
trary to the latitudinal clines observed in other plank
ton (Huntley & Lopez, 1992). For example, the short-

T Prey Bell Source 
(OC) (mg C m-3) (cm) 

30 10-16 16-19 This study 

30 10-27 6-16 This study 

30 16 7-9 This study 

11-24 nd 7-19 Yasuda ( I 969, 1971) 

17-23 134 12-17 Omori cl al. ( I 995) 

16±3 :::I 4-5 Lucas ( 1996) 

~12 11-32 3-7 Lucas & Williams ( 1994) 

nd 40-60 6-14 Van Der Veer & Oorthuysen ( 1985) 

~15 nd 5-10 Moller ( 1980h) 

~22 20-60 5-15 Olesen ct al. (l 994) 

nd 20 5-7 Nielson cl al. ( 1997) 

12-15 v. low 1 5-8 Ishii & Bi'tmstcdt (1998) 

term effect of temperature change on respiration rate 
observed in vitro (Arai, 1997) is not realized when 
populations are studied across a range of latitudes 
(Table 2). Similarly, despite numerous factors that 
might influence daily ration (Table 3), growth rate 
(Table I), and pulse rate (Fig. 7; see also Mayer, 1914) 
these metrics are not correlated to latitude. Digestion 
rates of copepods also are similar across a wide range 
of pelagic cnidarians and temperatures (2-4 h; Purcell, 
1997), and faster rates may be attributable to small 
prey size as opposed to different rates of digestion per 
se (Martin, 1999; Ishii & Tanaka, 200 I). Thus, con
trary to HI posited above, the striking feature of these 
comparisons is the relative similarity in rates across a 
wide range of latitudes and temperatures. 

Similarities in physiological indicators such as res
piration, digestion, pulse and growth rates across 
many degrees of latitude and centigrade suggest Aure
lia exhibit temperature compensation (Hochachka & 
Somero, I 984; Cossins & Bowler, 1987; but see 
Clarke, 1993). In light of the molecular variation in 
Aurelia (Figs I and 2), it seems likely that Aure
lia exhibits countergradicnt variation (Martin, 1999), 
i.e. the non-random variation of genotypes across a 
latitudinal gradient such that genetic change counter
balances environmental change (Conover & Schultz, 
1995). For example, increases in the volume and sur
face density of mitochondrial clusters in cold-water 
fish compensate for declining metabolic rates attribut
able to lower temperatures (Johnston et al., 1998). In 
addition, some variants of the mitochondrial gene COi 
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Tt,ble 2. Respiration rates in Aurelia at different latitudes and temperatures. T, Temperature °C; WW. wet weight; DW, dry weight; nd. no data. 
*Cited in Larson, 1987. **Cited in Arai, 1997 

T°C 11L02 h- 1 mg ww-l 1,L 0 2 h- 1 mg ow- 1 Location Latitude 0 N Source 

30 0.0003-0.002 0.01-0.06 Palau 7 This study 

22 nd 0.1 Red Sea 24 Mergner & Svoboda ( 1977)* 

20 0.003-0.011 nd Black Sea 48 Kuzmicheva ( 1980)** 

20 nd 0.014 Black Sea 48 Pavlova ( 1968)** 

10-21 0.002-0.007 0.09-0.36 Black Sea 48 Yakovlcva (1964 )** 

16 0.003-0.005 nd Baltic Sea 56 Thill ( 1937)** 

10-15 nd 0.14-0.24 Vancouver Is., N.E. Pacific 44 Larson ( 1987) 

12-14 0.002-0.004 nd Baltic Sea 56 Kerstan ( 1977 )** 

Tt,ble 3. Specific daily ration(%) achieved by Aurelia at different latitudes and temperatures. Percent daily ration 
calculated from gut contents of medusae and carbon contents of mcdusac and prey. T. Temperature 0 C; r range 
of means; r " mean ± standard deviation 

T°C Diameter (cm) % Daily ration Location 

30 3-29 1.1-6.0 Palau 

16-28 18-21 0.58-5.6r Japan 

IO II 6-8 Black Sea 

IO 8-10 1-2 Black Sea 

9.5 3.5-29 l.8±5Y.s Norway 
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Figure 6. Pulse rate (pulses min- 1) versus bell diameter (cm) for 
individual Aurelia in BJLK (circles) and OTM (triangles), Palau. 
Closed symbols indicate continuous pulsing and open symbols in
dicate discontinuous pulsing. Pulse rate decreases significantly (p 

::: 0.019) with increasing bell diameter in all datasets. Shown are 
regressions (with 95% CI, dashed lines) for all Aurelia pulsing con
tinuously (Y = 1.918 - 0.623x, R2 = 0.913; p < 0.001) and those 
pulsing discontinuously (y = 1.508- 0.51 Ix. R2 = 0.476; p < 0.00 l ). 

are associated with high growth rates in the shrimp 
Penaeus vannamei (Benzie, 1998). Links between 

Latitude 0 N Source 

7 This study 

35 Ishii & Tanaka (2001) 

48 Shushkina & Musyeva (1983) 

48 Shushkina & Amautov ()985) 

60 Martinussen & Bamstedt ( 1995) 

genotype and latitudinal clines in phenotype, as well 
as those between genotypic, phenotypic, and environ
mental variation, are well established in Drosophila 
(e.g. Dobzhansky, 1950; Rutherford & Lindquist, 
1998; Azevedo et al., 1998; van't Land et al., 1999). 

Geographic variation and exotic species 

Current molecular data show that genetically very 
closely related Aurelia exist in Tokyo Bay, San Fran
cisco Bay, and Southern California (clades 2, ii; Figs 
I and 2). The disjunct geographic distribution and 
genetic homogeneity of this clade, compared with 
the distributions and apparently greater genetic het
erogeneity of other clades of Aurelia, suggest this is 
an introduced, or "exotic", species (Figs I and 2; 
also see Greenberg et al., 1996; Bastrop et al., 1998; 
Stepien et al., 1998). The phylogenetic affinity of the 
'exotic' Aurelia for northeastern Pacific Aurelia (clade 
3/c/i; Figs I and 2) suggests the populations in San 
Francisco Bay and Tokyo Bay were introduced from 
southern California. Morphologically and molecularly 
anomolous 'exotic' Aurelia first were observed in 
Foster City, San Francisco Bay, in 1988 (Greenberg et 
al., 1996). However, it is not known whether Aurelia 
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Figure 7. Logw pulse rate versus logiobcll diameter for popula
tions of Aurelia from four different latitudes. All regressions show 
a significant (p < 0.001) decrease in pulse rate with increasing hell 
diameter. Nonvay (Berstadt et al., 1995), 60°N. the in sill/ tem
perature at which Aurelia were collected was l I .2- I 2.0°C and the 
laboratory experiment wa-. conducted at 13 ° C, y = I .883- U.408x. 
R2 = 0.605. Denmark (Olesen, 1995), 55 °N, in siw and lahorn1ory 
temperatures were 15 °C, y = 1.958 - 0.499x. R2 = 0.525. Ca .. 
U.S.A. (Long Beach, California; this study). 34 °N. measurements 
made in situ at 20 °C, y = 2.237 - 0.687x, R2 = 0.822. Palau 
(BJLK and OTM; this study), 7 °N, measurements in situ 29 °C. 
y = 1.925 - 0.635x. R2 = 0.8. Dashed lines indicate 95%, confid
ence intervals on regressions; only the highest and lowest confidence 
intervals for Norway, Denmark, and Palau Aurelia arc shown to 
simplify the diagram. 

that were present in Japan in 1891 and in Tokyo Bay in 
1915 were endemic (Kishinouye, 1891, and Hirasaka, 
1915, cited in Mills, 2001). Similarly, it remains to be 
demonstrated that modern southern California Aure
lia are endemic; this depends on greater geographic 
sampling revealing that southern California Aurelia 
have both greater molecular heterogeneity and a lar
ger continuous range than the introduced populations 
in Tokyo Bay and San Francisco Bay (e.g. Bastrop et 
al., 1998; Slade & Moritz, 1998). Presumably, south
ern California Aurelia also would maintain its current 
close, if not sister taxon, relationship to Oregonian 
Aurelia. The data describing Black Sea Aurelia also 
are provocative. According to historical records, Aure
lia have been present in the Black Sea since at least the 
1950s (Mutlu et al., 1994), but whether they are native 
or introduced remains to be determined, as is also the 
case for Boston Harbor Aurelia. 

The absence of 'exotic' Aurelia from open coastal 
waters in central and northern California (Greenberg 
et al., 1996) suggests that somehow the species is lim
ited to San Francisco Bay and southern California. 
In light of the evidence for local thermal adaptation 
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(Tables 1-3, Fig. 7), it seems likely that, among other 
things, water temperature may be limiting the range 
of 'exotic' Aurelia. Open coastal California waters 
are. on average, about 5 °C cooler than those in San 
Francisco Bay and Southern California (USGS, 1999; 
NOAA, 1999). Japanese bay waters also are consider
ably warmer than those of central California (Yasuda, 
1969; Miyake et al., 1997). Consequently, envir
onmental and genetic variation together may limit 
the spread of 'exotic' Aurelia (see also Bastrop et 
al., 1998). Introductions of Aurelia may be inhibited 
across lines of latitude or, more specifically, isotherms. 
For example, despite frequent shipping between Bo
ston and Japan (MPA, 1999) these populations have 
remained discrete. 

By contrast, introductions along lines of latitude or 
across small temperature changes might be facilitated 
if selective advantages are conferred on the 'exotic' 
relative to the native species. For example, transloca
tion to warmer waters should increase pulse rates and, 
consequently, feeding rates in 'exotic' Aurelia, at least 
initially. The apparently high pulse rates of southern 
California Aurelia (Fig. 7), therefore, may be consist
ent with their introduction from slightly cooler waters 
and might be maintained by selection or an inability to 
acclimate due to the suite of isozymes available (e.g. 
see Zubkoff & Linn, 1975; Greenberg et al., 1996). 
More importantly, such effects might be manifested as 
large changes in population or ecosystem dynamics in
cluding 'blooms' of introduced species (see Shushkina 
& Musayeva, 1990; Zaitsev, 1992; Mutlu et al., 1994). 
Tracing the routes of introductions with molecular 
markers and understanding the genetic contributions 
to successful introductions are, therefore, potentially 
valuable areas of research. 

Implications for other species 

Many scyphozoan species, as defined by morpholo
gical criteria, have large geographic ranges. Hypo
thetically, distant dispersal across an homogeneous, 
continuous, ocean environment has maintained often 
pan-oceanic populations. However, molecular ana
lyses of Aurelia, the most intensively studied jellyfish, 
have revealed considerable morphological homoplasy, 
genetic variation and multiple sibling species (Kramp, 
1965, 1968; Zubkoff & Linn, 1975; Greenberg et al., 
1996; Dawson & Jacobs, 200 I; this study). This sug
gests that other, morphologically simple and widely 
distributed, but less well-studied, medusae also may 
require molecular systematic revision. Cryptic spe-
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cies most likely will be found among cosmopolitan, 
pan-oceanic, and disjunct taxa such as, Atolla vanhoef
feni Russell, Ato/la wyvillei Haeckel, Cyanea capillata 
Linnaeus, Periphylla periphylla Peron & Lesueur, Sty
giomedusa gigantea Browne, and Stomo/ophus melea
gris L. Agassiz (see Wrobel & Mills, 1998). Similarly, 
molecular tools offer an unprecedented opportunity 
to distinguish endemic and introduced populations of 
scyphozoans in the absence of distinguishing mor
phological characters and limited information about 
original distributions (e.g. Bastrop et al., 1998). 

However, the temptation to generalize across taxa 
should be tempered. Although morphological sim
ilarity may mask considerable molecular difference, 
morphological divergence does not necessarily imply 
molecular divergence. Preliminary analyses of Masti
gias from Palau indicate considerable morphological, 
behavioral and ecological diversity but essentially no 
molecular differences in either COi or ITS 1 (Hamner 
& Hauri, 1981; Muscatine & Marian, 1982; McClos
key et al., 1994; Dawson et al., 2001; Dawson, unpubl. 
data). Based on geographical data, the adaptive radi
ation of these populations likely has taken as little as 
IO 000-20 000 years (Hamner & Hauri, 1981; Hamner 
& Hamner, 1998; Dawson, unpubl. data), too little 
time for significant molecular differences to accrue 
in all but the fastest evolving DNA sequences. Thus, 
although there is considerable potential for cryptic 
species in scyphozoans, each taxon must be assayed 
independently. 

Closing remarks 

Morphological simplicity and homoplasy have con
founded the traditional systematics of Aurelia, which 
in turn have confounded the interpretation of ecolo
gical data describing Aurelia. Consequently, Aurelia 
aurita has been described as a nearly cosmopolitan 
ecological generalist. However, new molecular and 
ecological data indicate Aurelia aurita actually is a 
species-complex comprised of numerous locally ad
apted species. Although local adaptation may limit 
the ability of Aurelia to exploit some habitats, care 
must be taken to avoid equating adaptation with ex
treme specialization or lack of variation (see Tables I, 
2 and 3; Fig. 7). At least one species of Aurelia has 
invaded at least two exotic locations and must, there
fore, have a phenotype suitable for at least slightly 
different situations or the potential to express differ
ent phenotypes, i.e. adaptive polymorphism. Notably, 
the evolution of adaptive polymorphism is facilitated 

by overlapping generations (Ellner & Hairston, 1994; 
Sasaki & Ellner, 1997; Sasaki & de Jong, 1999) and so 
may be common in scyphozoans, such as Aurelia, that 
have bipartite life-histories. Moreover, adaptive poly
morphism permits single species to be successful over 
broad geographic ranges (Dobzhansky, 1950). Adapt
ive polymorphism, therefore, may have contributed 
much to the evolutionary success and diversification 
of Aurelia. 

Brown ( 1995) espouses ·macroecology' in which 
inter-population variation is related to both the bi
otic and abiotic environments across large geographic 
scales. Similarly, Miyake et al. ( 1997) encouraged 
future research on population attributes of Aurelia 
and physical features of the environment in the be
lief that inter-population variation is due to phenotypic 
plasticity and local adaptation. Here, we have presen
ted data that suggest local phenotypic variation also 
reflects underlying genetic differences. Similar data 
often are collected routinely during ecological studies 
of scyphozoans and, in lieu of standardized data col
lected specifically for the purpose, we encourage their 
consideration in a phylogenetic context. Eventually, 
despite complicating effects such as morphological 
homoplasy, ecological similarity and introduced spe
cies, the biology of Aurelia should make sense in the 
light of evolution. 

Acknowledgements 

We thank those who provided specimens - the Coral 
Reef Research Foundation, Jack Costello, Haruto 
Ishii, Ahmet Kideys, Polly Rankin, West Wind Sealab 
Supplies, Dave Wrobel - or otherwise made this work 
possible or better by providing information, thought
ful discussion and logistical support - Phil Alderslade, 
anonymous reviewers, Keith Bayha, Paul Cornelius, 
the Coral Reef Research Foundation, Lisa Gershwin, 
Monty Graham, Haruto Ishii, David Jacobs, Wink
ler Maech, Claudia Mills, Makoto Omori, Kylie Pitt, 
Jenny Purcell, Kevin Raskoff, Jamie Seymour, John 
Starmer, Masaya Toyokawa, Francis Toribiong, and 
all at Fish •n Fins. Special thanks are due to Bill and 
Peggy Hamner and to Lori and Pat Colin who have 
supported us in many ways throughout our gradu
ate careers. Our work in Palau has been possible 
due to the support of Palau National Government and 
Koror State Government. This work was funded by 
the University of California, Los Angeles (UCLA), 
the Department of Organismic Biology, Ecology, and 



Evolution at UCLA, the International Women's Fish
ing Association, the American Museum of Natural 
History (Lerner-Grey Award), and the British Schools 
and Universities Foundation. 

References 

Aksnes, D. L., C. B. Miller, M. D. Ohman & S. N. Wood, 1997. 
Eslimalion techniques used in studies of copepod population 
dynamics - a review of underlying assumptions. Sarsia 82: 
279-295. 

Arai, M. N .. 1997. A Functional Biology of Scyphozoa. Chapman 
& Hall, London: 316 pp. 

Avise, J.C., J. Arnold, R. M. Ball, E. Bermingham. T. Lamb, J.E. 
Neigel, C. A. Reeb & N. C. Saunders, 1987. lntraspecific phylo
gcography: the mitochondrial DNA bridge between population 
genetics and systematics. Ann. Rev. Ecol. Syst. 18: 489-522. 

Azevedo. R. 8. R., A. C. James, J. McCabe & L. Partridge, 1998. 
Latitudinal variation of wing:thorax size ratio and wing-aspect 
ratio in Drosophila melcmogaster. Evolution 52: 1353-1362. 

Bastrop, R., K. Jurss & C. Sturmbauer, 1998. Cryptic species in 
a marine polychaete and their independent introduction from 
North America to Europe. Mot. Biol. Evol. 15: 97-I03. 

Behrends, G. & G. Schneider, 1995. Impact of Aurelia cwriw mcdu
sae (Cnidaria, Scyphozoa) on the standing stock and community 
composition of mesozooplankton in the Kiel Bight (western 
Baltic Sea). Mar. Ecol. Prog. Ser. 127: 39-45. 

Benzie. J. A. H., 1998. Pcnaeid genetics and biotechnology. 
Aquaculture 164: 23-47. 

Berstad, V., U. Bumstedt & M. B. Martinussen, 1995. Distribution 
and swimming of the jellyfishes Aurelia aurita and C:w111ea ca
pillata. In Skjoldal, H. R., C. Hopkins, K. E. Erikstad & H. P. 
Leinaas (eds), Ecology of Fjords and Coastal Waters. Elsevier, 
Amsterdam: 257-271. 

Bridle, J. R. & C. D. Jiggins. 2000. Adaptive dynamics: is speciation 
too easy'? Trends. Ecol. Evol. 15: 225-226. 

Briggs, J. C .. 1974. Marine Zoogeography. McGraw-Hill. New 
York: 475 pp. 

Briggs, J. C., 1995. Global Biogeography. Elsevier. Amsterdam: 
454 pp. 

Brown, J. H., 1995. Macroecology. University of Chicago Press. 
Chicago. 269 pp. 

Clarke, A., 1993. Seasonal acclimatization and lutitudinul compens
ation in metabolism: do they exist? Funct. Ecol. 7: 139-149. 

Cockrell. B. J .• S. B. Malcolm & L. P. Brower. 1993. Time, tem
perature, and latitudinal constraints on the annual recolonization 
of eastern North America by the monarch butterfly. In Malcolm. 
S. B. & M. P. Zalucki (eds), Biology and Conservation of the 
Monarch Butterfly. Nat. Hist. Mus. Los Angeles County Sci. Ser. 
38: 233-251. 

Colin, P. L. & C. Arneson, 1995. Tropical Pacific Invertebrates. 
Coral Reef Research Foundation. Coral Reef Press, Beverly 
Hills: 296 pp. 

Colwell, R. K. & D. C. Lees. 2000. The mid-domain effect: geo
metric constraints on the geography of species richness. Trends 
Ecol. Evol. 15: 70-76. 

Conover. D. 0. & E.T. Schultz. 1995. Phenotypic similarity and the 
evolutionary significance of countergradient variation. Trends 
Ecol. Evol. IO: 248-252. 

Cossins. A. R. & K. Bowler. 1987. Temperature Biology of Anim
als. Chapman & Hull, London: 339 pp. 

271 

Costello. J. H. & H. W. Mathieu, 1995. Seasonal abundance of me
dusae in Eel Pond, Massachusetts, U.S.A., during 1990-1991. J. 
Plankton Res. 17: 199-204. 

Dawson, M. N & D. K. Jacobs, 2001. Molecular evidence for cryptic 
species of Aurelia cmrita (Cnidaria. Scyphozoa). Biol. Bull. 200: 
92-96. 

Dawson, M. N. L. E. Martin & L. K. Penland, 2001. Jellyfish 
swarms. tourists and the Christ-child. Hydrobiologia 451 (Dev. 
Hydrobiol. 155): 131-144. 

Dawson, M. N, K. A. Raskoff & D. K. Jacobs, 1998. Preservation 
of marine invertebrate tissues for DNA analyses. Mot. mar. Biol. 
Biotechnol. 7: 145-152. 

Dennell, D. C., 1995. Darwin's Dangerous Idea: Evolution and the 
Meaning of Life. Touchstone, New York: 586 pp. 

Devaney. D. M. & L. G. Eldredge, 1977. Reef and shore fauna of 
Hawaii. B.P. Bishop Mus. spec. Puhl. 64( I). 

Dobzhansky. T .. 1950. Evolution in the tropics. Am. Sci. 38: 209-
221. 

Ellner, S. & N. G. Hairston. 1994. Role of overlapping generations 
in maintaining genetic variation in a fluctuating environment. 
Am. Nat. 143: 403-417. 

Futuyma, D. J .. 1998. Evolutionary Biology. 3rd edn. Sinauer. 
Sunderland: 763 pp. 

Gosliner. T. M. & M. T. Ghiselin. 1984. Parallel evolution in 
opislhobrunch gastropods and its implications for phylogenetic 
methodology. Syst. Zool. 33: 255-274. 

Gram, P. R. & B. R. Grant, 1998. Speciution and hybridization 
of birds on islands. In Grant, R. R. (eel). Evolution on Islands. 
Oxford University Press, Oxford: 142-162. 

Greenberg, N .. R. L. Garthwaite & D. C. Potts. 1996. Allozyme 
and morphological evidence for a newly introduced species of 
Aurl'lia in Sun Francisco Bay, California. Mar. Biol. 125: 401-
410. 

Hamner, W. M .• 1995. Predation, cover. and convergent evolution in 
epipelagic oceans. Mar. Freshwat. Behav. Physiol. 26: 71-89. 

Hamner, W. M. & P. P. Hamner, 1998. Stratitied marine lakes of 
Palau (Western Caroline Islands). Physical Geogr. 19: 175-220. 

Hamner. W. M. & I. R. Hauri, 1981. Long-distance horizontal mi
grations of zooplankton (Scyphomedusae: Mastigias). Limnol. 
Oceunogr. 26: 414-423. 

Hamner, W. M. & R. M. Jenssen. 1974. Growth. degrowth. and 
irreversible cell differentiation in Aurelia cmrita. Am. Zool. 14: 
833-849. 

Hamner, W. M. & D. Schneider, 1986. Regularly spaced rows of 
medusae in the Bering Sea: role of Langmuir circulation. Limnol. 
Oceanogr. 31 : 171-177. 

Hamner, W. M .. R. W. Gilmer & P. P. Hamner, 1982. The physical, 
chemical, and biological characteristics of a stratified, saline, 
sulfide lake in Palau. Limnol. Oceangr. 27: 896-909. 

Hamner, W. M .. P. P. Hamner & S. W. Strand. 1994. Sun-compass 
migration by Aurelia cmrita (Scyphozou): population retention 
and reproduction in Saanich Inlet. British Columbia. Mar. Biol. 
119: 347-356. 

Hansson, L. J .. 1997. Effect of temperature on growth rate of Aure
lia auriw (Cnidaria. Scyphozoa) from Gullmarst]orden, Sweden. 
Mar. Ecol. Prog. Ser. 161: 145-153. 

Heinze, J .• S. Foitzik, V. E. Kipyatkov & E. B. Lopatina, 1998. 
Latitudinal variation in cold hardiness and body size in the boreal 
ant species Leptollwrax acen1orum (Hymenoptera: Formicidae). 
Entomol. Gcneralis 22: 305-312. 

Hernroth. L. & F. Grondahl. 1985. On the biology of Aurelia auriw 
(L.): 2. Major factors regulating the occurrence of ephyrae and 
young mcdusae in the Gullmar Fjord. Western. Sweden. Bull. 
mar. Sci. 37: 567-576. 



272 

Hochachka, P. W. & G. N. Somero, 1984. Biochemical Adaptation. 
Princeton University Press, Princeton: 537 pp. 

Huntley, M. E. & M. D. G. Lopez, I 992. Temperature-dependent 
production or marine copepods: a global synthesis. Am. Nat. 
140: 201-242. 

Ishii, H. & U. Bamstedt, 1998. Food regulation of growth and mat
uration in a natural population of Aurelia cmrita (L.). J. Plankton 
Res. 20: 805-816. 

Ishii, H. & F. Tanaka, 200 I. Food and f ceding of Aurelill aurita 
in Tokyo Bay with an analysis of stomach contents and a meas
urement of digestion times. Hydrobiologia 451 (Dev. Hydrobiol. 
155): 311-320. 

Johnston, I. A., J. Calvo, H. Guderley, D. Fernandez & L. Palmer, 
1998. Latitudinal variation in the abundance and oxidative capa
cities of muscle mitochondria in pcrciform fishes. J. exp. Biol. 
201: 1-12. 

Kimmerer, W. J.. 1983. Direct measurement or the produc
tion:biomass ratio of the subtropical calanoid copepod Ac
roca/a11us i11ermis. J. Plankton Res. 5: 1-14. 

Kingsford, M. J., E. Wolanski & J. H. Choat, 1991. Influence of 
tidally induced fronts and Langmuir circulations on distribution 
and movements of presettlement fishes around a coral reef. Mar. 
Biol. 109: 167-180. 

Kluge, A. G., 1998. Total evidence or taxonomic congruence: 
Cladistics or consensus classification. Cladistics 14: 151-158. 

Knowlton, N., 1993. Sibling species in the sea. Ann. Rev. Ecol. Syst. 
24: 189-216. 

Kramp, P. L., 1961. Synopsis of the medusae of the world. J. Mar. 
biol. Assoc. U.K. 40: 337-342. 

Kramp, P. L., 1965. Some medusae (mainly scyphomedusae) from 
Australian coastal waters. Trans. r. Soc. South Aust. 89: 257-
278. 

Kramp, P. L., 1968. The scyphomedusae collcctccl by the Galathea 
expedition 1950-52. Vidensk. Meddr. Dansk Nuturh. Foren. 31: 
67-98. 

Larson, R. J ., 1987. Respiration and carbon turnover rates of 
medusae from the NE Pacific. Comp. Biochcm. Physiol. 87 A: 
93-100. 

Larson, R. J., 1992. Riding Langmuir circulations and swimming in 
circles: a novel form of clustering behavior by the scyphomedusa 
linuche w1guic11/ata. Mar. Biol. 112: 229-235. 

Lebedeva, L. P. & E. A. Shushkina, 1991. Evaluation of population 
characteristics of the medusa Aurelia aurita in the Black Sea. 
Oceanology 31: 314-319. 

Lucas, C. H., 1996. Population dynamics of Aurelia aurita (Scypho
zoa) from an isolated brackish lake, with particular reference to 
sexual reproduction. J. Plankton Res. 18: 987-1007. 

Luca<;, C. H., 200 I. Reproduction and life history strategies or 
the common jellyfish, Aurelill cmrita, in relation to its am
bient environment. Hydrobiologia 451 (Dev. Hydrobiol. 155): 
229-246. 

Lucas, C. H. & J. A. Williams, 1994. Population dynamics of the 
scyphomedusa Aurelia aurita in Southampton Water. J. Plankton 
Res. 16: 879-895. 

Lynch, J. D., 1989. The gauge of speciation: on the frequencies of 
modes of speciation. In Otte, D. & J. A. Endler (eds), Speciation 
and its Consequences. Sinauer, Sunderland: 527-553. 

Martin, L. E., 1999. The population biology and ecology of Aure
lia sp. (Scyphozoa: Semaeostomeae) in a tropical meromictic 
marine lake in Palau, Micronesia. Ph.D. thesis. University of 
California, Los Angeles: 250 pp. 

Martinussen, M. B. & Bamstedt, U .• 1995. Diet. estimated daily 
food ration and predator impact by the scyphozoan jellyfishes 
Aurelia aurita and Cycmea capillata. In Skjoklal, H. R., C. Hop-

kins, K. E. Eirkstad & H. P. Leinaas (eds), Ecology of Fjord~ and 
Coastal Waters. Elsevier, Amsterdam: 127-145. 

Mayer A.G., 1910. Medusae of the World, Ill: the Scyphomedusae. 
Carnegie Inst. Washington Puhl. I 09: 619-630. 

Mayer A.G., 1914. The effects of temperature upon tropical marine 
animals. Carnegie Inst. Washington Puhl. 183: 55-83. 

McCloskey. L. R., L. Muscatine & F. P. Wilkerson, 1994. Daily pho
tosynthesis, respiration. and carbon budgets in a tropical marine 
jellyfish (Mastigias sp.). Mar. Biol. 119: 13-22. 

McFall-Ngai, M. J., 1990. Crypsis in the pelagic environment. 
Amer. Zool. 30: 175-188. 

Mianzan, H. W. & P. F. S. Cornelius, 1999. Cubomedusae and 
scyphomeclusac. In Bollovskoy, D. (ed.). South Atlantic Zo
oplankton, I. Backhuys, Leiden: 513-559. 

Mills, C. E., 200 I. Jellyfish blooms: are populations increasing 
globally in response to changing ocean conditions? Hydrobio
logia 451 (Dev. Hydrobiol. 155): 55-68. 

Miyake, H., K. lwao & Y. Kakinuma, 1997. Life history and 
environment of Aurelia aurira. South Pacific Study 17: 273-285. 

Moller, H., 1980a. Population dynamics of Aurelia aurita medusae 
in Kiel Bight, Gem1any (FRG). Mar. Biol. 60: 123-128. 

Moller, H., 1980b. Scyphomedusae as predators and food competit
ors of larval fish. Meeresforsch 28: 90-100. 

MPA. 1999. Massachusetts Port Authority. 
hllp://www.massport.com/about/publi.html. 

Muscatine, L. & R. E. Marian. 1982. Dissolved inorganic nitrogen 
flux in symbiotic and nonsymbiotic medusae. Limnol. Oceanogr. 
27: 910-917. 

Mutlu, E .• F. Binge!, A. C. Gucii, V. V. Melnikov, U. Niermann, 
N. A. Ostr & V. E. Zaika, 1994. Distribution of the new invader 
M,wmiopsis sp. and the resident Aurelia aurita and Pleurobra
chia pileus populations in the Black Sea in the years 1991-1993. 
ICES J. mar. Sci. 51: 407-421. 

Naumov, D. V .• 1961. Scyphomedusae of the seas of the USSR. 
Opredeliteli po Faune SSSR 75: 1-98. (In Russian). 

Nielson, A. S., A. W. Pederson & H. U. Riisgard. 1997. Implica
tions of density driven currents for interaction between jellyfish 
(Aurelia aurita) and zooplankton in a Danish fjord. Sarsia 82: 
297-305. 

NOAA, 1999. Coastwatch: ocean color sst. 
http://coastwatch.noaa.gov/COASTWATCH/ 

Nybakken, J. W., 1988. Marine Biology: an Ecological Approach. 
2nd edn. Harper & Row, Cambridge, 514 pp. 

Olesen, N. J., K. Frandsen & H. U. Riisgard, 1994. Population 
dynamics, growth and energetics of jellyfish Aurelia aurita in 
a shallow fjord. Mar. Ecol. Prog. Ser. 105: 9-18. 

Omori, M., H. Ishii & A. Fujinaga. 1995. Life history strategy 
of Aurelia aurita (Cnidaria, Scyphozoa) and its impact on the 
zooplankton community of Tokyo Bay. ICES J. Mar. Sci. 52: 
597-603. 

Papathanassiou, E., P. Panayotidis & K. Anagnostaki, 1987. Notes 
on the biology and ecology of the jellyfish Aurelia aurita Lam. 
in Elcfsis Bay (Saronikos Gulf. Greece). Mar. Ecol. 8: 49-58. 

Potter, D., T. C. Lajeunesse, G. W. Saunders & R. A. Anderson. 
1997. Convergent evolution masks extensive biodiversity among 
marine coccoid picoplankton. Biodiv. Conserv. 6: 99-107. 

Purcell, J. E., 1997. Pelagic cnidarians and ctenophores as pred
ators: Selective predation. feeding rates and effects on prey 
populations. Ann. Inst. Oceanogr. 73: 125-137. 

Purcell, J.E., E. D. Brown, K. D. E. Stokesbury, L. H. Haldorson & 
T. C. Shirley, 2000. Aggregations of the jellyfish Aurelia labiaia: 
abundance, distribution. association with age-0 walleye pollock. 
and behaviors promoting aggregation in Prince William Sound. 
Alaska, U.S.A. Mar. Ecol. Prog. Ser. 195: 145-158. 



Rasmussen, E., 1973. Systematics and ecology of the Iscljord mar
ine fauna (Denmark) with a survey of the eelgrass (Zosrera) 

vegetation and its communities. Ophelia 11: 1-46. 
Ridley, M., 1993. Evolution. Blackwell, Boston: 670 pp. 
Rooney, A. P. & J. Zhang. 1999. Rapid evolution of a primate 

spern1 protein: Relaxation of functional constraint or positive 
Darwinian selection? Mol. Biol. Evol. 16: 706-710. 

Russell, F. S., 1970. The Medusae of the British Isles. II Pelagic 
Scyphozoa with a Supplement to the First Volume on Hy
dromedusac. Cambridge University Press, Cambridge: 284 pp. 

Rutherford. S. L. & S. Lindquist, 1998. Hsp90 as a capacitor for 
morphological evolution. Nature 396: 336-342. 

Sabitini, M. & T. Kiorbe, 1994. Egg production, growth and de
velopment of the eyclopoid copepod Oitluma Jimili.\" . .I. Plankton 
Res. I 6: 1329-1351. 

Sanz, J. J., 1999. Docs daylcngth explain the latitudinal variation 
in clutch size of pied flycatchers Ficedula h_\7w/e11rn'! Ibis 141: 
100-108. 

Sasaki, A. & G. De Jong. 1999. Density dependence and unpre
dictable selection in a heterogeneous environment: compromise 
and polymorphism in the ESS reaction norm. Evolution 53: 
1329-1342. 

Sasaki, A. & S. Ellner. 1997. Quantitative genetic variance main
tained by fluctuating selection with overlapping generations: 
variance components and covariances. Evolution 51: 682-696. 

Schneider, G.. 1988. Larvae production of the common jelly
fish Aurelia auriw in the Western Baltic 1982-1984. Kieler 
Meeresforsch. Sonderh. 6: 295-300. 

Schneider, G. & G. Behrends, 1998. Top-down comrol in a ner
itic plankton system by Aurelia aurita medusae - a summary. 
Ophelia 48: 71-82. 

Schultz, E. T, D. 0. Conover & A. Ehtishmn, 1998. The dead of 
winter: size-dependent variation and genetic differences in sea
sonal mortality among Atlantic silverside (Atherinidae: Menidia 
menidia) from different latitudes. Can. J. Fish. aquatic Sci. 55: 
1149-1157. 

Shick, J.M., 1973. Effects of salinity and starvation on the uptake 
and utilization of dissolved glycine by Aurelia a11rilll polyps. 
Biol. Bull. 144: 172-179. 

Shick. J.M .. 1975. Uptake and utilization of dissolved glycine by 
Aurelia auriw scyphistomae: temperature effects on the uptake 
process: nutritional role of dissolved amino acids. Biol. Bull. 
148: 117-140. 

Shushkina, E. A. & E. I. Musayeva, 1983. The role of jellyfish in the 
energy system of Black Sea plankton communities. Oceanology 
23: 92-96. 

Shushkina, E. A. & E. I. Musayeva, 1990. Structure of planktic 
community of the Black Sea epipelagic zone and its variation 
caused by invasion of a new ctenophore species. Oceanology 30: 
225-228. 

Shushkina, E. A. & G. N. Amautov, 1985. Quantitative distribution 
of the medusa Aurelia and its role in the Black Sea ecosystem. 
Oceanology 25: 102-106. 

Slade, R. W. & C. Moritz. 1998. Phylogeography of 811}<111wri11us 
from its natural and introduced ranges. Proc. r. Soc. Lond. B 265: 
769-777. 

Sorenson, M. D., 1996. TreeRol. University of Michigan, Ann 
Arbor. 

Steel. R. G. D. & J. H. Torrie, 1980. Principles and Procedures 
of Statistics. A Biometrical Approach. 2nd ecln. McGraw-Hill. 
Auckland: 633 pp. 

Stepien, C. A., A. K. Dillon & M. D. Chandler, 1998. Genetic iden
tity, phylogeography and systematics of ruff c Gymnoceplw/11.f in 
the North American Great Lakes and Eurasia. J. Great Lakes Res. 
24: 361-378. 

273 

Stevens. G. C., 1989. The latitudinal gradient in geographical range: 
how so many species co-exist in the tropics. Am. Nat. 133: 240-
256. 

Stoecker. D. K .. A. E. Michaels & L. H. Davis, 1987. Grazing by the 
jellyfish, Aurelia a11ri1a, on mierozooplankton. J. Plankton Res. 
9: 901-915. 

Swofford. D. L.. 1993. PAUP: Phylogenetic Analysis Using Parsi
mony. Version 3.1. Computer program distributed by the Illinois 
Natural History Survey. Champaign, Illinois. 

Swofford. D. L., 2000. PAUP: Phylogenetic Analysis Using Parsi
mony, v.4.0b3a. Smithsonian Institution and Sinauer Associates, 
Sunderland. 

Takahata, N .• 1993. Relaxed natural selection in human populations 
during the Pleistocene. Japan. J. Genet. 68: 539-547. 

Unwin, D. M. & S. A. Corbet. 1984. Wingbeat frequency, tem
perature and body size in bees and flies. Physiol. Entomol. 9: 
I 15-121. 

USGS. 2000. Water quality of San Francisco Bay - temperature time 
serieshttp://sfbay.wr.usgs.gov/access/wqdata 
/overview/examp/charts/temp.html 

Uye, S.. 1994. Replacement of large copepods by small ones 
with eutrophication of embayments: cause and consequence. 
Hydrobiologia 292/293: 513-519. 

Van Der Veer, H. W. & W. Oorthuysen, 1985. Abundance, growth 
and food demand of the scyphomcdusa Aurelia aurita in the 
western Wadden Sea. Neth. J. Sea Res. 19: 38-44. 

Van Voorhies, W. A.. 1996. Bergmann size dines: a simple 
explanation for their occurrence in ectotherms. Evolution 50: 
1259-1264. 

Van't Land, J.. P. Van Putten, B. Zwaan, A. Kamping & W. Van 
Delden. 1999. Latitudinal variation in wild populations of Dro
sophila melwwgaster: heritabilities and reaction norms. J. Evol. 
Biol. 12: 222-232. 

Watanabe, T. & H. Ishii, 200 I. In situ estimation of ephyrae liber
ated from polyps of Aurelia aurita using settling plates in Tokyo 
Bay, Japan. Hydrobiologia 451 (Dev. Hydrobiol. 155): 247-258. 

Wilkinson, L., M. Hill, J. P. Welna & G. K. Birkenbeuel, 1992. 
SYSTAT for Windows: statistics. version 5 edition. SYSTAT 
Inc .. Evanston: 750 pp. 

Wrobel. D. & C. Mills. 1998. Pacific Coast Pelagic Invertebrates, a 
Guide to the Common Gelatinous Animals. Sea Challengers and 
Monterey Bay Aquarium, Monterey: 108 pp. 

Yang. Z.. 1998. On the best evolutionary rate for phylogenetic 
analysis. Syst. Biol. 47: 125-133. 

Yasuda. T., 1968. Ecological studies on the jelly-fish, Aurelia a11rita, 
in Urnzoko Bay, Fukuii Prefecture - II. Occurrence pattern of 
cphyrne. Bull. Jap. Soc. Sci. Fish. 34: 983-987. 

Yasuda. T .. 1969. Ecological studies on the jellyfish, Aurelia aurita, 
in Urazoko Bay. Fukui Prefecture - IV. Occurrence pallern of the 
medusa. Bull. Jap. Soc. Sci. Fish. 35: 1-6. 

Yasuda. T .. 1971. Ecological studies on the jelly-fish, Aurelia aur
iw. in Urnzoko Bay. Fukuii Prefecture - IV. Monthly change in 
bell-length composition and breeding season. Bull. Jap. Soc. Sci. 
Fish. 37: 364-370. 

Youngbluth, M. & U. Bamstedt, 2001. Distribution. abundance, be
havior and metabolism of Periphy/Ja periphy/la, a mesopelagic 
coronate medusa in a Norwegian F~jord. Hydrobiologia 451 (Dev. 
Hydrobiol. 155): 321-333. 

Zaitsev, Y. P.. 1992. Recent changes in the trophic structure of the 
Black Sea. Fish. Oceanogr. I: 180-189. 

Zubkoff. P. L. & A. L. Linn, 1975. lsozymcs of Aurelia aurita 
scyphistonme obtained from different geographical locations. 
In Markert. C. L. (ed.). Isozymes IV: Genetics and Evolution. 
Academic Press, New York: 915-930. 



Hydrobiologia 451: 275-286, 2001. 275 
© 200 I Kluwer Academic Publishers. Pritllc•tl in the Netherland.\·. 

Observations on the distribution and relative abundance of the 
scyphomedusan Chrysaora hysoscella (Linne, 1766) and the hydrozoan 
Aequorea aequorea (Forskal, 1775) in the northern Benguela ecosystem 

Conrad Sparks 1 •2, Emmanuelle Buecher2•3, Andrew S. Brierley4, Bj0rn Erik Axelsen5, 

Helen Boyer6 & Mark J. Gibbons2 

1 Faculty of Applied Sciences, Cape Teclmikon, Box 652, Cape Town, 8000, South Africa 
2Zoology Department, University of the Western Cape, Private Bag X17, Bellville, 7535, South A.fi·ica 
3Laboratoire d'Oceanographie Biologique et Ecologie du Plancton Marin, CNRS/UPMC 7076. Station 
Zoologique, B.P. 28, 06234 Villefranche-sur-Me,; France 
4 British Alltarctic Survey, Biological Sciences Division, High C,vss, Madingley Road, Cambridge, CB3 0ET, U.K. 
5 Jnstitllfe if Marine Research, P. 0. Box 1870 Nordnes, N-5817 Bergen, Norway 
6National Marine lnfonnation and Research Centre, P.O. Box 912, Swakopmund, Namibia 

Key words: jellyfish, cross-shelf distribution, Namibia, spatial-partitioning, visual observations, trawl survey, 
Ecopath 

Abstract 

Observations on the abundance of medusae at the surface were conducted in the northern Benguela ecosystem, 
over the period August 1997-June 1998. The results suggest that Chrysaora hysoscella is found inshore, whereas 
Aequorea aequorea tends to be found offshore. Although these relative observations are subject to bias caused by 
seasonal changes in the survey area, they are generally supported by the results of correlation analyses, and by the 
results of a more quantitative, cross-shelf trawl survey. Both species of medusae display marked patchiness, and 
can be very abundant. They appear to have mostly non-overlapping patterns of distribution in the upper layers of 
the water column, and so are able exert a consistent predation pressure across the width of the continental shelf. The 
estimates of biomass obtained are used as input variables to existing models of energy flow within the ecosystem. 

Introduction 

The Benguela ecosystem is one of the major upwelling 
areas of the world, and extends from northern Nami
bia (""' I 7 °S), to south of Cape Point in South Africa 
(34 °S). The Luderitz upwelling cell (----27 °S) rep
resents a natural internal boundary to the system, and 
the areas to either side are referred to as the northern 
and southern Benguela (Shannon, 1985). The waters 
of the northern Benguela are less markedly seasonal 
than they are in the south (Shannon, op cit.; Estrada 
& Marrase, 1987), and support a higher biomass ow
ing to the less dynamic oceanography (Brown et al.. 
1991). 

Although the dominant large medusae currently 
observed in the northern Benguela ecosystem are the 
scyphomedusan Chrysaora hysoscella (Linne, 1766) 

and the hydromedusan Aequorea aequorea (Forskal, 
1775), the detailed plankton studies that were conduc
ted in the region during the 1950s (Hart & Currie, 
1960) and 1960s (Stander & De Decker, 1969) did 
not report the presence of either species. C. hysos
cella and A. aequorea were first noted in the early 
1970s by King & O'Toole ( 1973), Cram & Visser 
( 1973) and Schillein ( 1974) during their investigations 
on commercially important fishes. These studies did 
not examine either C. hysoscella or A. aequorea in any 
detail, however, and the first quantitative studies were 
only forthcoming some 15 years later (Venter, 1988; 
Fearon et al., 1992). Although both these latter stud
ies reported on the abundance of large medusae in the 
region, they were based either on incidental statistics 
collected from the fishing industry (Venter, op. cit.), 
or from small-mouth Bongo nets (Fearon et al., op 
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cit.). Both data sets are therefore, biased - the former 
by the problems attendant with fisheries dependent 
data (e.g. selective operational area, marked season
ality and poor records), and the latter by inadequate 
sampling. As a consequence they can only provide 
data of a relative nature. The most rigorous study of 
medusae in the northern Benguela was conducted by 
Pages ( 1991 ), and it focused on small (principally 
hydro-) medusae that were collected by bongo nets. 
Despite the disparate methods that have hitherto been 
employed to study medusae in the region, they all 
agree on the dominant species present and on their 
general pattern of distribution. 

The apparent increase in large medusae that has 
been observed in the northern Benguela ecosystem has 
been observed elsewhere in the world (Mills, 200 I). 
Brodeur et al. ( 1999) documented a substantial in
crease in gelatinous zooplankton in the Bering Sea 
over the last 20 years, and Graham (200 I ) noted an 
increase in the abundance of Chrysaora quinquecirrha 
and Aurelia aurita in the Gulf of Mexico. A number 
of explanations have been put forward to explain these 
increases including climate change (Mills, 200 I), eu
trophication (Arai, 200 I) and overfishing (Purcell & 
Arai, 2001 ). 

Medusae are carnivorous, and can have negative 
impacts on zooplankton populations (e.g., Behrends & 
Schneider, 1995; Feigenbaum & Kelly, 1984; Purcell 
1992) and fish eggs and larvae (reviewed in Purcell 
& Arai, 200 I) when they occur at high densities. 
They are thought to have an important, if unquan
tified, role in the structure of pelagic ecosystems 
(Hernroth & Grondahl, 1983). In the Benguela eco
system, large medusae spoil and reduce fish catches, 
and are thought to interfere with the hydroacoustic as
sessment of pelagic fish stocks (Brierley et al., 200 I; 
D. Boyer, NatMIRC, Swakopmund, pers. comm.). Al
though medusae are clearly important from an ecosys
tem and commercial point of view, the general decline 
in funds for ocean-going research in southern Africa 
has meant that studies on species of no direct com
mercial value have become limited. Research efforts 
directed towards medusae have, therefore, been of low 
priority, and have been conducted mainly opportunist
ically. The studies presented here are of such a nature, 
and deal largely with cross-shelf and alongshore pat
terns of distribution determined from observations of 
medusae at the surface that were conducted aboard 
cruises of opportunity. 

Materials and methods 

Observations of C. hysoscel/a and A. aequorea were 
made from the bow of the RV Welwitschia between 
August 1997 and June 1998. The data were collec
ted from six cruises in the area between 17 ° S and 
28 °S. Observations were concentrated between the 
Cunene River (17° 30' S) and Conception Bay (24° 
S) (Fig. I a). All observations (11 = 410) were made 
during the day between 07:00 and 18:00. Medusae 
were identified and counted within a band 5 m wide 
to the front of the bow, whilst the ship steamed at 
10 knots. Counts were carried out for 10 minutes 
every hour, subject to visibility and sea-state, and 
these were converted to densities using knowledge of 
the distance steamed. When dense patches of medu
sae were observed within any sampling period, counts 
were estimated from smaller areas and then multi
plied up by total patch area. No effort was made to 
examine patchiness within any sampling period, and 
so estimated density was based on the total counts 
per sampling period. Information on latitude, longit
ude, time and sea-surface temperature were recorded 
with each observation (sea-surface salinity was not 
recorded). Correlation analyses between these envir
onmental variables and surface abundance were con
ducted using Statistica software. Only those data that 
were collected when the sea was flat and the visibility 
was good were used in the analyses. 

Additional information on the cross-shelf distribu
tion of large medusae was provided by a trawl survey 
conducted between 31 August and 6 September 1999 
aboard the RV D,: Fridtjo.f Nansen. The survey tran
sect was situated off central Namibia (22° S), and 
extended between 12° 42' E (water depth 430 m) and 
13° 47' E ( I 02 m) (Fig. I a). A total of 66 trawls were 
conducted using a pelagic Akra trawl fitted with two 
nets of similar design. The smaller net was fitted with 
a Multisampler (Skeide et al., 1997) that enabled three 
separate samples to be collected from a single trawl, 
and the larger net was fitted with balloon floats that 
enabled surface (between 19 and 31 m) trawls to be 
made. The towing time varied between 2 and 15 min. 
The nets were towed at a speed of 3 knots. The nets 
had circular mouth openings of 12 m diameter, and 
they were fitted with a mesh that reduced in size from 
400 mm diameter at the mouth, to 36 mm diameter at 
the cod-end. Few of the tows sampled the entire wa
ter column and most (78%) sampled within the upper 
50 m only. Two trawls fished at depths greater than 200 
m. CTD casts were made with a Seabird SBE 9+ probe 
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(SBE 11 + deck unit) to near bottom at six locations 
along the transect. Station spacings corresponded to 
approximately 50 m increments in bottom depth. 

Results 

A total of six surveys were conducted in the area 
between Conception Point (24° S) and the Cunene 
River ( 17° S) (Fig. 1 a), during the period August 1997 
and July 1998. The study area varied between the 

surveys (Fig. I a), as did the number of observations 
(N = 133, autumn; N = I 04, winter; N = 89, spring; 
N = 84, summer). Sea surface temperature (SST) var
ied between IO and 22 °C during the study period, and 
the modal SST of the samples was 17 °C (Fig. 2a). The 
mean SST of the survey area over the course of the 
study period was 17.4 °C, but this varied on a seasonal 
basis (18.68 °C, summer; 17.64 °C, autumn; 16.97 
°C, winter; 17 .37 °C, spring). SST was significantly 
affected by both latitude and longitude (stepwise mul-
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ti pie regression analysis. p < 0.000 I ), and warmer 
water was encountered offshore and Lo the nonh. 

Over the course o f the year. C. liysosce//a was re
corded throughout the entire observat ion area (Fig. I c) 
(11 = 97). The spec ies was characteri sed by gener-

ally low abundance ( < IO medusae per observation) 
throughout the observation area but high(> I 00 medu
sae per observation) densities were recorded close to 
shore. Highest densities(> 1000 medusae per obser
vation) were observed inshore. between Rocky Point 



( 19° S) and Palgrave Point (20° 30' S). The dis
tribution of A. aequorea (n = 55) was sparser than 
C. hysoscella, particularly in the southern regions of 
the observation area between 22° S and 24° S. A. 
aequorea was most abundant between Palgrave Point 
and the Cunene River (Fig. Id). 

Although neither species of medusae occurred in 
samples collected at the extremes of SST observed, 
C. hysoscella tended to be found more frequently at 
temperatures ~ 16 °C (31 % ) than A. aequorea (24%) 
(Fig. 2a). Temperatures within this range were found 
in the inshore and southern waters of the study area 
(Fig. 1 b ). It would appear from the distribution of A. 
aequorea in relation to longitudinal classes, that this 
species occurred further offshore than C. hysoscel/a 
(Fig. 2b ). Longitude has been used as a proxy for depth 
(in the absence of these data), due to the near linear 
coastline and narrow continental shelf within the study 
area. 79% of the observations of A. aequorea occurred 
north of 22 °S, as opposed to only 53% of those of C. 
hysoscella (Fig. 2c). 

An analysis of the correlations between abund
ance and the various environmental parameters (time 
of observation, SST, latitude and longitude), revealed 
some conflicting results. When the entire data set was 
analysed, the only significant (p < 0.05) correlation 
was between C. hysoscella and observational time. An 
examination of the scatter-plot between observational 
abundance and time (Fig. 3) suggested that the num
bers of C. hysoscella at the surface were greatest at 
dawn and dusk. This implied the population under
went some sort of diet vertical migration, and required 
that, for other trends, the data set be analysed between 
08:00 and 17:00. 

Analysis of the time-filtered data set was under
taken on a cruise-by-cruise basis, because each cruise 
was conducted at a different time of the year, had a dif
ferent survey grid and collected a different number of 
samples (Fig. la). Generally, C. hysoscella increased 
in abundance to the south 1, and it was more abundant 
in nearshore waters (Table I). The abundance of C. 
hysoscella was inversely correlated with SST in sum
mer, and positively correlated with SST in winter. The 
abundance of A. aequorea showed fewer significant 

1 Although these results may appear to contrast with the data 
illustrated in Fig. I b (wherein higher abundances of C. hysoscella 
were observed in the northern, than southern, part of the study area), 
all data were pooled in the construction of this figure. The results of 
the correlation analyses between abundance and latitude were de
rived from seasonal analyses, of smaller areal data sets (Figure I a). 
The high abundances observed at 20S were noted on a survey where 
this latititude was at the southern limit of the survey grid. 
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Table I. Significant (p) correlation coefficients (r) between the ob
served abundance (m-2) of Chrysaora hysoscella and Aequorea 
aequorea and measured environmental variables from August 1997 
to July 1998. The months for the seasons arc: Winter (June and July); 
Spring (October): Summer (November and December) and Autumn 
(March and April) 

Season Variable Species ,. p N 

Autumn Longitude C. hysoscella 0.22 O.ot 131 

Autumn Latitude C. hysoscel/a 0.21 0.02 131 

Spring Longitude A. aequorea -0.30 0.05 43 

Summer Temperature C. hysoscella 0.34 0.04 36 
Winter Latitude C. hysoscel/a 0.51 0.00 72 

Winter Temperature C. hysoscella -0.50 0.00 72 

Winter Latitude A. aequorea -0.26 0.03 72 

Winter Longitude C. hysoscella 0.70 0.00 72 

trends within the different seasons (Table I). However, 
the abundance of A. aequorea was correlated negat
ively with both latitude and longitude, which suggests 
that it was more common in the north and offshore. 
It should be noted that the correlation coefficients 
were low in most cases, implying that other factors 
were also important in determining the abundance and 
distribution of both species. 

The results of the trawl survey conducted during 
the cruise in Autumn 1999 showed that higher dens
ities of C. hysoscella were found in the inner and 
middle regions of the shelf ( < 150 m), whereas A. 
aequorea was more abundant in the deeper(> 150 m) 
offshore waters (Fig. 4 ). This cross-shelf pattern in 
the distribution of C. hysoscella and A. aequorea may 
reflect the strong temperature and salinity gradients 
(Fig. 5) that were associated with the sharp shelf-break 
front (between 13 and 13.1 E). The shelf-break front 
represented the western limit of large catches of C. 
hysoscella (> l00 kg per min). Inshore of this front 
the water column was not well-mixed. There was a 
weak, sub-surface frontal feature around 13.4 E, and 
this, broadly speaking, coincided with the transition 
between catches dominated by C. hysoscella and A. 
aequorea. Both species were patchy in their distribu
tion, and although most trawls were of relatively low 
density, some were of very high density (Fig. 6a,b). 
These results generally support the findings of the 
visual observations (Fig. 6c,d). 
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Discussion 

Information on the distribution and abundance of me
dusae that has been derived from surface observations 
is subject to a number of criticisms. Observations are 
dependent upon sea-state and visibility, reflect ob
server bias, and are also influenced by diel vertical 
migration (DVM). Despite the fact that all these vari
ables were standardised here, our results should be 
interpreted as measures of relative abundance. There
fore, concordance with other data sets need not be 
strict. Having said that, the relative cross-shelf distri
bution of the two species was similar in both data sets, 
which lends some credibility to the use of surface ob
servations in determining the distribution and relative 
abundance of large medusae. The use of surface ob
servations in determining the relative abundance and 
distribution of medusae is not new, and Purcell et al. 
(2000) used a modified approach to estimate the dens
ity of Aurelia labiata aggregations in Prince William 
Sound. 

The inferences on DVM of C. hy.wscella made 
here are supported, in part, by the results of an 
hydroacoustic survey (Brierley et al., 200 I). Those 
authors noted that the sound scattering layer of C. 
hysoscella (at 25 m depth) was clearly detectable dur
ing the day, but that it was less distinct at night, 
probably as individuals migrated upwards in the wa-

ter column, returning to depth the following day. A 
number of other authors have noted that species of 
the genus Chrysaora display DVM (e.g .. Pages, 1991; 
Schuyler & Sullivan, 1997), although few have been 
able to correlate the behaviour with the environment. 

There was tendency within any seasonal set of 
samples, for C. hysoscella to occur inshore and in the 
south (Table I). These results are consistent with the 
cross-shelf distribution patterns recorded by Pages & 
Gili ( 1991 ), and Fearon et al. (1992). Medusae of 
the genus Chrysaora are known to exhibit seasonal 
patterns of abundance (Kramp, 1961 ). Although the 
life cycle of C. hysoscella within the region remains 
unknown, it has been postulated that the ephyrae re
leased by benthic scyphistomae in the north are carried 
south by the inshore undercurrent (Fearon et al., op 
cit.). Juvenile medusae are then thought to mature on 
their southward journey, which results in their higher 
observed numbers there, than in the north2. The vari
able response of C. hysoscella to temperature (Table I) 
may reflect seasonality in hydrography. Inshore \Va
ler temperatures during summer tend to be lower than 
in winter, because of upwelling, which is seasonal at 
these latitudes (Shannon, 1985). C. hysoscella might 

2 Unfortunately, the data sets collected here did not allow us to 
confirm the seasonal changes in distribution postulated by Fearon ct 
al. (op cit.). owing to the lack of confonnity in sampling area, and a 
lack of full-shelf coverage. 
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be considered a cold water spec ies, but newly up
welled water is low in food and requires some level 
of maturation before populations of zooplankton prey 
begin to develop (Denman & Powell. 1984). 

A lthough A. aequorea tended to be found offshore 
and in the north (Fig. 3), this was poorly supported by 
the correlation analyses. and can be allributcd to their 
relative ly low abundance. Pages ( 199 1) regarded A. 
aequorea as a shelf species. and found 1hat it was par
ticularl y abundant in a broad strip separating coasta l 
from oceanic waters. Fearon ct al. ( 1992) reported that 
A. aequorea was common in the region between 20° 
Sand 2 1 ° S (off Palgrave Point). but 1hat it decreased 
in the areas north of 19 °S and south of 24° JO' S. 
Our understanding of the biology of this species in 1he 
region is poor and precludes detai led comment. 

The data for both species were characteri sed by 
great horizontal patchiness (Fig. 6). A number of 

factors influence the horizontal distribu1ion o f medu
sac, inc luding physical processes. and behavioural re
sponses to the prevailing envi ronment (Graham ct al .. 
200 I ) . Langmuir convection cells result in regularly 
spaced (micro- and mcsoscalc) patches or plankton at 
the surface (Boero. 199 1: L arson, 1992). and have 
been evoked to explain palchincss in the disl ribution 
of red tides off the Soulh A fri can west coast (A. Boyd, 
M&CM. Cape Town; unpubl ished data). Elsewhere 
in the world. medusae have been shown to be ag
gregated at upwell ing fronts (Graham, 1994) and in 
areas of flow discontinuity (Purcell ct al., 2000), and 
may accumulate in areas influenced by wind (Axiak 
ct al.. 199 1 ), as well as eddies. currcnls and tides 
(Arai. 1992a). Medusac show behavioural responses 
to !heir food cnvi ronmcnl (Bai ley & Batty. 1983: A rai , 
1992b). which may al low them lo aggregate in patches 
or high food density. 
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One of the most signi ficant results of this study is 
the apparent segregation in space between C. hysos

cella and A. aeq11orea. This findi ng was common to 
both the observational , and the trawl data sets (Fig. 7). 
and suggests that the one species only occurred at high 
numbers when the other was rare. In his analysis or 
cnidarian assemblages in the region. Pages ( 199 1) as-

signed the two species to different water masses (A . 

aeq11orea - shel f. C. hvsoscel/a - coastal-shel f) but did 
110 1 comment further. A negative relationship between 
the abundance or the C. hysoscella and A . aeq11orea 
could be interpreted in terms of' predat ion, because 
both genera are known to include pelagic coelenterates 
in their d iet (Russell. I 970: Purcell. I 99 1 ). How-
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ever, the absence of a negative relationship in this 
instance could imply some sort of spatial partitioning. 
Although this conclusion is based on data collected in 
the upper layers of the water column, and does not 
take cognisance of any deep-water populations, it is 
nevertheless valid over that depth range. Should there 
be deeper-living populations of either species, then 
this partitioning has an additional vertical component. 
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The 'partitioning' of horizontal and vertical space has 
been observed in other zooplankton from the Benguela 
ecosystem (Gibbons & Hutchings, 1996). Barange 
( 1990) noted cross-shelf changes in the euphausiid as
semblage in the northern Bcngucla, whilst Gibbons 
(1994) observed cross-shelf and vertical segregation 
of the dominant chaetognaths. It has been suggested 
that these examples of spatial partitioning might reflect 
competition (or the 'ghost of competition past'), and 
a similar explanation can be invoked here, as species 
of both genera eat a variety of hard- and soft-bodied 
zooplankton (Purcell, 1991; Purcell & Cowan, 1995; 
Purcell & Sturdevant, 2001 ). 

This explanation would require that both species 
be able to identify some sort of environmental fea
ture that would act as a boundary to their centres of 
preferred distribution. The front may represent just 
such a feature, because the catches of medusae in the 
trawl survey were not related to its position directly, 
but rather it acted as a boundary between the two 
species. This interpretation of the results implies that 
there is some biological structure to the assemblage 
of large medusae in the northern Benguela ecosystem, 
as has been postulated for cnidarians in the Mediter
ranean Sea (Buecher & Gibbons, 1999), and for other 
zooplankton assemblages in the southern Benguela 
ecosystem (Gibbons et al., 1999). 

Whatever the underlying cause for the spatial parti
tioning of the waters of the northern Benguela region, 
it results in the distribution of large medusae across 
the regional shelf. A spatially persistent level of preda
tion pressure is, therefore, applied across the shelf, the 
impact of which will depend upon the rate processes 
and biomass estimates of predator and prey. The trawl 
data derived from the D1: Fridtjof Nansen survey rep
resent the first estimates of large medusae abundance 
for the region, and therefore have value as input para
meters for models of ecosystem functioning. A simple 
mass-balance model (Ecopath - Christensen & Pauly, 
I 992) has been used locally to explore ecosystem 
functioning (Jarre-Teichmann et al., 1998; Shannon & 
Jarre-Teichmann, 1999), and the results suggest that 
medusae play a negligible role in the system. Although 
the estimate of biomass employed in the model ( ,.._,,5 x 
I 06 tons) was little more than a guess (L. Shannon, 
M&CM, Cape Town, pers. comm.), the refined estim
ate generated here3 differs little from it. It is estimated 
from the mean catch data that a total of 4.9 million 

3 Using mean catch data and assuming that both species are 
homogeneously distrihuted across the entire 179 000 km2 of the 
northern Bcngucla. 
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tons of medusae may occur in the region ( 1.8 x 106 

tons C. hysoscel/a, 3.1 x 106 tons A. aequorea). It 
should be realised that these data were collected over 
a one-week period during winter. Consequently, the 
estimate should be viewed with caution. However, if 
the maximum densities of medusae are used as input 
parameters ( 13. l x l 06 tons C. hysoscella and 22.3 x 
l 06 tons A. aequorea ), the model becomes unbalanced 
and it is clear that medusae play a very significant 
role within the system (L. Shannon, M&CM, Cape 
Town, pers. comm.). An expansion of the model, as 
it pertains to medusae, falls outside the scope of this 
paper. Rather, we believe that the model needs to be 
re-visited, and greater attention needs to be paid to the 
estimates of production and ingestion used, as well 
as to the biomass values employed. We would ulti
mately anticipate that the significance of medusae will 
lie somewhere between the two extremes, though this 
is likely to vary on a seasonal basis. 

The persistent decline in financial support for re
search into species of no commercial value in southern 
Africa, means that alternative methods for collect
ing data on these species will become more import
ant. These alternative methods include beach-surveys 

of stranded specimens, the use of offshore drilling
platforms to collect samples and to make daily ob
servations. They also include participation on cruises 
(research, fishing, etc.) of opportunity, and analyses of 
commercial fishing returns. Such methods were em
ployed by Axiak et al. ( 1991 ), Benovic ( 199 l) and 
Carli ( 1991) for medusae in the Mediterranean Sea, 
and they proved to be relatively successful, despite 
their limited scope. Although the observational data 
collected here on cruises of opportunity were of a 
relative nature, they were supported (in part) by the 
results of a dedicated cruise, which suggests that the 
technique can be more widely applied. 

Acknowledgements 

We would like to thank the Namibian Ministry of Fish
eries and Marine Resources (NMFMR) for allowing 
C. Sparks to participate in cruises on the RV Welwits
chia, and for providing logistic support in Swakop
mund. The captains and crew of the RVs Welwitschia 
and 'Dr Fridtjof Nansen' are thanked for their help in 
looking for and catching medusae. Dr Mark Brandon 



and Liz Hawker (BAS) provided advice and assistance 
with analysis of oceanographic data. De Beers Marine 
(Pty) Ltd, the NRF and the France-South Africa Sci
ence and Technology Exchange Agreement provided 
financial support for C. Sparks and E. Buecher. The 
Royal Society (London)-NRF provided funds to sup
port the work of A. Brierley, who was given permis
sion to participate by BAS. We thank the BENEFIT 
Committee for allowing ship's time, and NORAD for 
providing the RV Dr. Fridtjof Nansen. Grateful thanks 
are owed to Dr Jenny Purcell and the anonymous 
referees for greatly improving the manuscript. 

References 

Arai. M. N., 1992a. Active and passive factors affecting aggrega
tions of hydromcdusac: a review. Sci. mar. 56: 99-108. 

Arai. M. N., 1992b. Attraction of Aurelia and Aeguorea to prey. 
Hydrobiologia 216/217: 363-366. 

Arai. M. N .. 2001. Pelagic coelenterates and eutrophication: a 
review. Hydrobiologia 451 (Dev. Hydrobiol. 155 ): 69-87. 

Axiak, V .. C. Galea & P. J. Schrcmbri, 1991. Coastal aggregations 
of the jellyfish Pelagia nocriluca (Scyphozoa) in Maltese coastal 
waters during 1980-1986. Proceedings of the 2nd Workshop on 
Jellyfish Blooms in the Mediterranean Sea. UNEP. Athens. Map 
tech. Rep. Ser. 47: 32-40. 

Bailey, K. M. & R. S. Batty, 1983. Laboratory study of predation by 
Aurelia aurita on larval herring (Clupea lwrengus): experimental 
observations compared with model predictions. Mar. Biol. 72: 
295-301 

Barange, M .. 1990. Vertical migration and habitat partitioning of six 
euphausiid species in the northern Bengucla upwelling system. J. 
Plankton Res. 12: 1223-1237. 

Behrends. G. & G. Schneider, 1995. Impact of Aurelia cmriw medu
sae (Cnidaria. Scyphozoa) on the standing stock and community 
composition of mesozooplankton in the Kiel Bight (western 
Baltic Sea). Mar. Ecol. Prog. Ser. 127: 39-45. 

Benovic, A. F., 1991. The aspect of jellyfish distribution in the Ad
riatic. Proceedings of the 2nd Workshop on Jellyfish Blooms in 
the Mediterranean Sea. UNEP. Athens. Map tech. Rep. Ser. 47: 
41-50. 

Boero, F.. 1991. Contribution to the understanding of blooms in 
the marine environment. Proceedings of the 2nd Workshop on 
Jellyfish Blooms in the Mediterranean Sea. UNEP, Athens. Map 
tech. Rep. Ser. 47: 72-76. 

Brierley, A. S .• B. E. Axelsen, E. Buecher, C. A. J. Sparks. H. Boyer 
& M. J. Gibbons, (200 I). Acoustic observations of jdlylish in 
the Namibian Bcngucla. Mar. Ecol. Prog. Ser. 210: 55-66. 

Brodeur, R. D., C. E. Mills. J. E. Overland. G. E. Walters & J. D. 
Schumacher, 1999. Evidence for a substantial increase in gelatin
ous zooplankton in the Bering Sea, with possible links 10 climate 
change. Fish. Oceanogr. 8: 296-306. 

Brown, P. C., S. J. Painting & K. L. Cochrane, 1991. Estimates 
of phytoplankton and bacterial biomass and production in the 
northern and southern Bcngucla ecosystems. S. Afr. J. mar. Sci. 
11: 537-564. 

Buecher, E. & M. J. Gibbons, 1999. Temporal persistence in the 
vertical structure of the assemblage of planktonic medusae in the 
NW Mediterranean Sea. Mar. Ecol. Prog. Ser. 189: I 05-115. 

285 

Carli, A., 1991. Macroplanktonic jellyfish in the Ligurian Sea 
(1984-1986 ). Monitoring and biological characteristics. Pro
ceedings of the 2nd Workshop on Jellyfish Blooms in the 
Mediterranean Sea. UNEP. Athens. Map tech. Rep. Ser. 47: 
77-81. 

Christensen. V. & D. Pauly, 1992. ECOPATH II -a software for bal
ancing steady-state ecosystem models and calculating network 
characteristics. Ecol. Mod. 61: 169-185. 

Cram, D. L. & G. A. Visser, 1973. SWA pilchard stock shows first 
signs of recovery (Sumnmry of results of Phase III of the Cape 
Cross programme). S. Afr. Ship. News Fishg. Ind. Rev. 28: 56-
63. 

Denman. K. L. & T. M. Powell, 1984. Effects of physical processes 
on planktonic ecosystems in the coastal ocean. In Barnes. M. 
(ed.), Occanogr. mar. biol. Ann. Rev. 22: 125-168. 

Estrada. M. & C. Marrasc, 1987. Phytoplankton biomass and 
productivity off the Namibian coast. S. Afr. J. mar. Sci. 5: 
347-356. 

Fearon. J. J .. A. J. Boyd & F. H. Schiilein. 1992. Views on the bio
mass and distribution of Chrysaora hysoscel/a (Linne, 1766) and 
Aequorea aequorea (Forskal.. 1775) off Namibia. 1982-1989. 
Sci. Mar. 56: 75-85. 

Feigenbaum. D. L. & M. Kelly. 1984. Changes in the lower 
Chesapeake Bay food chain in the presence of the sea nettle 
Chry.wwm qui11q11ecirrha (Scyphomedusae). mar. Ecol. Pro2. 
Ser. 19: 39-47. ~ 

Gibbons, M. J .. 1994. Diel vertical migration and feeding of Sagiua 
Jridaic:i and Sagirw wsmanica in the southern Benguela up
welling region. with a comment on the structure of the guild of 
primary carnivores. Mar. Ecol. Prog. Ser. 225-240. 

Gibbons. M. J .• N. Gugushe, A. J. Boyd, L. J. Shannon & B. A. 
Mitchell-Innes. 1999. Changes in the composition of the non
copepod zooplankton assemblage in St Helena Bay (southern 
Bengucla ecosystem) during a six day drogue study. Mar. Ecol. 
Prog. Ser. 180: 11 1-120. 

Gibbons. M. J. & L. Hutchings. 1996. Zooplankton diversity and 
community structure around southern Africa. with special at
tention to the Bengucla upwelling system. S. Afr. J. Sci. 92: 
63-76. 

Graham, W. M., 1994. The physical oceanography and ecology of 
upwelling shadows. PhD thesis, University of California. Santa 
Cruz. 

Graham. W. M .. 2001. Numerical increases and distributional 
shifts of Chrysaora q11i11q11ecirrha (Desor) and Aurelia aurira 
(Linne) (Cnidaria: Scyphozoa) in the northern Gulf of Mexico. 
Hydrobiologia45I (Dev. Hydrobiol. 155):97-111. 

Graham W. M., Pages, F., & W. M. Hamner. 2001. A phys
ical context for gelatinous zooplankton aggregations: a review. 
Hyclrobiologia 451 (Dev. Hydrobiol. 155): 199-212. 

Hm1. T. J. & R. I. Currie, 1960. The Benguela Currcm. Discovery 
Rep. 31: 123-298. 

Hcrnroth, L. & F. Grondahl, 1983. On the biology of Aurelia auriw 
(L.) I. Release and growth of Aurl'iia m,riw (L.) ephyrac in the 
Gullmar Fjord, western Sweden. 1982-83. Ophelia 22 (2): 189-
199. 

farre-Tcichnmnn, A., L. J. Shannon, C. L. Moloney & P. A. Wick
ens. 1998. Compuring trophic flows in the southern Benguela 
to those in other upwelling ecosystems. S. Afr. J. mar. Sci. 19: 
391-414. 

King, D. P. F. & M. J. O'Toolc, 1973. A preliminary repon on 
the findings of the South West African pelagic egg and larval 
surveys. SFRI Internal Rep. Cape Cross Progr. Phase III. 

Kramp. P. L., 1961. Synopsis of medusae of the world. J. mar. biol. 
Ass. U.K. 40: 1-469. 



286 

Larson, R. J.. 1992. Riding Langmuir circulations and swim
ming in circles: a novel form of clustering behavior by the 
scyphomedusac Linuche 1m,:11ic11/ata. Mar. Biol. 112: 229-235. 

Mills, C. E., 200 I. Jellyfish blooms: arc populations increasing 
globally in response to changing ocean conditions'? Hydrobio
logia 451 (Dev. Hydrobiol. 155): 55-68. 

Pages, F., 1991. Ecologfa sistcmatica de los Cnidarios plankt6nicos 
de la corriente de Bengucla (Atlantico Sudoriental). Ph.D. thesis, 
Univ. Barcelona, 466 pp. 

Pages, F. & J. M. Gili, 1991. Effects of large scule advective pro
cesses on gelatinous zooplankton populations in the northern 
Bcnguela ecosystem. Mar. Ecol. Prog. Ser. 75: 205-215. 

Purcell, J. E., 1991. Predation by Aequorea l'ictoria on other species 
of potentially competing hydrozoans. Mar. Ecol. Prog. Ser. 72: 
255-260 

Purcell, J. E.. 1992. Effects of predation by the scyphozoan 
Chrysaom q11i11quecirrlw on zooplankton populations in Ches
apeake Bay, U.S.A. Mar. Ecol. Prog. Ser. 87: 65-76. 

Purcell. J.E. & M. N. Arai, 2001. Intcractions of pelagic cnidarians 
and ctenophores with fish: a review. Hydrobiologia 451 (Dev. 
Hydrobiol. 155): 27-44. 

Purcell, J. E. & J. H. Cowan Jr. 1995. Predation by the 
scyphomedusan Chrysaora qui11q11£•cirrlw on Mnemiopsis leidyi 
ctenophores. Mar. Ecol. Prog. Ser. 129: 63-70. 

Purcell, J.E. & M. V. Sturdevant, 2001. Prey selection and dietary 
overlap among zooplanktivorous jellyfish and juvenile fishes in 
Prince William Sound. Alask. Mar. Ecol. Prog. Ser. 210: 67-83. 

Purcell, J.E .• E. D. Brown. K. D. E. Stokesbury, L. H. Haldorson & 

T. C. Shirley, 2000. Aggregations of the jellyfish Aurelia Jabiata: 
abundance, distribution, association with age-0 walleye pollock 
and behaviors promoting aggregation in Prince William Sound, 
Alaska, U.S.A. Mar. Ecol. Prog. Ser. 195: 145-158 

Russell, F. S., 1970. The Medusae of the British Isles. JI. Pelagic 
Scyphozoa with a Supplement to the First Volume on Hy
dromedusae. Cambridge University Press, Cambridge: 284 pp. 

Schiilein, F., 1974. A review of the SWA pelagic fish stocks in 1973. 
SFRI Internal Rep.; Cape Cross Progr. Phase IV: 3 pp. 

Schuyler. Q. & B. K. Sullivan, 1997. Light responses and die! 
migration of the scyphomedusae Chrysaora q11i11q11ecirrlw in 
mesocosms. J. Plankton Res. 19: 1417-1428. 

Shannon. L. J. & A. Jarre-Teichmann. 1999. A model of trophic 
nows in the northern Benguela upwelling system during the 
1980s. S. Afr. J. mar. Sci. 21: 349-366. 

Shannon, L. V., 1985. The Benguela ecosystem. l. Evolution of the 
Bengucla. physical features and processes. In Barnes, M. (ed.). 
Oceanography and Marine Biology. University Press. Aberdeen: 
105-182. 

Skeide, R .• A. Engas & C. W. West, 1997. Multisampler - a new tool 
for use in sampling trawls. In Shleinik, V. & M. Zafemum (eds), 
Seventh IMR-PINRO Symposium, Murmansk: 65-76. 

Stander. G. H. & A. H. 8. De Decker. 1969. Some physical and 
biological aspects of an oceanographic anomaly off South West 
Africa in 1963. Invest! Rep. Div. Sea Fish. S. Africa 81: 1-46. 

Venter. G. E.. 1988. Occurrence of jellyfish on the west coast off 
South West Africa/Namibia. Rep. S. Afr. Natn Scient. Progms 
157: 56-6. 



* 
Hydmbiologia 451: 287-294, 2001. 
© 2001 Kluwer Academic Publishers. Primed in the Netherlands. 

287 

A novel cilia-based feature within the food grooves of the 
ctenophore Mnemiopsis mccradyi Mayer 

Anthony G. Moss 1, Rebecca C. Rapoza2 & Lisa Muellner 1 

1 Dept. Biological Sciences, I 3 I Cary Hall, Auburn University, Auburn, AL 36849, U.S.A. 
2 Biology Dept., Woods Hole Oceanographic Institution, Wwds Hole, MA 02543, U.S.A. 
E-mail: mossant@mail.auburn.edu 

Key words: food groove, plankton, feeding, tentacle, compound cilium, actin, rod bacteria 

Abstract 

We describe a novel compound ciliary structure (g-cilium) from the food groove of the lobate ctenophore Mnemi
opsis mccradyi. G-cilia are small, flat compound ciliary organelles that are oriented with their tips pointing toward 
the mouth. Typically three to four rows of g-cilia line the inner surface of the tentacular groove, which together 
with the transport groove, make up the food groove. G-cilium cells are ,..,_, I I .4 µm long and --4.2 /.Lill wide at 
the g-cilium base. The g-cilium itself is --3.4 µm long and tapers to a flat, sharp tip. G-cilia are not motile but 
are surrounded by many hundreds of smaller, actively motile cilia that beat with orally-directed effective strokes. 
G-cilia contain "'50 conventional •9+2' cilia embedded in a fibrous core that arises from the cell body. In addition, 
g-cilia contain mitochondria, thousands of small membrane-bounded vesicles and rod bacteria. G-cilia basal bodies 
are anchored by large, strongly-banded rootlets that extend approximately the entire length of the cell. G-cilia may 
have organizational, sensory and/or secretory function within the feeding apparatus. Their placement strongly 
suggests that they play critical roles in feeding. They may enhance the efficiency of prey capture and so contribute 
to M. mccradyi 's well-known voracious appetite. By enhancing prey capture they probably play a critical role in 
the capacity of this organism to follow prey dynamics, so contributing to dense blooms in mid-late summer in 
coastal regions. 

Introduction 

Ctenophores are common coastal and oceanic gelatin
ous plankters that are well-known to have exploited 
cilia to form a variety of sensory and motor appar
ati (Tamm, 1982 ). Ctenophore comb plates are giant 
ciliary paddles used for both locomotion and the gen
eration of feeding currents (Tamm & Moss, 1985; 
Matsumoto & Hamner, 1988; Barlow & Sleigh, 1993; 
Waggett & Costello, 1999). Beroid ctenophore macro
cilia, formed by a single membrane surrounding up to 
several hundred axonemes, are used to capture and bite 
off pieces of prey (Horridge, 1965; Swanberg, 1974 ). 
Ctenophores depend on cilia for both geotactic orient
ation (Lowe, 1997) and transport of materials in the 
digestive system (Bumann & Puls, 1997). 

The lobate ctenophores have evolved complex 
feeding mechanisms that allow them to efficiently 
capture and digest food. Waggett & Costello ( 1999) 

demonstrated that Mnemiopsis leidyi A. Agassiz em
ploys two distinct feeding mechanisms. Adult cope
pods tend to swim into and be captured on the in
ner surface of the oral lobes. By contrast, copepod 
nauplii are entrained on feeding currents generated by 
auricular comb plates and are captured on the ten
tilla (tentacle side branches), which lie adjacent to 
the structures we describe here. Thus, the system 
and putative sensory g-cilia described herein may be 
specializations for the capture of smaller crustacean 
zooplankters, allowing expansion of the useful range 
of prey available to Mnemiopsis spp., and so extension 
of the active growth stage of this animal to periods 
dominated by smaller prey. 

We have recently begun a detailed examination of 
the behavior and underlying microanatomy of feed
ing in lobate ctenophores, with particular emphasis on 
the common New World Atlantic ctenophores Mne
miopsis leidyi and Mnemiopsis mccradyi Mayr. Close 
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examination of the food groove reveals previously un
described details common to both species. Although 
the food groove has long been known to exist and 
to be important to the capture of prey (Chun, 1880; 
Reeve & Walter, 1978), the microanatomical elements 
and microscale behavior of this feeding apparatus have 
not yet been elucidated. Exploration of food groove 
microanatomy constitutes an essential step toward un
derstanding the capacity of both species to undergo 
explosive growth to form dense blooms during favor
able conditions (as reported by Purcell et al., 200 I; 
Sullivan et al., 200 I). Since lobate ctenophores are 
critically important predators in the coastal marine 
environment (Reeve & Walter, 1978; Monteleone & 
Duguay, 1988; Vinogradov et al., 1989; Cowan & 
Houde, 1993), knowledge of their feeding mechan
isms will enable us to understand their impact on 
coastal ecology with greater precision. 

Here, we describe a novel and intriguing cilia
based structure of the lobate feeding apparatus, spe
cifically as it occurs in the Gulf ctenophore, Mnemi
opsis mccradyi. These structures were noted in two 
other ctenophore species by Chun ( 1880), who gave 
them the name 'gemshornformigen cilien' (goathorn
shaped cilia), but no further investigation has been 
made since that time. We use the abbreviated term 
'g-cilium' to denote this feature, describe g-cilium 
organization and microanatomy and show that this 
organelle contains an unusually massive fibrous cyto
skeleton surrounding immotile cilia. Our findings not 
only describe a new and fundamental ciliary-based 
cellular organelle, but in addition, have implications 
for understanding prey capture in Mnemiopsis spp., 
and furthermore should help coastal marine scientists 
to understand why Mnemiopsis spp. are capable of 
rapid population growth leading to the production of 
massive blooms in mid-late summer. 

Materials and methods 

Ctenophores 

Mnemiopsis mccradyi were collected from Gulf of 
Mexico sites by dipping as described previously (Estes 
et al., 1997). Specimens were maintained in plankton 
kreisels or large jars for less than 2 days prior to fixa
tion and embedding for electron microscopy. Only ob
viously healthy animals, displaying no morphological 
damage, were used for ultrastructural examination. 

Live specimens were examined for overall micro
scopical anatomy with a high power dissecting micro-

scope. Food grooves were microsurgically dissected 
and held in wet mounts for brightfield, phase contrast 
and differential interference contrast microscopy. 

Light microscopy 

Light photomicrographs were taken on Technical 
Pan rated at ISO JOO (type 2415, Eastman Kodak, 
Rochester, NY) or Kodak Gold (ISO 200) print film 
with a dedicated microscopy camera (model PM I 0-
AD, Olympus, NJ) attached either to a compound 
microscope (model BHS, Olympus) or dissecting mi
croscope (model SZI 1, Olympus). Digitally-enhanced 
video images were taken with a high-grade video cam
era (model VE l 000, Dage-MTI, Indianapolis, IN). 
Images were captured with a computer digitizing 
board (Flashpoint model 3030, Integral Technolo
gies, Indianapolis, IN) controlled by image-processing 
software (Image-Pro, Media Cybernetics, Bethesda, 
MD). 

Electron micmscopy 

Microsurgically-dissected specimens for electron mi
croscopy were quickly fixed as described by Tamm 
& Tamm ( 1981) and Estes et al. (1997). Fixed tis
sues were dehydrated through an ethanol series into 
propylene oxide, infiltrated and embedded in Durcu
pan epoxy resin (Fluka Chemie, Buchs, Switzerland). 
Quarter-micron sections for examination by light mi
croscopy were cut with glass knives on an Ultracut 
E (Reichert, Vienna, Austria); 50-70 nm thin sec
tions were cut on the same instrument by diamond 
knife (Microstar, Houston, TX, U.S.A.) for electron 
microscopy. 

Thick-sections were stained with borate-buffered 
I% Toluidine Blue O (Sigma Chemical Co.) for exam
ination of overall food groove morphology. Thin sec
tions were stained in saturated methanolic uranyl acet
ate and I% lead citrate and examined at 60 KeV in a 
transmission electron microscope (model 301, Philips 
Electron Optics, Amsterdam, The Netherlands). 

All measurements are given as mean±standard 
error. 

Results 

G-cilium location and orientation 

Lo bate ctenophores have four food grooves ( one per 
quadrant) that extend from the base of the auricles 



Fii:urc I. M11e111iopsis 111ccmdri food g roove morphology. (;\) Par-
1ial view o r intac t animal. Arrows indicate the food g roove complex. 
T he oral-aboral axis is indicated by the C L. llrackct ind icates ex
te nded tc ntilla. m . 111o u1h: fg, food groove: a u, a llngerlikc auricle. 
Scale. :'i 111 111 . ( B) Food groove anatomy a1 higher magnificat io n. 
trans . transport groove: tent. tcntacular groove: I. 1c111illa. Scale. I 
111111. (C. D) Transport and 1e n1acular groove ("te nt" J at higher mag
nification (C) and interpretive diagram (D). The g ranular appearance 
of the tentacular g roove (dark banded region ind icated by ·te nt" in 
D) indicates the tentacular g roove bearing the g-cilia. The curly 
brarkct ind icates the width of the transport groove: ·er indica1cs 
the deepest extent or the 1ranspo rt groove. In images prepared for 
d iff"-:n.:111ial intcrfcn:nce microscopy and covered wi1h a rnvcrslip. 
the tent ilia were always snapped off. and so none show in C. In order 
to tu help o rient the reader. in D tenti lla (1) arc shown d iagrammat
ically. exte nding outward from the tc ntacular groove. The tentilla 
origina te inside the tentacular groove. near the licld of g-cilia. The 
thick line at the base of the te nt illa indicates the allached tc ntack 
from which the tcnti lla arise. Note the wri nkled appearance o r the 
edge o r ihe transport groove in C. The surface behind the wrinkled 
edge o r the transport groove is the inner lobe surface ( I LS). Dark
field images by d issecting microscope (A. B): successive images arc 
all ori..:nt..:d as c losel y as possible in the same direction. Scale in C: 

100 /1111. 
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to the mouth and deliver prey for ingestion fol low
ing lobe or tentil lar capture. The position and overall 
morphology of the food groove of M. 111ccradyi is de
picted in Figure I. In the following discussion the 
terms ·medial ' and ' lateral ' are used wi th reference 
10 the ora l-aboral axis, or body center line (see Fig. 
I A). Each food groove is composed of two distinct mi
croanatomical elements, a food transport groove and 
a shal lower tentacu lar groove located medial to the 
transport groove (Fig. I B , C, D). Near the base of 
the medial wall of the tentacular groove (Fig. 2A, B), 
we hnd 3-4 rows of g-cilia of similar size and overal l 
design (Fig. 2C). An additional 1- 2 rows or dagger
l ike g-cilia arc positioned at the edge of the tentacular 
groove and are just visible under high power and ideal 
conditions in the dissecting microscope. A high mag
nification DIC image of one of the latter g-cilia is 
shown in Figure 2D. 

Ten1il la ari se as lateral attachments 10 the tentacle 
proper which lies within the tentacular groove and is 
al tached along its length. In intact, freely-swimming 
animals and under normal feeding conditions, tcntilla 
arc drawn out away from the body surface by the 
auricle-genera ted feeding current. The overa ll organ
ization and functionality of the food groove will be 
described elsewhere and is outside of the scope of this 
report. 

C-ciliaJine s1mct11re 

Seventy-one mid-row g-ci lia were examined with re
gard to their dimensions using differential inter ference 
contrast l ight microscopy. Each triangu lar g-ci li um 
has a broad base (4.2 µ,m±O.O9), yet is only 3.4 µ, m 
(±0.09) long. G-cilia are ~ I /.Lill thick at their base 
by light microscopy; this is difficult to estimate in liv
ing preparations because of the juxtaposition of nearby 
epithelial cells. Electron microscopy reveals that the 
cell tapers from the g-cilium base to a blunt end ~8 
/lll1 (±0. 19 /,lm) distant. The g-cilium cell extends 
through the entire epithelial thickness (Fig. 3A). 

Each g-cil ium contains approx imately 50 conven
tional 9+2 cilia. They do not display the 3- 8 interci li
ary doublet bridges - also known as 'compartmenting 
lamcllae' (Afzelius, 1961 ), which are thought to hold 
the individual ci I ia together (Dentler, 198 1) - nor do 
they have the asymmetric organ ization with respect to 
the midfilarnent as previously reported for comb plate 
ci lia (A fzel ius. 1961 ). Each individual cilium within 
a g-cilum is wrapped in its own ciliary membrane, 
unlike the macrocilia of Beroe spp. (Horridge, 1965). 
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Figure2. • 

Individual cilia are very straight throughout the distal 
two thirds of the g-cilium. 

Each g-cilum contains a dense fibrous matrix that 
arises from the cel l body (Fig. 3A). Cilia contained 
wi thin the g-cilium are embedded in the lateral rami
fications of the matrix. High magnification TEM re
veals that the cil iary membranes are continuous with 
the matrix membrane (not shown), demonstrating that 
the cilia and the matrix arise from the same cell. The 
longest cilia extend the ful l length of the g-cilium and 
the tips are exposed to sea water (Fig. 3C). 

The matrix contains thousands of small clear 
membrane-bounded vesicle. (Fig. 3C). Vesicles are 
found in rows throughout the g-cilium, often clearly 
aligned in the direction or the matrix fibers (Fig. 3C, 
D). The matrix also contains mitochondria (Fig. 3D). 

Ci!iCIIJ' roo1/e1s 

Individual cilia are anchored within the cel l body by 
massive striated rootlets (Fig. 3A ; apparent in Fig. 
2B also). Rootlets entirely surround the ciliary k ineto
somes and appear Lo extend to the oral most encl of the 
cel l. Rootlets are strongly striated with a periodicity 
of ~ 40 11111 (39.3±3.3, 11=40) and can be up to ~400 
nm wide ( 185± 79, 11=40). They display a distinct pat
tern of cross-linkages in transverse thin section (not 
shown). 

C-cili11111 bac/eria 

In many g-ci lia, we observed rod bacteria embedded 
within the matrix. usually but not always aligned with 
the g-cilium axis (Fig. 4). Such bacteria are typical ly 
0.25 /..Lll1 dia. and arc often severa l microns long. We 
did not observe fl agella on the bacteria. 

Figure 2. iVlicroanatomy of the food groove ancl g-c ilia. (A) Trans
verse thick section of the food groove region. Note the g-cilia on the 
wall of the temacular groove. T. attached tentacle: mcso. mesoglea: 
o therwise legend as in Figure I. Scale. 500 /t ill. ( B) Higher mag
nilicaLion of lh~ tcntacul;ir groove medial wall. showing g-cilia. g. 
g-c ilium. Scale: IO /llll. i\. 13: hrightlicld microscopy. stained with 
Toluidine Blue 0. (C) Living g-c ilia in 3-1 staggered rows deep 
within the tcntacular groove. as described in text. Scale: IO /t ill . 

(D) G-cilium from one of the edge-positioned rows. Note somewhat 
di1Tc rcn1 morphology from the g-c ilia seen in C. Scale: 5 /llll . C. 
D: DilTcrcntial inte rfcn:ncc microscopy: g-c ilia arc al igned as they 
would be in lhc lower magnificat ion images of Figure I . 
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Fi1!11re I Elcc1ron microscopy or g-ci l ia. (A ) Lungi1udinal section of g-cil ium. c. cons1i1uen1 ·9+2· cilia. f. librous core: r. ciliary ruo1lc1s: 
mcso. mesoglea. Scale. I 11111. (I.I) l 111crpre1 ivc diagram or Figure 3A. J.:. g-cilium ·1001h·. (C ) Detail or the lip of a g-cilium. The cilia arc 
scc1ioncd longi1udinally - indicating 1ha1 they arc very s1raigh1 and strongly aligned along the length or the g-ci l ium. The conslitucn1 cilia 
arc scparalcd hy lingcrlikc pro1rusions o f the cy1oplasm hounded by 1hc plasma membrane. Strings or aligned. small. uni form vesicles (v) arc 
apparclll within 1hc mat rix near the lips o f the prolrucl ing processes. T he ci lia protrude beyond 1hc 1ip o f 1hc g-cil iurn (sec also A). Scale: 0.25 
/.l lll. ( D ) Detai l showing the lihrous nature of 1hc matri x (I) and a mi1ochondrion (111). The cytoplasm contains many small vesicles. Convcn1 ional 
ci lia 10 the lefl border of the imag.; arise from m:ighboring cili:tled cpi1hdial cells. Scale: 0.5 1, m. 
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Figure -I. G-ci lia bacteria (b). Longitudinal and transverse section 
through five bacteria embedded in the g-cilia matrix and accompan
ied by numerous vesicles. c. glancing section of a cilium. Seal..:: 0.2 
tl 111. 

Discussion 

Possible rolesfor !he g-cilia in loba1efeedi11g activity 

Tentacular groove g-cilia are located just medial 10 
the transport groove, which quickly 1ransloca1cs prey 
items to the oral cavity of this animal (Rapoza & Moss, 
unpubl. results) . We have observed that prey can be 
tethered by a single sticky tentillum. Tcntilla, wh ich 
arise from the cavity of the 1en1acular groove, are thus 
well placed to pull prey close lo the transport groove. 

The role of the g-ci lia in this process, however, is 
unclear. Wi thin the tentacular groove, tentilla l ie over 
the bed of g-cilia, which suggests that g-cilia may 
play a ro le in tentilla organizat ion or spacing. Th is 
is an attractive concept becau:e the tenti l la, which 
secrete a st icky mucilage (Bargmann cl al.. 1972), 
can become very entangled. During feeding, tcntilla 
are drawn out and kepi suspended by currents gen
erated by the auricular comb plates. Strong lenti l lar 
contractions, elicited by prey contact , draw prey to the 
tentacular groove opening for transfer to the transport 

groove. A s tcntilla contract into the tcntacular groove. 
the comb-l ike g-cilia may faci litate prey transfer 10 
the transport groove and provide a mechanism for 
maintaining tcntillar spacing as they are resuspended 
for prey capture. G-cil ia arc surrounded by numer
ous individual cilia that continuously beat in an ora l 
direction; these cil ia may function 10 push contracted 
tcntilla out or the tcntacular groove for resuspension. 
Observation or the fine movements or the tentac lar 
groove during prey capture is very difficult because it 
is small and extremely contracti le. Nevertheless, we 
intend to examine th is possibil ity in subsequent stud
ies using a modified preparation that wi ll allow hig er 
resolution observation or the living food groove during 
feeding. 

G-cilia contain mitochondria. which suggests that 
they are metabolically active. Our observation of many 
small vesicles in conjunction with the presence of mi
tochondria leads u. to conclude that g-ci l ia contain an 
energetically-expensive intracellu lar transport syst 111. 

We have observed captured prey to become sud
denly quieter when pu lled near the rood groove. Prey 
probab ly become entangled in a growing mass of mu
cus in the vicini ty. but i t is also possible that prey are 
immobilized by a locally-secreted tox in. The tenta..:u
lar groove is ideally located to release an immobil iz
ing agent upon captured prey prior to transfer 10 the 
transport groove. 

G-c il ia may serve as tox in del ivery systems to 
anaesthetize prey, and the numerous g-ci lium ves
icles could carry a secretory substance. We have 
never observed omega-bodies (thereby indicating ves
icle/plasma membrane fusion) in g-ci l ia: however. our 
fixation technique is unlikely to capture such a rapid 
process. The vesicles could also have other role, . For 
instance. they might transport membrane components 
to the pla ma membrane and/or structural proteins 10 
the g-cilium matrix. We plan to determine whether g
ci l ia might have a toxic effect on prey by collaboratJon 
with an expert toxicologist. 

Lobate g-cilia may serve a.- vibration sensors. G
cilia bear some resemblance to presumed mechano
sensory cd ls init ially described by Hernandcz-N icaisc 
( 1974). Tamm & Tamm ( 199 1) examined the ultra
structure or such cells, wh ich combine a st i ff actin
containing peg w ith a si ngle cili um. To the best or our 
knowledge. mcchanosensory function has not b en 
lirrnly established for actin peg cells. 

The g-cilium fibrous core almost certainly provides 
physical strength and immobil izes the cmbccldccl ci l ia. 
Furthermore. the rootlets that anchor the basal bod-



ies of this structure are peculiarly massive and heavily 
striated. We conclude that the g-cilium cell is probably 
stiff. 

It is well-known that mechanosensory cells are 
stiff. For instance, vertebrate hair cells are known to be 
very stiff and exquisitely sensitive to lateral displace
ment (for a review see Howard et al., I 988). Inver
tebrate and protistan vibration-sensing organelles are 
nearly always based upon the eukaryotic '9+2' cilium 
(Weiderhold, 1976; Stommel et al., 1980; Machemer 
& Machemer-Rohnisch, 1984) and the extensive root
let organization of the mechanosensory hair cells of 
the nudibranch statocyst (Kuzerian et al., 1981) has 
been strongly implicated in that cell's mechanosensory 
function. The well-developed rootlet system of the g
cilium cell could similarly play an important role in 
mechanosensation. 

A vibration-sensing function for the g-cilia would 
furthermore be developmentally and physiologically 
sound in that the sensory structures would be dis
tributed along the full length of the tentillar prey 
capture apparatus. G-cilia could thus provide feedback 
information about the presence of ensnared prey, in
dicated by prey movement or by contraction of tentilla 
within the tentacular groove. Preliminary evidence 
by Moss suggests that the tentacular groove is in
deed sensitive to mechanical vibration. Experiments 
are currently underway to more closely characterize 
the sensory characteristics of this feeding apparatus, 
and to determine whether the mechanosensation arises 
as a result of sensory activity within the g-cilium. If 
indeed the g-cilia are sensory cells, then they must 
have connection with the nervous system of the animal 
either via. chemical or electrical synapses; to date, we 
have not observed this, however we will more closely 
examine this possibility by thin-section TEM analysis. 

G-cilia of the lobate Mnemiopsis mccradyi are 
unique among ciliary structures and unique among the 
already-broad complement of ciliary effector systems 
in ctenophores. The closest morphological relatives 
are the actin-peg bearing cells of Hernandez-Nicaise 
(1974) and Tamm & Tamm (1991) mentioned previ
ously, which are liberally distributed over the surface 
of the animal. By contrast, g-cilia are distinctly dif
ferent ultrastructurally and are in a clearly defined 
specialized food-capture organ. To date, we have ob
served g-cilia to be in only the tentacular groove. 
We conclude that the ctenophore g-cilium is a unique 
cilia-based organelle whose position and microana
tomy strongly suggest roles important to prey capture. 
Potential roles for the g-cilium include organization 

293 

of the tentilla, secretion of a prey-disabling toxin, or 
detection of prey by mechanoreception. 

Lobate ctenophores are notoriously voracious and 
are often observed to occur in prodigious numbers in 
many coastal locations (Purcell et al., 2001; Sullivan 
et al., 200 I). Waggett & Costello (1999) have repor
ted that there appears to be a distinct partitioning of 
capture effort in different locations of the ctenophore. 
with smaller prey more likely to be captured by tentilla 
(which originate only in the tentacular groove). How
ever the g-cilium acts, it is very likely to be involved 
in enhancement of prey-capture capability. Enhance
ment of prey capture in any manner could give this 
predator a critical trophic advantage and would prob
ably play an important role in the explosive growth 
characteristics of Mnemiopsis spp. in coastal waters. 
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Abstract 

Mnemiopsis mccradyi, a common coastal ctenophore, was observed to bear two distinct, exclusive assemblages of 
protistan epibionts. The mobiline peritrich, Triclwdina ctenophorii (Estes et al., 1997), and small Flabellula-like 
gymnamoebae inhabited only the surface of the comb plates. By contrast, small Vexillifera-like gymnamoebae 
and large Protoodinium-like dinoflagellates were found on the ectoderm. The relationship of the epimicrobial 
protists with their host varied from possible mutualism (vexilliferids) to commensalism (trichodinids) to parasitism 
(flabellulids and protoodinids). Trichodinids may benefit from comb plate attachment by enhanced food capture. 
Although they did not obviously impair comb plate beating, they did distort the surface and appear to produce 
fissures in the comb plate surface, which could provide inroads for more severe comb plate damage by amoebae. 
By contrast, when flabellulid amoebae occurred in very high surface densities (up to ,..,_,5000 mm-2), they clearly 
damaged comb plates by eroding the surface. Where flabellulid pseudopodia invaded the comb plate, we observed 
local degradation of comb plate cilia, as evidenced by central pair disorientation and plasma membrane perturbation 
and overt phagocytosis of comb plate cilia. Ectodermal vexilliferids, which occurred at much lower densities, did 
not appear to have any degradative impact on the ctenophore. By contrast, clusters of ectodermal protoodinids 
were found in localized depressions most likely caused by invasive phagocytosis. The impact of the protistan 
assemblages on ctenophore populations is unclear, but under conditions of severe infestation they might depress 
ctenophore population density. 

Introduction 

Ctenophores commonly harbor parasites, although 
they are usually located in the mesogloea (Crowell, 
1976; Stunkard, 1980; Yip, 1984; Purcell and Arai, 
2001 ). Like many marine jellies, ctenophores have 
been observed to bear ectoparasitic amphipods (Har
bison et al., 1977; Harbison & Madin, 1979). Mills 
& McLean (1991) described an ectodermal dinoflagel
late parasite of several jellies from the Pacific Northw
est. To date, however, no microbial assemblages have 
been reported to be associated specifically with cten
ophore comb plates, or to have specific distributions 
upon different regions of the animal. 

Trichodinids are mobiline peritrich ciliates found 
on a variety of hosts (Uzmann & Stickney, 1954; Lorn 
& Hoffman, 1964 ), usually as parasites of freshwater 
fish (Lorn, 1970; Arthur & Margolis, l 984; Urawa & 
Awakura, 1994). They are found as ecto-commensals 

of marine teleosts (Arthur & Margolis, 1984; Poynton 
& Lorn, 1989), although many inhabit the urogenital 
tracts of amphibians (Lorn, 1958) and fish (Van As 
& Busson, 1996). Some are known to cause severe 
infestations of hatchery fish, particularly salmonids 
( Arthur & Margolis, 1984 ). Several trichodinids are 
endo- and ectoparasites of invertebrates (Uzmann & 
Stickney, 1954; Lorn, 1958; Lorn & Haldar, 1976), 
including Hydra (in James-Clark, 1866). 

Marine gymnamoebae (Subclass Gymnamoebia, 
sensu Page, 1988) exhibit very broad species di
versity and yet their habits continue to be poorly 
understood. Gymnamoebae are relatively rare as free
floating forms in the water column, but are common 
on marine surfaces, especially those of dead plants and 
animals (Sieburth, 1984 ). They are also known to be a 
major biotic component of benthic sediments (Butler 
& Rogerson, 1995) where they can occur at densit
ies of up to several thousand cm-3. Despite showing 



296 

modest bacterial consumption rates, their abundance 
implies that they may be important benthic grazers 
(Butler & Rogerson, 1997). 

Less is known about microbial assemblages on the 
surfaces of free-swimming gelatinous zooplankton. To 
the best of our knowledge, other than our previous 
publication (Estes et al., 1997) and that of Mills & 
Mclean ( I 991), no reports describe ctenophore epi
microbial infestations. We describe here protistan epi
bionts that display considerable specificity with regard 
to their position of residence, either solely on the giant 
ciliary comb plates or solely the ectoderm. Where pos
sible, we describe the effects that the epibionts have on 
the host. 

In coastal regions of the Gulf of Mexico, the cteno
phore Mnemiopsis mccradyi Mayer, is accepted to be a 
key predator in the coastal marine food web (Reeve et 
al., 1978; Edmiston, 1979). Indeed, M. mccradyi and 
M. leidyi A. Agassiz, the Atlantic coast species, both 
form dense blooms in the mid-late summer. Mnemi
opsis spp. are profilic, with each individual releasing 
thousands of eggs during spawning; furthermore, they 
are very efficient predators with digestive efficiencies 
> 70% and being capable of consuming copepod zo
oplankton at > I 000% of their body carbon in 24 h 
(Reeve et al., 1978). By virtue of sheer numbers and 
capacity for feeding, Mnemiopsis spp. can exert sig
nificant control over zooplankton assemblages, and 
so indirectly, the phytoplankton assemblages of the 
coastal zone. 

We describe here an assemblage of protists com
monly found on Mnemiopsis mccradyi along the 
coastal Gulf of Mexico. Our observations suggest that 
some members of this group- a small flabellulid gym
namoebae and a sessile protoodinid dinoflagellate -
have the potential to impact the general health of the 
ctenophore. Although heavily-infested M. mccradyi 
appeared to be fundamentally healthy, it is conceivable 
that the protists could impair ctenophore feeding, and 
so, possibly fecundity, which in turn, would impact 
the ability of this organism to develop dense blooms. 
The protist assemblage described here could therefore 
have important impact on the health of the coastal zone 
indirectly through its effects on Mnemiopsis mccradyi. 

Materials and methods 

Collection of specimens 

Ctenophores were gently collected by dipping from 
the surface waters of Apalachicola Bay, Florida or Mo
bile Bay at Dauphin Island, Alabama throughout the 
year. They were sometimes examined in the field with 
a dissecting microscope for trichodinids. The amoe
bae described here were not reliably visible with a 
dissecting microscope under field conditions. Cten
ophores were held in natural sea water in glass or 
plastic jars in coolers for transport back to the laborat
ory. Upon arrival in the lab, ctenophores were placed 
in jars containing sea water from the collection site, 
or a planktonkreisel apparatus with a recirculating 
sea water system. Ctenophores were fed Artemia sa
lilw nauplii (San Francisco Bay Brand, Inc., Newark, 
CA). All ctenophores were carefully selected for qual
ity and only those in excellent physical condition as 
determined by overall inspection were used for sub
sequent observations. In some cases, we were able to 
perform close examination by light microscopy and 
additionally, perform fixation for scanning electron 
microscopy, within 1-2 h of capture. In all cases, spe
cimens were prepared for light or electron microscopy 
within a day of capture. 

Light microscopy 

Immobilized ctenophores were examined with a dis
secting microscope capable of high power magnifica
tion and equipped with a video camera and time-lapse 
or conventional S-VHS video tape recorder. Higher 
magnification differential interference contrast (DIC) 
views of dissected comb plates and comb rows were 
generated and digitally-enhanced ( =video enhanced 
DIC; VE-DIC) as described previously (Estes et al., 
1997). 

Electron microscopy 

Comb plates and associated microbes were dissected 
free of the ctenophore with fine iridectomy scissors. 
Specimens for scanning electron microscopy (SEM) 
were prepared and viewed as described by Estes et al. 
( 1997). 

Samples for transmission electron microscopy 
(TEM) were fixed as described in Estes et al. ( 1997), 
postfixed with I% aqueous osmium tetroxide, rinsed 
once in 100 mM sodium cacodylate (pH 7.4) and 
en bloc stained in I% aqueous uranyl acetate at 4 ° 
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0 

Tip 
Fir;11re 2. Polar plot or locomotory vectors or 100 llabellulid amoe
bae on the comb plate surface of' the ctcnophore, lvl11e111iopsis 
mccradyi, during a 30 s interval. 

plates, which generate feed ing currents. While oc
casionally there were larger individuals, the majority 
of comb plate amoebae had a maximum width of 
~ 15 ,~111. Comb plate amoebae advanced smoothl y, 
w ithout erupti ve cy toplasmic activity, typically dis
playing a broad anterior hyaline zone (Fig. IC). Most 
locomotory cells were crescent-shaped with a dis
tinctly blunt posterior and showed little evidence or 
a uroid (Fig. IC). Free-Aoating forms were spherical 
with small , extremely active non-tapered pseudopo
dia (not shown). We tentatively identify comb plate 
gymnamoebae as a species of Flabef/11/a based on 
in format ion from previously published keys (Page, 
l 976, 1988). Amoebae were found over nearly the 
entire length of the comb plate but appeared to avoid 
the region of the most extreme basal bend. 

We examined Aabellulid movement on excised 
comb rows in the compound microscope, using VE
DIC combined with time-lapse video. Flabellulids 
crawled at ~ I 0± 0.3 ,~m min- 1 (N= I 00) along the 
length or the comb plate cilia. They crawled altern
ately distally and proximally, usually moving as a 
group. Over one 30 s interval. flabellulid amoebae 
were observed to move nearly e11 111asse toward the 
comb plate tip (Fig. 2). 

We determined the density or amoeboid infestat ion 
by examination of SEM images. Only amoebae on the 
aboral sides of the comb plates were counted because 
only those sides could be reliably observed. The num
ber of amoebae varied greatly in our sample, but on 

Fig11re J. Actively crawling (arrow shows direction) cctodcrmal 
vex illifcrid amoeba. VE-DIC Scale: 1011m. 

average, plates bore 2726±395 mm- 2 (N= LS comb 
plates). The greatest number or amoebae occurred dur
ing the summer, when densities could exceed 5000 
111111-

2
. Comb plates bore amoebae year-round from 

the summer of 1993 to the summer of I 999. 

Ecrodenna{ assemblage 

Ectodermaf vexiff(/'erid amoebae 
Time-lapse video of the interplate ectoderm revealed 
small but very different gymnamoebae. Ectodennal 
amoebae would slowly protrude one of several long. 
fingerlike subpseudopodia, which elongated and ex
panded while it advanced. The cell body would 
subsequently transfer into the newly attached and 
broadened pseudopodium. We recognize these amoe
bae as a genus very simi lar to Vexiffif'era based upon 
their distinctive locomotory behaviour and morpho
logy (Fig. 3). We therefore refer to them as vexil
liferids. Yexi lli ferids occurred at 20- fold lower density 
compared wi th the Aabellulids at ~400 111111 - 2 . We 
were unable to detect the ecotodermal vexi lliferid 
amoebae except by close study of low-magni fication 
lime-lapse video. 

Protoodi11id di11oflageffates 
We observed large (30- 100 ,~m diameter), distinctly 
green dinoflagellates attached to the ectodennal sur
face (Fig. 4A). The cells were easily identi fied as 
dinoflagellates based upon the presence of condensed 
chromosomes in specialized nuclei , which are termed 
dinokarya. The cingulum and sulcus, which are cel l 
wall grooves that house the transverse and longitud
inal flagella, respectively. were clearly vis ible (Fig. 



Figure./. Pm1oodi11i11111- li kc dinoflagella1cs on lhc cc1odcrm of 1he 
c1enophore. M11e111iopsis mccradyi . (A) Survey view. Arrows in
dicate two of 13 visible dinoflagcllatcs. Scale: I mm. (11, C.) 
Dinoflagcllates attached to the ctcnophore intcrpla1c cctodcnn. In 
8. open arrow indicates peduncular fimbrac. In C. open arrow indic
ates longitudinal flage llum. asterisk indicates cill!wlum. and white 
arrow indicates transverse flage llum. In both B ancl C. Prefers to 1he 
peduncle. Scale: 20 /llll. 

4B, C). The transverse nagella. which were always 
present. were clearly motile. wh ile the lon!.!itudinal 
flagella, when present. rarely beat in a rhytht; ic man
ner. Smaller cell s appeared to be pclliculatc. whi le 
larger cells did not appear to have obvious thccal plates 
in VE-DIC. The well-developed peduncle bore many 
fine processes that spread out from the peduncular 
stalk. and which we identify as distal rhizoids (Fig. 
4B). Dinoflagellate overal l morphology suggested that 
this was a mixotrophic dinonagcllatc very simi lar to 
Pm1oodi11i11111 c!tattoni (Hovasse, I 935: Cachon & 
Cachon. 197 1 ; Fen some et al.. 1993 ). 

The putative protoodinids were non-specific with 
regard to attachment site and could be fou nd vir
tually anywhere on the surface or the host (Fi!!. 
4A): Dinoflagellatcs occurred unpredictably 0 11 ctc,;
ophores throughout the year but were. like the rest of 
the cpibionts. most common during the warm months. 

E.ffects of 111icro/Jial a11ac!t111e111 

T ctenop!torii distorted comb plates by virtue or their 
attachment. particu larly i r attachment occured near the 
tip (cf. Fig. I A), suggesting that they applied negat
ive pressure. We observed displaced comb plate ci I ia 
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in scars lcrt by previously attached trichodinids (not 
shown). Despite their abi l ity to distort the plate and 
produce minor scars of the surface, trichodinids did 
not appear to have any effect 0 11 comb plate motility. 
We directly observed T clenop!torii capture numerous 
small rrce-swimming flagellates with the adoral cil i
arurc and ingest them (not shown). We conclude that 
T ctenop!torii docs not recd upon comb plate c ili a. 

By contrast, comb plate flabellulids fed continu
al ly upon the comb plate cilia. This was evident 
while using high magnification, high resolution VE
DIC to examine flabellulids attached to comb plates. 
Phagocytic activity was routinely observed in act
ively crawling amoebae (not shown). TEM con firmed 
that flabcllulids degrade and engulr comb plate ci l iary 
components (Fig. SA). Partially or entirely degraded 
ciliary membranes. outer doublets and/or central pair 
microtubules were evident beneath the amoebae (Fi!!.. 
SB). suggesting that the llabellul ids utilize comb plat;s 
as a nutritional source. 

Both SEM (not shown) and T EM showed that fla
bcl lulids can invade comb plates (Fig. 6A). Invading 
amoebae phagocytosed comb plate cilia and produced 
long-range disturbance or the normally precise ciliary 
packing (c f. Fig. 6A, B. D). The 3-8 doublet microtu
bu lc intcrci l iary bridges (A rzclius. 196 1: Tamm. 1982) 
were lost and the central pair became disoriented. The 
central pair midfi lament. which is distinctive or ctcn
ophorc comb plates (Fig. SB: Tamm & Tamm. 198 1 ). 
remained intact (Fig. 6C). The cil iary membranes ap
peared to become detached from the 9+2 axonemal 
structure, and appeared 'loose'. Such effects suggest 
that the invading amoebae might release dcgradativc 
enzymes. 

Ectodermal vex illircrids were never observed to 
occur in high numbers. and we saw no evidence or 
any dcgradativc effect on the cctodcrm. Even though 
we closely examined cctodcrmal vexillirerids by high
resolution. high magnification VE-DIC. we never 
observed overt phagocytic activity. even though we 
were able to easily and closely observe fine details or 
amoeboid locomotory behaviour. 

We did not 110 1 directly observe transport processes 
in the peduncle of the dinonagcl latcs. It is well known 
that protoodinicls protrude an invasive amoeboid pro
cess through the peduncle (Hovasse. 1935). Cteno
phorcs that bore many attached dinoflagellates dis
played localized collapse or the mcsogloea and ecto
derm (not shown), suggesti ng that dinoflagellates feed 
upon the ctcnophorc. 
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Figure 5. Flabellulid-dcpcndcnl ck gradalion of lh.: w 111h plalc of lhc clcnophorc. M11e111io11si.1· 111C·cr1ulyi. (A) Flabd lulid (a) crawling upo11 lhe 
comb plalc (CP). lnsen expands a region undergoing clcgracl:llion: nolc loss of oulcr douhlcl microluhu les in lhc comb plalc cilia. Scale: I 11 111. 

(ll) Degraded region (d) or lhe comb plalc aflcr passage of a flahcllul icl amoeba. Opposing :11Tows indicmc lhc 3- 8 otner double! intcrciliary 
bridges. m indicalcs lhc ccnlral pair miclfilamcnl. a marker of clcnophorc comb pl ale cilia. Scale: 0.25 ,, m. 

Discussion 

Specific, li111ited p,vti.1·1a11 asse111bla~es i11ha/Ji1 
healthy Mnemiopsis mccradyi 

Ctenophores are hosts for a variety or parasites, in
cluding trematodes (Stunkard, 1980; Koie. 199 1; 
Martorelli, 200 1; Purcell & Arai , 200 1), amphipods 
(Harbison et al.. 1977), protists (K inne, 1990) and an
thozoa (Crowell , 1976) . Most parasites are found in 
the mesoglea, gut or canals. 

The protistan epibionts described here occu
pied distinctly nonoverlappi ng anatomical domains or 
Mnemiopsis 111ccradyi, a common coastal ctcnophorc 
of the Gulf of Mexico (Edmiston, 1979). Trichodin
ids and flabcllulid amoebae occupied solely the comb 
plates, while vexilli ferid amoebae and protoodinid 
dinoflagellates attached only to the ectoderm. 

The trichodinicls and flabcllulids live in a unique 
niche, the giant cil iary comb plate. Comb plates 
arc powerful water-propul sive padd les comprised of 
hundreds or thousands of very long cilia, and so it 
might seem unusual for organisms to select such an 
attachment location. 

Barlow el al. ( 1993) showed that comb plates 
generate turbu lent eddies during beating, clue to the 
relatively high Reynold's number (~9 near the tip), 
which results in very effective water exchange near the 
comb plate surface. Vigorous water exchange would 
bring small suspended particles such as planktonic 
nanollagellates in close proximity to the comb plate 
surface, where they could be preyed upon by Trichod
ina cte11ophorii. We propose that T cte110phorii and 
the flabellulids reside on the comb plates because of 
enhanced food avai labil ity. 
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A 

-
Figure 6. Invas ion of a comb plate of the c tcnophore. M11e111iopsis 111cc1wlyi by a flabcllulid amoeba. (A) Survey view. Small arrows indica1c 
invas ive subpscudopodia. f: flahellul id: c . region expanded in C. Scale: 1.0 /llll. (II) Normal comb plate organizmion. from lower le ft or/\ . 
Scale: 0.5 / t ill. (C) Phagoeytosis of a comb pla1e c ilium. Note loss or 3- 8 bridges. Scale: 0.25 /.t ill. (D) Disorganized comb plate struc ture. 
from right or the invading amoeba. Note partly detached c ilia ry membranes. disoriented ciliary 3-8 bridges and central pair complexes. Scale: 
0.5 /1 111 . 

To date. the onl y other epicommensal protist asso
ciated with ctenophores has been described by Mills 
& McLean ( 199 1) for ctenophores from Friday Har
bor, Washington State, U.S.A. The sessi le. stalked 
dinoflagellate Oodi11i11m (probably jordanii sp.) was 
observed to attach near the comb rows of l3eroe 
obyssicola Mortensen, Bolinopsis i11fi111dilm/i11111 (0. 
F. MUiier), Eup/oka111is du11/apae Mills, Dryodom 
gh111di{on11is (M ertens) and P/eumbmchio bacltei L. 
Agassiz. Oodi11i11m sp. also was seen on Friday Har
bor cnidarians and chaetognaths. Although 110 1 spe
cific w ith regard to host species preference, Oodi11i11111 
sp. is scrupulously speci fic in its attachment to the 
ectoclerm. We similarly observe Prowodi11i11111-like 

clinoflagellates on ectodermal locations on M. 111c
cradvi. Ve.ri//ifem-l ike gymnamoebae also inhabit the 
eclOderm. 

We tentatively identify the comb plate amoebae as 
ffobellul icls after Bovee & Sawyer ( 1979) and Page 
( I 976). A lthough the comb plate amoebae resemble 
vannellicls or platyamoebae, we did not observe any 
ev idence of extracellular pentagonal glycosty les or 
the characteristic hexagonal arrangements of filament
ous material in th in sections of the plasma membrane 
(Page, I 988). We feel that our fixation technique falls 
within the range of methods described by Page & 
Blakely ( 1979) to reveal extracellular glycosty les as 
described by Page ( 1986. 1987). 
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Protist/lwst relationships 

The precise relationship between any of these prot
ists and the host is incompletely characterized and 
therefore uncertain. Triclwdina ctenophorii may best 
be classified as a commensal, since it does not ap
pear to have much adverse effect on the host although 
it clearly derives benefit by attachment to the comb 
plate. We suspect that it uses the comb plate as a feed
ing platform to capture flagellate prey under normal 
conditions since we have seen such behaviour under 
the compound microscope. Trichodinid attachment 
could lead to further consequences. Minor comb plate 
surface damage resulting from trichodinid attachment 
could provide inroads for flabellulid amoebae, which 
we show here to ingest comb plate cilia (Figs. 5 and 6), 
and which we, therefore, classify as at least a facultat
ive, if not obligate, parasite. We have not observed any 
bacteria on the surface of the comb plates and it is pos
sible that the flabellulids clean the surface of the comb 
plates by phagocytosing any bacteria they encounter, 
although we have never observed such behaviour. 

The ectodermal vexilliferid amoebae could con
ceivably be mutualistic with the ctenophore. The 
ctenophore almost certainly provides an advantage to 
the attached vexilliferids, perhaps as a prey capture 
surface, much as we suggest for the comb plate
trichodinid relationship indicated above. We have not 
observed vexilliferids to ingest any part of the cten
ophore, and the ctenophore ectoderm is remarkably 
clean of bacteria or other small eukaryotic epimicro
bial colonists. The vexilliferid amoebae may in effect 
clean the ectoderm, if they normally ingest bacteria or 
other small food particles. 

We propose the protoodinids to be mixotrophic 
parasites. All were deep green and so we presume that 
they were photosynthetically active, however, they al
most certainly also receive nutrient support from the 
ctenophore host through an invasive amoeboid process 
that protrudes from the peduncle into the mesoglea, 
as described for Protoodinium chattoni-infested Podo
co,yne (Cachon & Cachon, 1971 ). Our observation 
of locally collapsed ectoderm and mesogloea under 
attached dinoflagellates supports this hypothesis. 

Importance.for the coastal marine environment 

Trichodinids are typically fish parasites (Lorn & Hoff
man, 1964; Wellborn, 1967; Lorn & Haldar, 1976; 
Arthur & Lorn, 1984; Van As & Busson, 1996). In
tense trichodinid infestations can cause fish kills, and 
outbreaks are common in areas with high fish densities 

and sluggish water flow (Arthur & Margolis, 1984 ). 
We have not yet attempted to elucidate the host range 
of Trichodina ctenophorii. However, we have ob
served predation of ctenophores by fish, as mentioned 
in Estes et al. ( 1997) and reported elsewhere (Purcell 
& Arai, 2001 ). It is possible, although we think un
likely, that T. ctenoplwrii could be transferred to and 
subsequently infest a fish host. Our observations show 
that T. ctenoplwrii is very specific in its recognition 
and attachment to Mnemiopsis mccradyi comb plates. 
The specificity of attachment is underscored by our 
observations that Beroi! ovata Brugiere, a ctenophore 
predator that feeds upon Mnemiopsis spp. (Swanberg, 
1974), rarely bears T. ctenoplwrii (in Estes et al., 
1997). 

It is unclear whether mnemiopsid epimicrobial 
populations are related to the environmental con
ditions. Elevated marine hydrocarbons have been 
demonstrated to exacerbate piscine trichodinid infest
ations (Khan, 1990), as do dioxin-enriched paper mill 
effluents (Khan et al., 1993). The Alabama coast is the 
site of many gas drilling platforms, and several pulp 
mills operate in the Mobile River and Apalachicola 
River watershed that drain into the coastal Gulf region 
covered in this study; in addition, coastal Gulf of Mex
ico experiences very heavy shipping and recreational 
boat traffic. Trichodina ctenoplwrii populations could 
be stimulated by the presence of these sources of 
pollution. Additionally, all of the protists could be 
stimulated or nutritionally supported either directly or 
indirectly (via increased marine microbial populations 
in general) by the generally elevated nutrient loading 
associated with human habitation. 

Coastal salinity during intense blooms of Mnemi
opsis mccradyi is typically no greater than 29 ppt. 
Usually salinity at our Apalachicola Bay/St. George 
Sound collection site is between 21 and 29 ppt. By 
contrast, salinity at the Mobile site can be as low as 
3 ppt and yet still supports heavy blooms of cteno
phores. During the summer of 2000, the U.S. South
east experienced one of the most severe droughts on 
record, resulting in reduced riverine runoff into the 
Northern Gulf. We directly observed that salinity at 
our Apalachicola and Mobile Bay sites was routinely 
above 35 ppt and only a few Mnemiopsis mccradyi 
and Beroi! ovata were collected. Examination of the 
comb plates of these animals by SEM revealed no 
amoebae or trichodinids, and dinoflagellates also were 
not observed. Because of the isolated nature of these 
observations we cannot draw any strong inferences, 
however, it is quite possible that protistan infestations 



are supported by low to moderate coastal salinity. We 
cannot distinguish this from the possibility that lower 
salinity conditions could lead to intense ctenophore 
blooms, which in turn could lead to high epibiont 
infestation rates. 

The impact of the protistan epibionts on coastal 
ctenophore populations is equally uncertain. As noted 
above, ctenophore populations can become very dense 
in the Gulf (Edmiston, 1979) but the same is true for 
locations elsewhere (e.g., Purcell et al., 2001 ), and 
one of us (AGM) has routinely collected Mnemiopsis 
leidvi in the Woods Hole harbor at extraordinary con
centrations. Despite many years of collections at sites 
along the east coast by the same author, such popu
lations of ctenophore epimicrobes have not been ob
served. Therefore, the Gulf population of epimicrobial 
organisms may be confined to the Gulf region. 

Ctenophores that were heavily infested with T. 
ctenophorii rarely appeared to be in poor health, as 
indicated by malformation of the body, however, comb 
plates that are heavily infested with flabellulid amoe
bae sometimes appear quite ragged, which we inter
pret to result from amoeboid phagocytic activity. If 
amoebae actively destroy the comb plates, then they 
might have a severely detrimental effect on the in
fested individual's ability to capture food and escape 
predation (Kreps et al., 1997). Similarly, if parasitic 
oodinids become very dense we would expect them to 
have a negative impact on fecundity in this animal. 

Mnemiopsis /eidyi has had severe impacts on the 
food webs of U. S. estuaries and the Black Sea, 
(Shushkina & Musayeva, 1990; Purcell et al., 200 I), 
especially on fish stocks and associated food sources. 
Reduced numbers of Mnemiopsis spp. would reduce 
the predation pressure on copepod populations, which 
in turn would increase the cropping effect of cope
pods on the phytoplankton. Reduced predation due 
to epibionts on predators such as Beroe (Finenko et 
al., 2001; Shiganova et al., 2001) on copepods could 
have significant stimulatory impact on zooplankti
vorous fish that directly depend on crustacean zo
oplankton. Alternatively, that could allow undesirable 
growth of stinging jellyfish. Mnemiopsis spp. popu
lation are dramatically reduced by predation by Beroe 
spp. (Shiganova et al., 200 I). Thus, circumstances that 
have significant impacts on the ctenophore popula
tion could have great, and possibly difficult to predict, 
impacts on coastal health. We plan to examine the 
spaciotemporal occurrence of the ctenophore epibiotic 
protists in an effort to elucidate the effects, if any, that 
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these organisms might have on coastal Mnemiopsis 
populations. 
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Abstract 

Parasites of planktonic cnidarians and ctenophores in the southern Atlantic Ocean are little known. The aim of this 
study was to describe three new metacercariae from jellyfish and ctenophores, and assess the importance of the 
gelatinous zooplankton as intermediate hosts in the life history of digeneans. During examination of zooplankton in 
Argentine Sea for digeneans that mature in fishes, two species of jellyfish (Phialidium sp. and Liriope tetraphylla 
Chamiso & Eysenhardt, 1821 ), and one ctenophore (Mnemiopsis mccradyi Mayer, 1900) were analyzed for para
sites. The samples were obtained in Mar del Plata. Three metacercariae belonging to Faustulidae, Lepocreadiidae 
and Hemiuridae are described. The prevalence (percent of hosts infected) varied from 1.4-30% and the range of 
intensity (number of individuals of a parasite species in a single infected host) was from l to 30 for the different 
metacercariae. Given the important position of free-swimming cnidarians and ctenophores in the marine food web, 
and the great number of fishes that have been found with these organisms in their digestive tracts, their importance 
in the life histories of digeneans should not be underrated. 

Introduction 

Digeneans are abundant parasites of vertebrates and 
invertebrates in the marine environment. They usu
ally have (with exceptions) three host life histories, 
with two intermediate hosts and one definitive host, a 
vertebrate that harbors the adults. The metacercaria in
fects the second intermediate host and is an important 
resting stage that allows the parasite to survive until it 
can reach the definitive host. The gelatinous zooplank
ton could act as hosts of different metacercariae. 

Numerous metacercariae have been reported, 
mainly in the North Hemisphere. Lebour ( 1916) repor
ted the metacercaria of Opecluma bacillaris (Molin, 
1859) in Cosmetira pilose/la Fobres, 1898, Obelia sp., 
Leuckartiara octona (Fleming, 1823), and Pleurobra
chia pileus (Fabricius, 1780). Dollfus (1963) reported 
all the well-known metacercariae at that time, and 
stated that it was unknown if jellyfish are intermedi
ate hosts for digeneans or only are accidental hosts, 
since the metacercariae were always unencysted. In a 
revision of digeneans found in planktonic organisms, 

Rebec ( 1965) concluded that in some cases, planktonic 
invertebrates could be occasional or facultative hosts 
for digeneans. Stunkard (1967, 1969, 1974, 1978a, 
b, I 980a, b) described different unencysted meta
cercariae in jellyfish and ctenophores and considered 
these as paratenic or reservoir hosts. For Neopechona 
pyriforme (Linton, 1900), however, the same author 
mentioned that metacercariae from jellyfish were im
mediately infective, and in this case, the jellyfish could 
be true intermediate hosts. Reimer et al. ( 1971) re
ported three metacercariae in plankton samples of the 
North Sea, and mentioned for the metacercaria of 0. 
bacillaris that all the planktonic host found could be 
considered as second intermediate hosts. Kf2,lie ( 1975, 
1979, 1983, 1985a, b) reported several life histor
ies of digeneans that use jellyfish and ctenophores 
as second intermediate hosts. This author also men
tioned that these invertebrates are true intermediate 
hosts for 0. bacillaris and Lepidapedon rachion (Cob
bold, 1858), (Lepocreadiidae). In this parasite, the 
cercariae actively penetrated the mesoglea of the jelly
fish. The same author also mentions that hemiurid 
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metacercaria of Derogenes varicus (Muller, 1784 ), 
Brachiphalus crenatus Rudolphi, 1802, and Hemi
urus communis Odnher, 1905, which use copepods 
as intermediate hosts, also could use ctenophores and 
chaetognaths as transport hosts. K0ie (op. cit.) also 
comments that metacercariae found in jellyfish and 
ctenophores did not need to encyst, to gain protec
tion against the host's response. Lauchner ( 1980a, b) 
compiled all known parasites from jellyfish and cten
ophores, and explained that these invertebrates served 
as intermediate or paratenic host for helminthes. More 
recently, Matsumoto et al. (l 997) reported high pre
valence (49%) and intensity (up to 100) for an un
encysted metacercaria hemiuridae in the manubrium 
of the deep-sea trachymedusa Benthocodon peduncu
lata (Bigelow, 1913) in California. 

Digenean parasites of planktonic organisms in the 
Southern Atlantic Ocean are still little known. Only 
three metacercariae have been reported in the Argen
tine Sea: Opechona sp. in Olindias sambaquiensis 
Delle Chiaje, 1841 (in Martorelli, 1991); Monaschus 
filiformis (Rudolphi, 1819) in Phialidium sp., Liriope 
tetraphylla Chamizo & Eysenhardt, 1821, Eucheilota 
ventricularis McCrady, 1857 and Aglauropsis kawari 
Moreira, 1972 (in Girola, et al., 1992; Martorelli 
& Cremonte, 1998); and an encysted lepocreadioid 
metacercaria in Phialidium sp., L. tetraphylla and 
Mnemiopsis mccradyi (in Martorelli, 1996). 

During examination of gelatinous zooplankton for 
digeneans that mature in fishes, three unidentified 
metacercariae were found in ctenophores and jelly
fish. The specific goals of the present research were 
to identify and describe these metacercariae, to ana
lyze the prevalence and intensity, and to evaluate the 
importance of the gelatinous plankton as intermediate 
host for digeneans. 

Materials and methods 

Jellyfish and ctenophore samples were collected in 
Mar del Plata port (38° 00' S and 57° 30' W), Buenos 
Aires, Argentina. One hundred specimens of Mnemi
opsis mccradyi, 70 of Phialidium sp. and 20 Liriope 
tetraphylla were collected by plankton net between 
1996 and 1998, transferred to containers with mar
ine water, transported to the laboratory, and observed 
alive under a binocular microscope for parasites. Some 
infected jellyfish were fixed in 5% formalin in sea wa
ter. Parasites were observed 'in vivo' in the host jelly. 
Prevalence (percent of hosts infected), and intensity 

Figure J. Bacc:iger sp. mclaccrcaria ventral view. scale bar 60 ,,m. 

(number of individuals of a parasite species in a single 
infected host) was defined according to Margolis et al. 
( 1982) and Bush et al. ( 1997). 

Live metacercariae used for morphological studies 
and identification were removed from the bodies of 
the hosts with needles. The metacercariae were fixed 
in AFA (alcohol-formalin-acetic acid), stained in hy
drochloric carmine, cleared in creosote and mounted 
in natural Canada balsam. All dimensions are in mi
crometers, and means reported followed by the range 
in parentheses. The material studied was deposited in 
the Invertebrate Collections (Helminths) of La Plata 
Natural Sciences Museum, La Plata, Argentina. 

Results 

In this study, three different unencysted metacercariae 
belonging to Faustulidae, Lepocreadiidae and Hemi
uridae families were found. 

Metacercaria of Bacciger sp. (Fig. 1) 
Description: (Based on 10 mounted and several 

living specimens, measurements taken from IO moun
ted specimens): Body small, spinose 179 ( 175-191) 
long by 118 (95-134) wide, at acetabulum level. Oral 
sucker subterminal 35 (27-40) long by 36 (34-39) 



wide. Seven pairs of cephalic glands in four groups. 
Ventral sucker equatorial 33 (27-39) long by 38 (32-
42) wide. Sucker width ratio I: 0.94. Pharynx 25 
( 16-28) long; esophagus short; intestinal ceca reach
ing the posterior end of acetabulum. Excretory vesicle 
V-shape with arms extending to cecal bifurcations, 
filled with rounded concretions. Flame cell formula 
2[(3+3)+(3+3)]=24. 

Comments: Bray ( 1988) remarked that the pres
ence of the spinous tegument is the principal differ
ence between Lintoninae and Bacigerinae. Accord
ing to these criteria, the metacercariae studied here, 
belong to the latter subfamily because they have a 
spinous tegument. This subfamily was recently in
cluded in the newly named family Faustulidae (Hall 
et al., 1999). The general morphology of the new 
metacercaria resembles the metacercariae of Bacciger 
bacciger (Rudolphi, 1819) and Pseudobacciger har
engu/a (Yamaguti, 1938), reported by Palombi ( 1934) 
and Kim & Chun ( 1984 ), respectively, and probably 
could be included in this genus. In the same area where 
the infected jellyfish and ctenophores were collected, 
a Bacciger-like cercaria was reported released from 
the clam, Tagelus plebeius, by Cremonte ( 1999). At 
present, only two life histories have been reported for 
the genus Bacciger, by Palombi ( 1934) and Kim & 
Chun ( 1984 ), and both species used crustaceans as 
the second intermediate hosts. In spite of that, Wardle 
( 1983) reported, without descriptions, the presence of 
Fellodistomid metacercariae closely related to Bacci
ger in Beroe ovata and Mnemiopsis mccradyi from 
Galveston Bay in the Gulf of Mexico. 

Taxonomic summary 
Hosts: Phialidium sp. and Mnemiopsis mccradyi. 
location: Mesoglea near the circular canal in 

jellyfish and infundibulum in ctenophores. 
Prevalence: 13% ( Phialidium sp.), 2% ( M. mc

cradyi). 
/11tensity: 1-13 (Phialidium sp.), 1-2 (M. mc

cradyi). 

Metacercaria of Opecluma sp. (Fig. 2) 
Description: (Based on IO mounted specimens): 

Body oval, spinose 464 (397-552) long by 151 ( 136-
161) wide at acetabular level. Oral sucker subterminal 
71 (68-77) long by 62 (59-68) wide, with 5 ventral 
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Figure 2. Opechmw sp. melaccrcaria. ventral view scale bar 60 µm. 

papillae. Acetabulum 58 (52-61) long by 57 (50-64) 
wide, with nine papillae near the middle. Preph
arynx small, only visible in compressed specimens; 
pharynx 57 (59-64) long by 37 (32-45) wide; eso
phagus smaller than the pseudo-esophagus; intestinal 
ceca reaching the posterior end of body. Uroproct 
present. Eyespot pigment present, in some specimens 
dispersed in the forebody. Excretory formula not ob
served; excretory vesicle I-shaped, extending to the 
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posterior end of acetabulum, and containing many 
concretions. Primordia of the testes, ovary, seminal 
vesicle and vitelline glands were present. 

Comments: The morphology of these metacer
cariae resembled that of lepocreadiid digeneans. This 
group has been reported encysted in polychaetes, gast
ropods, bivalves, echinoids and fishes, and unencysted 
in medusae, ctenophores and molluscs (Martin, 1945; 
Dollfus, 1963; Stunkard, 1969; K~ie, 1975; Lauck
ner, I 980a, b; Bray, 1988). The new metacercaria is 
close to metacercaria of Opechona sp. reported for 
the same area, in the jellyfish, O/indias sambaquien
sis, and related to a cercaria released by Buccinanops 
moli11iferus (Valenciennes, 1834) (Gastropoda, Nas
sariidae) (in Martorelli, 1991 ). The described metacer
caria is similar in morphology to this cercaria. Usually 
lepocradiid metacercariae reported in ctenophores and 
medusae have been described unencysted in the host 
mesoglea and are very similar to the cercaria stage. 
At present, only one lepocreadiid metacercaria has 
been reported encysted in jellyfish and comb jellies by 
Maitorelli ( 1996). In this metacercaria, the cyst was 
partly attached to the host mesoglea and was probably 
produced by the parasite. 

In the same area where the new metacercaria was 
found, Cremonte & Sardella ( 1997) reported adults of 
Opechona sp. in Scomber japonicus Houttuyn, 1782. 
These authors assigned the high prevalence found to a 
greater ingestion of gelatinous zooplankton. 

Taxonomic summary 
Hosts: Phialidium sp., liriope tetraphylla and 

Mnemiopsis maccradyi 
location: Mesoglea near the circular canal in 

jellyfish and infundibulum in ctenophores. 
Prevalence: 17% ( Phialidium sp.), 5% ( l. tetra

phylla), 30% (M. mc:cradyi). 
Intensity: 1-7 (Phialidium sp.), 1-2 (l. terra

phylla), 2-20 (M. mccradyi). 

Metacercaria Hemiuridae (Fig. 3) 
Description: (Based on 5 mounted specimens): 

Body long without ecsoma, and smooth surface, 411 
(319-503) long by 113 (79-131) wide. Pharinx 28 
(22-33) long; short esophagus, and intestinal ceca 
reaching the posterior end of body. Oral sucker 46 
(37-57) by 50 (37-59). Ventral sucker very large, 96 

Figure 3. Hcmiuridae metaccrcariac, ventral view scale har 60 µ m. 

(79-103) by 90 (63-98). Excretory vesicle Y-shape 
with arms joined at pharyngeal level. Primordia of the 
testes, ovaries and vitelline glands were present. 

Comments: The morphology of these metacer
cariae resembled that in the Hemiuridae family. 
Presently, several metacercariae of this family have 
been reported in pelagic cnidarians and ctenophores: 
Hemiurus communis in Pleurobranchia pi/eus by Yip 
(1984); Brachypha/lus crenatus Rudolphi, 1802 in 
P. pileus by K0ie (1983); Aponurus sp. in Aequorea 
pensilis (Haeckel) by Rao ( 1958); and Lecithocladium 
excisum Rudolphi, 1819 and Derogenes varicus in P. 
pileus by K~ie ( 1983). By the absence of the ecsoma, 



the present metacercaria differs from those of gen
era Hemiurus, Brachypha/lus and lecitlwcladium, and 
probably could be included in the genus Derogenes or 
Aponurus. Demgenes varicus has a wide distribution 
and was found in almost I 00 species of marine fishes 
(Marcogliese & Price, 1997). The metacercariae of 
D. varicus have been reported in many zooplankton 
species (Marcogliese 1995), and as progenetic meta
cercariae in P. pileus (in K!Zlie, 1979; Lauckner 1980a). 
Adults of D. varicus also were reported in fishes from 
the Argentine Sea (Gaevskaya et al., 1985; Sardella & 
Timi, 1996). Experimetal studies will be necessary for 
the definitive classification of this metacercaria. 

Taxonomic summary 
Hosts: Phialidium sp. and Mnemiopsis mccradyi. 
location: Mesoglea near the circular canal in 

jellyfish and infundibulum in ctenophores. 
Prevalence: 1.4% (Phialidium sp.), 2% (M. mc

cradyi). 
Intensity: 1-2 (Phialidiwn sp. and M. mccradyi). 

Conclusions 

This is the first report of hemiurid and faustulid 
metacercariae in gelatinous organisms from the South 
Atlantic Ocean. 

The presence of metacercariae in jellyfish and 
ctenophores has been reported in different oceans of 
the world and is probably an indirect indication of 
the use of these organisms as food by the fishes in 
which the adult digeneans are present. Works like 
Arai (1988), Ates (1988) and Purcell & Arai (200 I) 
reinforce the importance of the gelatinous zooplank
ton in the pelagic food webs. In the same area as the 
present study, Mianzan et al. ( 1996) found 20 spe
cies of fishes feeding on ctenophores and gelatinous 
zooplankton. According to Lauchner ( 1980a), the im
portance of pelagic cnidarians in marine food webs is 
reflected in their use as intermediate or paratenic hosts 
by many helminthes. As hosts in the life cycles of mar
ine digeneans, gelatinous zooplankton could play an 
important role in the distribution of the metacercaria 
stage. 

In general, the prevalence of digeneans in zo
oplankton species is very low, and this fact contrasts 
with the high percentages of infections by digeneans 
found in fishes (Marcogliese 1995). The relatively 
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heavy prevalence found in the present study for the 
metacercariae of Bacciger sp. and Opecluma sp. 
seems to be a good indication that jellyfish and cteno
phores are true intermediate host for these parasites. 
On the other hand, the low prevalence of hemiurid 
metacercariae supports the idea that gelatinous zo
oplankton act as transport host for this parasite (K!,?.lie, 
1979). 

According to Marcogliese ( 1995), the role of 
jellyfish and ctenophores as intermediate host for di
geneans is still unclear, and the future elucidation 
of life cycles, mainly of the Fellodistomidae, Faus
tulidae, Lepocreadiidae and Hemiuridae families will 
help to clarify the actual situation. 
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Food and feeding of Aurelia aurita in Tokyo Bay with an analysis 
of stomach contents and a measurement of digestion times 
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Abstract 

In situ seasonal variations in stomach contents of Aurelia aurita (L.) in Tokyo Bay, Japan, were analyzed. Cope
pods, such as 0itlwna davisae Ferrari & Orsi were the predominant food items of A. aurita from June to November. 
The mean digestion time measured in incubation experiments was 0.95 h. Daily rations calculated using stomach 
content data and digestion times were 2.2-21.8 mg C ind- 1 corresponding to 0.58-5.56% of body carbon. The in
gestion rate increased significantly with an increase in medusa size, although no significant relationship was found 
between medusa size and carbon specific daily ration. The zooplankton community in Tokyo Bay is characterized 
by the significant dominance of 0. davisae and it is assumed that the prosperity of A. aurita is caused by the high 
abundance of the 0. davisae population. It is suggested that a food chain comprised of microflagellates, cyclopoid 
copepods 0. davisae, and A. aurita is the most significant one in Tokyo Bay and only a small portion of production 
is transferred to fish. 

Introduction 

In recent years, gelatinous predators and scyphomedu
sae, in particular, have received scientific interest all 
over the world with respect to their role in the food 
web (e.g. Yasuda, 1971; Olesen et al., 1994; Schneider 
& Behrends, 1994; Arai, 1997; Purcell, 1997; Pur
cell et al. , 2000). These population studies observed 
high-density aggregations of Aurelia aurita medusae 
in summer. In addition to these studies, dense aggreg
ations (150 ind m-2) of A. aurita were also recorded 
in Saanich Inlet, Canada, during summer (Hamner et 
al., 1994). In Tokyo Bay, particularly in summer, mass 
occurrences of A. aurita are often observed (Toyokawa 
et al., 1997) and periodically cause serious problems 
as they clog power plant intakes and fishing nets. 

Aurelia aurita is usually a predominant scyphome
dusan species in coastal waters and some studies exist 
on their predation impact on prey populations (e.g. 
Lindahl & Hernroth, 1983; Schneider & Behrends, 
1994; Martinussen & Bamstedt, 1995; Olesen, 1995; 
Omori et al., 1995; Lucas et al., 1997; Schneider & 
Behrends, 1998). For example, Lindahl & Hernroth 

( 1983) suggested that the outbreak of A. aurita in Gull
mar Fjord, Sweden, in summer regulates the structure 
of pelagic ecosystems. Lucas et al. ( 1997) estimated 
the potential impact of A. aurita on the mesozooplank
ton communities in Southampton Water and Horsea 
Lake, England, from their secondary production. To 
estimate the feeding impact on prey populations, the 
in situ ingestion rate of medusae is highly desirable 
(Purcell, 1997). Olesen ( 1995) investigated the pred
ation impact of A. aurita on zooplankton in Kertinge 
Nor, Denmark, using clearance rate data measured by 
laboratory incubation experiments. Previously, only 
Matsakis & Conover ( 1991) and Martinussen & Bams
tedt ( 1995) estimate the predation impact of A. aurita 
on zooplankton prey based on their in situ inges
tion rates with an analysis of stomach contents and 
measurement of digestion times. 

The present study documents the ingestion rate 
and carbon specific daily ration of A. aurita based on 
field observations of stomach contents and laboratory 
incubation experiments on digestion time. We also dis
cuss the relationship between the medusae population 
and the zooplankton community in Tokyo Bay. 
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Fi,:ure I. Monthly sampling station of Aurelia aurita in Tokyo Bay. Japan. 

Materials and methods 

Sampling 

Sampling of A. aurita medusae was conducted in day
light hours once or twice a month between June 10 
and December 2, 1997, aboard the "T. S. Hiyodori", 
Tokyo University of Fisheries, at a sampling area in 
the innermost part of Tokyo Bay (Fig. I). Medusae 
were occasionally scooped with a hand net of IO mm 
in mesh size from surface aggregations. Specimens 
for stomach content analyses and the incubation ex
periments were carefully handled with a vinyl sheet 
hand net so as to get undamaged specimens. The 
specimens used in incubation experiments were im
mediately transferred with a plastic bowl into a 20 I 
bucket. Surface water temperature was simultaneously 
measured during sampling. Bell diameter, sex and 
the presence of planula larvae of medusae were im
mediately determined after sampling. Measurements 
of the bell diameter, to the nearest 1.0 mm, were 
made by placing specimens on a scale with the exum
brellar side down to flatten out the bell. Immediately 
after collection, the gastric pouches of each medusa 
were opened using a scalpel and the stomach contents 

were removed using a pipette. The stomach content of 
each medusa was preserved in 5% buffered formalin. 
Medusae for incubation experiments were carefully 
transferred to the laboratory in buckets and incubated 
at 22 °C, similar to the mean ambient water temperat
ure in the medusae sampling area during summer and 
autumn. They were kept in I µm filtered seawater until 
the start of the incubation experiments. 

Zooplankton prey for the incubation experiments 
was collected in the same area with a 100 µm conical 
mesh net, in oblique hauls from 3 m depth. They were 
also incubated in I µm filtered seawater at 22 °C for 
2-3 days until the experiments started. 

Weight analyses 

Some of the mcdusae were brought to the laboratory 
for dry weight and carbon analyses. Specimens were 
rinsed with an isotonic ammonium formate to remove 
external salts. Whole specimens were dried at 60 ·)c 
for 1 week and weighed. Parts of a dried medusa 
were homogenized, re-dried and re-weighed, and their 
carbon contents were analyzed using a CHN Corder 
(Yanako MT-3). 



Stomach content analyses 

The preserved stomach contents, excluding medu
sae eggs and planula larvae, were examined using 
a dissection microscope. Prey items were identified, 
counted and their sizes were measured. On the basis of 
literature (e.g. Hirota, 1981; Martinussen & Bamstedt, 
1995), our own data and the size of the prey items, we 
estimated the individual dry weight and carbon content 
of each prey species. For the prey species where the 
carbon content was not found in the literature, estim
ations were made on the basis of size and taxonomy. 
Summed carbon contents of prey items in each stom
ach were used to calculate the ingestion rate and daily 
ration of A. aurita. 

Digestion experiments 

For the measurement of the digestion time of A. aur
ita, medusae having a bell diameter between 12.1 and 
22.3 cm (N= 18; average 16.6 cm) were used. Experi
ments were run in 2 I transparent plastic bowls kept at 
22 °C, with one medusa per bowl. Sampled zooplank
ton prey were added near the mouth of the medusae. 
Cyclopoid copepods, Oithona davisae, formed 64% of 
the average gross composition of the prey population, 
and calanoid copepods and nauplius larvae of cirripede 
Balam,s spp. were also observed. Each fed medusa 
was continuously observed until the unrecognizable 
prey was egested. Digestion time was defined as the 
time elapsed between ingestion and egestion. 

To follow the digestion process, medusae having a 
bell diameter between 17.9 and 20.7 cm (N=8; aver
age 19.3 cm) were used. Experiments were run in 20 
I buckets kept at 22 °C. One medusa was incubated 
in each bucket. Oithona davisae sorted from the live 
zooplankton samples was used as prey. After prey in
gestion, the medusae were carefully transported to the 
other buckets filled with I µm filtered seawater. Every 
5 min after prey ingestion, each medusa was individu
ally taken out of the water and the condition of the prey 
in the gastric pouches was observed under a dissection 
microscope. The experiment continued until the prey 
were unrecognizable. 

After the digestion experiments, the bell diameters 
and dry weights of all specimens were measured by 
the methods as mentioned above. 

Ingestion rate and daily ration 

The ingestion rate (I) and carbon specific daily ration 
(DR) of A. aurita was calculated using the following 
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sampling station in Tokyo Bay in 1997. 

equations: 

I = CC · DT- 1 
• 24h, 

DR = / · cw- 1 
• I 00. 

where/ is the ingestion rate (mg C ind- 1 d- 1), CC 
is the summed carbon content in the stomach (mg C 
ind- 1 

), OT is the digestion time (h), DR is the carbon 
specific daily ration (%) and CW is the body carbon 
weight (mg C ind- 1 ). 

Results 

Temperature 

Typically, the inner part of Tokyo Bay is well mixed 
during all the months except from June to September, 
when stratification occurs (Nomura, 1993). Monthly 
changes in surface water temperature at the sampling 
station from January 14 to December 2, 1997, are 
shown in Figure 2. The maximum surface temperature 
was 28.2 °C on September 11 and the minimum was 
I 0.5 °C on 14 January and 13 February. 

Size distrihmion 

Monthly size frequency distributions of the bell dia
meter of medusae are shown in Figure 3. In Tokyo 
Bay, ephyra larvae appear in March and young me
dusae in April (Omori et al., 1995). More than 50% 
of medusae had bell diameters of over 20 cm by 10 
June, and the mode became 21 cm by 26 August. The 
growth was lowered and the size range of individuals 
in the monthly samples was narrower in August. Re
duction of the bell diameter occurred in December and 
the mode became 16 cm. 
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Figure 3. Relative frcqucn~y distributions or the hell diameter or Aurelia 1111rita in 1997. 

Stomach co111e111 wwlyse.1· 

Figure 4 presents the percentage (average of IO spe
cimens) o f different prey observed in the stomachs 
of A. a11ri1a on each sampl ing date. Except for 2 
December when bivalve larvae dominated numeric

ally (78%), cyclopoid copepods, 0 . davisae, were 
always dominant throughout the sampling period. The 
percentage freq uency of 0. davisae in the stomach 
contents ranged between 3% (2 December) and 94% 
( I October). 

Dige.\'/io11 experi111e111s 

Digestion experiments performed on 18 individuals 
or A. aurita using mixed zooplankton showed a non
signilicant decrease in digestion time w ith increasing 
medusa diameter (Fig. 5). The mean digestion time for 

al l experiments was 0.95±0.25 h. This value was u~ed 
for the estimation of their ingestion rate. 

Observation of the digestive process or 0. davi
.me gave the fol lowing information. After 10 min of 
digestion. the carapace of copepods were damaged. 
and material started to leak out after 35 min. A fter 40 
min , most of the tissues were digested, and the body 
became partly transparent. By 45 min, the carapaces 
or the copepods were destroyed and the separation or 
prosomes and urosomes had occurred. and afterward 
they were egested as faeces. 

l11gesliu11 mle and daily ralion 

The relationships between the bell diameter and the 
ingestion rate (carbon basis) and the carbon speci fic 
dai ly ration are shown in Figures 6 and 7, respect
ively. The ingestion rate increased significantly wi th 
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Fig11n' 6. Relationship hc1wcc11 the hell diameter and ingestion rate 
ofA11relia a11rita estimated from the stomach contents and digest ion 
time. 

an increase in medusae si1.e (r 2 = 0.076; p < 0.0S), 
however, there was no correlation bet ween the size of 
medusae and the carbon specific dai ly ration (r2 = 
0.017). The average carbon specific daily ration of all 
medusae was 2.06 ± 2. 13%. 
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Figure 7. Relationship between the bell cliamc1cr and carbon spe
cific daily ration of Aurelia auriw expressed in pcrccmagc. 

The ingestion rate and carbon specific daily rat ion 
of A . auriw on each sampling date calculated from the 
stomach contents and the digestion time is expressed 
in Table I. together w ith the diameters and carbon 
weights o f medusae. The highest ingestion rate and 
carbon specific dai ly rat ion were 2 1.83 mg C ind- 1 

d- 1 and 5.56%, respectively, on 14 October. No sea
sonal trends were detected in ingestion rate or carbon 
specilic daily ration. 

Discussion 

Although medusae sizes w ith in the month ly size fre
quency distributions varied, seasonal occurrence pat
terns were clear and meclusae showed continuous 
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Tc1b/e I. Ingestion rule and carbon specific daily ration of Aurelia aurita estimated from the stomach contents 
and digestion time. N== IO on each date 

Sampling Temperature Bell diameter Carbon weight Ingestion rate Carbon specific 
date (OC) (cm) (mg ind- 1) (mg C ind- 1 d- 1) daily ration(%) 

I0Jun. 23.0 19.2±4.3 355±96.5 6.73±3.16 1.90±0.83 
26 Aug. 26.5 20.1±3.0 377±73.4 2.25±1.56 0.58±0.34 

11 Sep. 28.2 18.3±1.4 330±33.4 3.66±2.36 1.12±0.73 

I Oct. 22.0 19.4±2.7 358±66.4 5.61±2.89 1.57±0.70 

14Oct. 21.5 20.1±3.8 376±92.3 21.83±14.07 5.56±2.78 

5 Nov. 19.0 21.2±2.0 402±50.8 4.33±3.49 1.05±0.78 

2 Dec. 15.9 17.8±3.1 320±69.6 8.82±8.27 2.62±2.39 

growth until August. The pattern after autumn in this 
study was in contrast to the investigation by Omori et 
al. (1995), and was more similar to the observations 
of Ishii et al. ( 1995). During 1990-1992, Omori et 
al. ( 1995) showed two groups of the A. aurita popu
lation after October. One grew continuously until the 
following spring and another reduced in bell diameter 
and disappeared by winter. On the other hand, the 
A. aurita population in 1993 simply decreased in bell 
diameter from summer to autumn (Ishii et al., 1995). 
Ishii et al. ( 1995) suggested that medusae decreased 
in size during autumn and winter after releasing their 
gametes into the sea, simultaneously lowering their 
metabolic activity. The size distribution pattern in this 
study also indicates the decrease of the late reprodu
cing population. The females probably released their 
gametes into the sea before November in 1997, and 
thereafter decreased in size. Moller ( 1980a) also found 
that the bell diameter reduced by 13-18% from Au
gust to September after sexual reproduction. Hansson 
( 1997) suggests that the cessation in growth of A. aur
ita medusae after reproduction period is not caused 
by food limitation. As discussed below, the zooplank
ton abundance, especially 0. davisae, is enough to 
sustain the daily ration of medusae in Tokyo Bay. In 
laboratory incubation of medusae, we often observed 
a medusa having relatively long oral arms under food 
shortage conditions, however, this type of medusae 
was not collected at all even in a period of size re
duction, like December. Further experimental studies 
are needed to elucidate the effects of the prey concen
tration on growth rate of medusae after reproduction, 
however, we consider that the reduction in medusae 
size is independent of food availability. 

Aurelia aurita is known to be an opportunistic tact
ile predator, feeding on zooplankton of a broad size 

and taxonomic range. Matsakis & Conover ( 1991 ) 
found that the food of A. aurita in Bedford Basin, 
Canada, consisted of copepods, fish larvae, eggs and 
a significant number of the co-occurring cnidarian 
Rathkea octopunctata (M. Sars). In Kertinge Nor, 
Denmark, Olesen et al. ( 1994) found that the stom
ach of A. aurita contained tintinids, gastropod larYae, 
harpacticoid copepods, polychaete larvae and some
times rotifers as a major part of their food. Moller 
( 1980b) found that herring larvae were a major part 
of food of A. aurita in Kiel Fjord, Germany. Mar
tinussen & Bamstedt ( 1995) found 42 different prey 
species in A. aurita by stomach analyses. The present 
study also found a broad taxonomic range of prey 
in the stomach of A. aurita, and a number of prey 
co-occurred with 0. davisae throughout the sampling 
period. The typical composition of small zooplankton 
(> 100 µm of body length) in Tokyo Bay was stud
ied by Anakubo & Murano ( 1991) and was always 
dominated by 0. davisae, except in April and May 
(Fig. 8). Therefore, it is considered that the stom
ach contents of medusae during the sampling period 
reflect the zooplankton composition in ambient sea
water. Martinussen & Bamstedt ( 1995) also described 
the feeding behavior of A. aurita according to the prey 
composition in ambient seawater. 

The digestion time is an important factor in the cal
culation of daily ingestion rate from stomach contents. 
We have used a single value, 0.95 h, for A. aurita 
irrespective of the medusa size. This average diges
tion time was rather low when compared with previous 
studies (Table 2), however, for Aurelia sp. in Big Jelly
fish Lake, Palau, Dawson & Martin (2001) observed 
lower digestion time (0.71 h) in experiments with 
copepods as a prey. These results indicate different 
digestion times for different prey items, and we believe 
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Table 2. Review or digestion time and ingestion rate cstilllatcd frolll the stomach contents of A11re/ia a11ri1a 

Arca Bell dialllctcr Prey Temperature Digcs1ion Ingestion Reference 

(cm) (OC) ti llle (h) rate (lllgC 

incl- I d - 1) 

Kiel Fjord, Germany 0.6--2.5 Herring larvae 10- 12 5 Moller ( 1980b) 
Kiel Fjord. Germany 1.8- 2.4 Herring larvae 22 3.8 Hccgcr & Moller ( 1987) 
Bedford Basin. Canada 8 Copcpods. eggs and 4 3.85 0.5 111atsakis & Conover ( 199 1) 

l?mhkea uC10JJ1111cu11a 

Kiel Bight. Germany 16- 26 Mixed zooplankton -l 8- 15 Schneider & l3chn.:nds ( 1994) 
Narragansett Bay. U.S.1\. 3 Copcpods 7 3.5 Sullivan ct al. (1994) 

Larval fish 2.3 
Raunctjordcn. Norway 3.5 Ca/a1111s .fi11111l1rc/1irns 9.5 2.83 Martinusscn & Biimstcdt ( 1995) 

13.89 M ixcd zooplankton 1.6 
Raunetjorden. Norway 0.35-1.45 Anemia nauplii 9.5 1.1- 1.9 Martinuscn & B:1111stcdt ( 1999) 

0.45- U 5 Psc11docalam1s e/011ga1r1s 3.7 
0.87- 1.:l Temvra /011gicor11is 3.2 

0.43- 5.4 Cal,11111.1· .fi11111l1rc/1in1s 2.3- 5.3 
2-7.5 Cl11JJea lwre11gus 3.J --1. 1 

Tokyo Bay. Japan 16.6 j\,f ixed zooplankton 22 0.95 Present study 
8.2- 25.0 15.9- 28.2 2.2- 21.8 

20.0 Perinereis 111111tia 22 10.42 Ishi i (unpublished) 
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that prey size is one of the crucial factors affecting di
gestion time. Martinussen & Bamstedt ( 1999) showed 
by incubation experiments with five different prey of 
various sizes that the digestion time of A. aurita medu
sae was proportionally related to the prey number and 
size. They observed that digestion of herring larvae 
(ca. 11 mm) was 3.8 times slower than for Artemia 
nauplii (ca. 0.5 mm). 0itlwna davisae, mainly used 
as a food for medusae in our experiment, is a very 
tiny copepod having only 0.3 mm prosome length in 
the copepodite VI stage, and it would be digested 
more rapidly than other larger prey. Digestion of a 
polychaete, Perinereis mmtia (Savigny) (ca. 30 mm). 
by A. aurita medusae required I 0.42 h at the same 
temperature (Table 2). 

Predator size also can affect digestion rates. Mar
tinussen & Bamstedt ( 1999) found a weak tendency 
of decreased digestion time with an increased size of 
medusa using a calanoid copepod, Calanusfimnarchi
cus (Gunner), as prey, and emphasized that the relative 
sizes of the prey and predator was the important factor 
for the estimation of digestion time. The size of me
dusae in Tokyo Bay is relatively large compared with 
other areas (Table 2). Considering the size of prey 
(mainly 0. davisae) and predators, we think the diges
tion time of 0.95 his reasonable for A. aurita medusae 
in Tokyo Bay. 

Temperature also affects digestion times of medu
sae (Purcell, 1997). Heeger & Moller ( 1987) found 
that the digestion time of herring larvae decreased 
with increasing temperature. Our digestion experi
ments were conducted only at 22 °C, while the in 
situ temperature of ambient seawater varied from 15.9 
to 28.2 °C during the medusae sampling period. The 
daily rations of medusae during summer was markedly 
lower during autumn, however, considering the ef
fect of higher water temperature, higher daily rations 
would also be observed during the summer. 

Our ingestion rates from field sampled A. aurita 
were almost within the range of results of previous 
studies with in situ observations of the stomach con
tents (Table 2). We compared our data with those 
of Schneider & Behrends ( 1994) and Martinussen & 
Bamstedt ( 1995) because copepods were the main 
food and the observed bell diameters were similar. The 
mean observed predation rate of Martinussen & Bams
tedt ( 1995) was 1.6 mg C ind- 1 d- 1, which is lower 
than Schneider & Behrends ( 1994) and that of the 
present study. Our results were more comparable to 
those of Schneider & Behrends ( 1994 ), which showed 

a predation rate of 8-15 mg C ind- 1 d- 1 and up to 
25 mg C ind- 1 d- 1• 

Laboratory experiments supplying various food 
items to estimate the ingestion rate of A. aurita me
dusae are restricted to a few studies (Bamstedt, 1990; 
Bamstedt et al., 1994; Olesen et al., 1994 ). Ingestion 
rates in laboratory experiments are high in compar
ison with in situ rates. Bamstedt ( 1990) estimated the 
daily ration in the range of 5-40% using mixed zo
oplankton, while the estimations of Bamstedt et al. 
(1994) exceeded 250% for large(> 1 mm) zooplank
ton. However, these results were mainly extrapolations 
from incubation experiments with a balance method 
using very small medusae (e.g. 5.9 cm; Bamstedt 
et al., 1994), which makes it difficult to compare 
with results from field studies. There are no incuba
tion experiments to estimate ingestion rate using large 
medusae (> 20 cm), similar to those that frequently 
emerge in Tokyo Bay. Hansson ( 1997) and Purcell 
( 1997) suggested that feeding and growth are reduced 
in laboratory incubation experiments because medu
sae are often subjected to a variety of stress factors, 
particularly confinement in small containers. To know 
the ingestion rate or daily ration of large medusae, in 
situ observation of stomach contents may be the most 
suitable way. 

The present study revealed that the most significant 
prey of A. aurita medusae was 0. davisae through
out the sampling period. Long-term fluctuations of 
the zooplankton community and abundance in Tokyo 
Bay based on the results of a I 0-year investigation 
have been compiled (Nomura, 1993 ). According to his 
study, 0. davisae (copepodids) occurred throughout 
the year (average 657 000 ind m-3), and the highest 
abundance (maximum 2520000 ind m-3) was ob
served in summer. Based on the data of Hirota ( 1981 ), 
the average dry weight of 0. davisae, 0.70 µg, can 
be converted to its average carbon weight, 0.34 11g. 
If we calculate their production from the data of dry 
weight and temperature according to Ikeda & Motoda 
( 1978), the production rate of 0. davisae would be 
0.18 µg C ind- 1 d- 1, and the average production rate 
of 0. davisae population would be 118 mg C m-3 d- 1• 

Even if A. aurita totally depends on 0. davisae as a 
prey, considering the average abundance of A. aurita 
medusae in the recent study in Tokyo Bay (0.32 ind 
m-3; Omori et al., 1995) and the ingestion rate 12-
22 mg C ind- 1 d- 1 ), the production rate of 0. davisae 
is enough to sustain the daily ration of medusae. How
ever, we could not estimate their feeding impact on 
the zooplankton population in dense aggregations of 



medusae. Toyokawa et al. ( 1997) sampled dense ag
gregations of A. aurita medusae up to 13.4 ind. m-3. 

Although it is not elucidated whether medusae are 
food limited in dense aggregations, we believe that the 
zooplankton production is enough to sustain the food 
demands of medusae at average abundance in Tokyo 
Bay. 

In Tokyo Bay, the abundance of zooplankton as a 
prey of A. aurita greatly increased after the post-World 
War II period because of eutrophication (Nomura, 
1993). Since the 1960s, the zooplankton community 
has been dominated by microzooplankton and relat
ively small copepods, 0. davisae, instead of the relat
ively large mesozooplankton, such as Acartia omorii 
Bradford or Paraca/anus parvus (Claus) (Anakubo & 
Murano, 1991; Nomura, 1993). The prosperity of 
0. davisae is believed to be caused by the increase 
of microflagellates instead of diatoms (Yamaguchi & 
Aruga, 1988), since 0. davisae is not a diatom feeder 
but a microflagellate feeder (Uchima. 1988). The 
transfer of primary production via. 0. davisae results 
in interesting situations in Tokyo Bay. Prey visibility 
is an important difference in the foraging of medu
sae and fish as zooplankton predators (Eiane et al.. 
1999). Eiane et al. ( 1999) investigated two fjords, one 
that is dominated by fish and has a lower biomass of 
large mesozooplankton and greater water clarity than 
the second 'jellyfish' fjord. They suggested that visual 
predators like fish exert a selective pressure against 
larger zooplankton, and the prey size is not critical 
for non-visual predators such as jellyfish. In Tokyo 
Bay, we assumed that 0. davisae and other microzo
oplankton would be too small for visual predators such 
as planktivorous fish, which ingest relatively large 
copepods. The biomass of large copepods has been 
decreasing since the 1960s (Nomura, 1993), and only 
a small portion of the primary production is transferred 
to fish production in Tokyo Bay. Although prey size is 
important for planktivorous fish, it is not for A. aurita, 
which are opportunistic tactile predators. Therefore, 
an increase in the abundance of 0. davisae may have 
contributed to increases in medusa biomass relative 
to fish biomass. Medusae in Tokyo Bay are usually 
larger than in other areas throughout year (Omori el 
al., 1995), and Ishii & Bamstedt ( 1998) showed ex
perimentally that the abundance of prey contributes to 
the success of medusae growth and maintenance of 
the population. For 0. davisae, there is no dominant 
predator in Tokyo Bay except for A. aurita medusae 
(Nomura, personal information). We propose that the 
food chain of microflagellates, 0. davisae, and A. aur-
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ita me<lusae is the most significant one in the pelagic 
biological transformation of Tokyo Bay. 
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Abstract 

The distribution, behavior and metabolism of the mesopelagic jellyfish, Periphy/la periphylla (Peron & Lesueur), 
were investigated in Luretjorden, Norway. Field studies, conducted in 1998-1999 with plankton nets and a re
motely operated vehicle, indicated that 80-90% of the dense (up to 2.5 m-3) population migrated 200-400 m 
vertically each day throughout the year. /11 situ observations with red light revealed that swimming rates and 
feeding activity varied with age and time of day. Detection of turbulence and contact with surfaces caused this 
medusa to conceal one or all of its tentacles in the stomach or to shed nematocyst-laden tissue from the tentacles. 
Stomachs of medusae collected with nets were often full of prey entangled with the sloughed tissue. Stomachs 
of medusae captured individually with ROY samplers were empty or contained only a few prey in their stomachs 
(typically, 1-4 copepods Ca/anus spp. or chaetognaths Eukrohnia hamata Mobius per medusa). Low rates (0.4-5.6 
µl 02 mg c- 1 h- 1) of oxygen consumption of P. periphylla suggested that this species was sustained by relatively 
few (l-34) prey d- 1• 

Introduction 

There is a growing awareness that invasions of gelat
inous zooplankton can be as ecologically damaging as 
oil spills. For example, the comb jelly, Mnemiopsis 
leidyi A. Agassiz, was introduced into the Black Sea 
from ballast water about 1987 and now constitutes up 
to 95% of the zooplankton biomass in the Black Sea. 
The collapse of the Black Sea fisheries, worth 250 mil
lion US$ per year, has been directly attributed to this 
ctenophore (Volovik et al., 1993; Purcell et al., 200 I). 
Apart from their roles as competitors and predators in 
marine communities (e.g. Alldredge, 1984; Purcell & 
Arai, 200 I), swarms of soft-bodied zooplankton are 
known to foul fishing trawls (Rogers et al., 1978), clog 
seawater inlets of electrical power stations (Hay et al., 
1990) and damage salmon farming (Bamstedt et al., 
1998). 

The degree to which gelatinous zooplankton can be 
regulatory components of marine food webs is difficult 
to assess (Mills, 1995). Their bodies arc fragile and 

easily damaged by traditional sampling with plankton 
nets. Consequently, reports on their natural history 
as well as quantitative accounts of the abundance, 
feeding and metabolism of these animals are rare, es
pecially for mesopelagic species (e.g. Youngbluth et 
al., 1990; Thuesen & Childress, 1994; Robison et al., 
1998). The deep fjords of Norway, particularly those 
with shallow sills, are ideal marine environments for 
studies of various midwater fauna (Eiane et al., 1998). 
The normally calm sea states allow access to deep 
(up to 1200 m) environments throughout the year, and 
therefore facilitate investigations of processes that in
fluence zooplankton abundance and recruitment over 
diel and seasonal scales. Physical exchange of water is 
restricted primarily to the layer above the sill depth, 
and consequently, the animal communities that live 
in deep fjord basins tend to remain undisturbed by 
advective forces for prolonged periods. 

Gelatinous zooplankton, especially those living be
low the euphotic zone, are difficult to study in the 
open ocean. The papers that have mentioned the meso-
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Pigure I. Geographic location of' Lurc(jordcn. 'orway. Numbers 
( 1-4) dcsig11ah! 100 m depth intervals. The study site was within the 
innermost (= 400 111) contour. 

pelagic coronate scyphomedusa, Peripltylla peripltyllo 

(Peron and Lesueur), are typical. Collections wi th 
plankton nets have shown that this deep water species 
is cosmopol itan, but rare I y numerous (Larson, 1986. 
1990: Larson et al .. 199 1: Pages & Kurbjeweit. 1994: 
Dalpadado ct al., 1998). However. during the last cen
tury, dense populat ions have been reported to occur in 
Norwegian fjords (Foss?1, 1992; Jens Nej stgaard, pcrs. 
comm.) . Luref]orden, 50 km north o f' Bergen, is one 
such l]ord, and investigations there have indicated that 
the j elly fish popu lation is severa l orders of magnitude 
greater than in the open ocean. Ongoing studies since 
1992 have defined the life cycle o f' this species (Jarrns 
et al. , 1999) and have dealt wi th its population dynam
ics and growth. In addition, Lurc(jorden provides an 
opportunity to study an ecosystem continuously dom
inated by a j ellyfish as the top predator (Eiane et al. , 

1999). This condition may eventually provide insight 
about how physical and biological factors interact to 
maintain such a situation. Since j elly fishes, in contrast 
to fi shes, usually are considered as useless production 
for the human population, such knowledge is or more 
than purely academic interest. Furthermore, the use 
of a remotely operated vehicle (ROV) since 1999 has 
allowed more detailed studies. both at the population 
and the individual levels. In this paper, we present 
new observations about the relative abundance, ver
tical distribution. diel migration, feeding behavior and 
metabolic demand of P peripltvllo. 
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Figure 2. Vertical profiles of tt-'mpc:raturc (a) and salinity (b 1 in 
Lurcfjordcn during wi nter and summer. 

Materials and met.hods 

Descripti o11 <l tire e11viro11111e111 

LurcfJorclen is a relatively isolated IJord located along 
the western coast of Norway (Fig. I ) . The seaward 
entrance is about 200 m wide and 20 111 deep; the 
broadest section along its 20 km extent is nearly 2 km. 
The narrow entrance and shallow sill l imit the ex
change or water between the fjord and its surrounding 
areas. The greatest depth in the main basin is 440 111. 

The total volume of the fjord is about 14 km 3. of which 
0.29 km3 is 400 111 or deeper. I. 76 km3 is 300 111 or 



deeper, 4.2 km3 is 200 m or deeper (Fig. I). Strat
ification begins in May, reaches a maximum in July 
and becomes weak from December through April. The 
largest vertical gradients appear in the upper 50 m. Be
low this depth, temperature and salinity remain rather 
constant throughout the year, ca. 6.1 ±0.1 °C and 
33.2±0.02, respectively (Fig. 2a, b). Oxygen concen
trations corresponding to 50-70% saturation persist 
throughout the year below 150 m (Fossa, 1992). There 
are no rivers entering the fjord, and the water ex
change is mainly driven by the tidal currents and local 
weather conditions. Internal waves generated by the 
semidiurnal tide are probably of some importance for 
the vertical mixing of the basin water (Golmen et al., 
1998). The basin water is mainly dominated by coastal 
water, indicating that the sill is too shallow for At
lantic water to intrude (Eiane et al., 1998). Weather 
conditions, such as prolonged periods with southerly 
winds, force outflowing Skagerrak water along the 
coast and into the fjords below the surface water (Aure 
& Saetre, 1981 ). Northerly winds and thereby outward 
Ekman transport of the surface water probably also 
affect water renewal in the fjords. 

Abundance, distribution and behavior 

Abundance patterns, diel vertical migrations and feed
ing activities were documented in February 1998, 
August 1999 and December 1999 with several time
series trials. Plankton nets and the ROY Aglantlw were 
deployed for these field studies. Two kinds of net gear 
were towed vertically to collect medusae. A 2 m dia
meter net (3 mm mesh) was hauled in a continuously 
open position throughout the entire water column; a 
closing WP-3 net ( 1 m diameter, 500 µm mesh) was 
pulled through I 00 m intervals from 400 m depth. 
Physical and physiological damages to the medusae 
were mitigated by hauling the nets slowly (6 m min- 1) 

and attaching a large(= 20 I) plastic bag at the cod end. 
Medusae also were observed, enumerated and cap

tured with the ROY. Estimates of abundance were 
quantified by counting the number of individuals en
countered in the field of view of a Sony Hi8 video 
camera, set at minimum focal length. Initial meas
urements defined the angle of view and maximum 
distance of visibility for a small (= 2 cm) coronal dia
meter (CD) and a large(= JO cm CD) medusa. Two 
500 W halogen lights and two HID gas arc lights 
(comparable effect = 1000 W each) illuminated the 
field of view. A scale was mounted 0. 9 m from the 
lens, the view of this scale in water indicated the angle 
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of view (a) was 36.5 degrees. A 'visibility distance' 
was measured in the dark at the surface at night by 
suspending a medusa from a string in front of the video 
camera. Each medusa was moved away from the lens 
until the medusa disappeared. The small medusa had 
a visibility distance of 2.65 m; the larger one 4.3 m. 
Simple geometric relationships [tan(a/2) = (X/2)/0.9, 
where X is the width of the view] gave the visibility 
area for these two sizes of medusae, i.e. 2.31 and 
6.09 m2, respectively. The volume covered was de
termined by multiplying this area by the number of 
meters moved vertically. The descent rate of the ROY 
was constant throughout a given dive. Each profile of 
the 440 m water column was completed within 30-35 
min. For small medusae, the total volume sampled was 
ca. I 000 m3, whereas large medusae were counted in 
ca. 2700 m3. The depth of occurrence of every me
<lusa was recorded and abundance was calculated per 
I 00 m3 in IO m vertical intervals. 

A problem with this enumeration method was the 
simplification of defining medusae as either 'small' or 
'large' and using one of the two visibility constants 
in the calculations. In reality, the size of a medusae 
observed varied from 2 to 17 cm CD. The visibil
ity distance, therefore, also varies over a continuous 
range. In the future, a stereometric video system will 
be used to allow an observer to more easily categor
ize medusae into several size groups. Post-processing 
of stereo frames with image analysis software wi11 
provide more precise size information. 

Medusae were collected individually within any 
one of four static samplers that were attached to the 
ROY. These samplers (Tietze & Clarke, 1986) were 
clear acrylic tubes ( 1.3 cm thick x 16.5 cm ID, 6.5 
I volume). Each tube was sealed by a pair of lids 
that simultaneously rotate horizontally across the open 
ends (Youngbluth, 1984 ). This closing mechanism 
minimized the production of turbulence in the water 
inside the chambers during the capture process. 

Quantitative assessments of predation were based 
on medusae collected in nets and medusae captured 
individually in the ROY samplers. Immediately after 
capture, each medusa was carefully removed from a 
given collecting device and dissected. When medu
sae were handled gently, prey remained inside the 
stomach. All prey in the stomach were identified and 
counted at l 0-50 x magnification with a dissecting 
microscope. Subjective appraisals of the degree of 
digestion, i.e. fresh or partially digested, were also 
made. 
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Diel studies or behaviors ( i.e. resting. swimming, 
and apparent feeding) of 1-'eriphylla periphylla were 
conducted w ith the ROY. A ll of these observations 
were made in red light (660 nm) and were recorded 
on SVHS videotape w ith a low light 8/W camera. The 
visibility distance for a IO cm CD mcclusa was 2.35 m 
under these light conditions. 

During the behavioral studies, si7.es or individual 
medusae were determined i11 situ with a paired-beam 
laser (Tusting & Davis, I 993) that was mounted on 
the ROY. This scaling device ( 1.5 cm distance between 
beams) consisted of two small, 635 nm wavelength, I 0 
mw solid-state modules contained in a single housing. 
T he two bright, red-orange light spots projected by 
the laser were casi ly detected and recorded clearl y on 
videotape. The output beams were parallel to w ithin 
0.1 mil liradian and provided a minimum spot si;t,c or 
ca. I mm at a range of 1-3 111 . 

Biomass and chemical co111positio11 

Medusae were sized I CD and coronal height± I mm I 
and weighed [wet weight (WW) ±5 g] immedi
ately after caplllre. Subsequently, these meclusae were 
placed in pre-weighed containers, frozen and pro
cessed for mass I dry weight (OW) ± 0.00 I g I and 
chemical content (percent carbon and nitrogen of 
dry weight) w ith standard procedures (Parsons ct al., 
1985). 

The chemical content of copepods (Cala1111s spp., 
mostly Cala1111s glacialis Jashnov and chactognaths 
£ 11kroh11ia /Jama/a M (>bius) were also clctcrminccl. In
dividuals of each taxon (six repl icate sets or 500 
copcpods and 50 chaetognaths. respectively) were se
lected, washed briefly w ith distilled water, placed on 
aluminum foil , frozen and processed for dry weight. 
carbon and nitrogen as noted above. 

Metabolic demand 

Periphylla periphylla were collected in Lurefjorclen 
during day trips with the RIV Hans Brallstrom. All 
captures were w ith the 2 m net· that was hauled vertic
ally from 400 m lo the surface. Jellyfishes were care
fully transferred from the plastic cod-encl bag to IO I 

buckets containing seawater from the depth of capture. 
These containers were shielded therea fter from day
light and transported to the field station at Espegrend. 
Medusae were maintained in the dark at 6- 8 °C (= 
natural , ambient condition) in a tcmperaturc/light
controlled laboratory. Mcdusac obtained w ith ROY 
samplers were not used for metabolic studies because 
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temperature and light could not be controlled dur
ing the extended cruises aboard the support shir RIV 
H!tkon Mosby. 

Oxygen consumpt ion rates of medusae were meas
lll'ed w ith an Orion (Model 840) system after 12- 24 h. 
This period allowed meclusae to clear any food i11 their 
stomachs and allowed for selection o f healthy incli
v iduals. Measurements of oxygen concentrations were 
discontinuous. i.e. instrument readings were taken at 
the beginning and encl of incubations. which ranged 
from 9 lo 13 h. Seawater for these experiments was 
collected in Lurefj orclen at 350 m w ith a rosette of 
12 I Niskin water bottles. The volume of the res

piration chambers varied from I to 5 I. A single 
mcclusa was placed in each chamber and incubat ions 
were conducted in the dark. Observations of medu
sac and readings of instruments were made under reel 
l ight. A typical trial consisted of 8-10 chambers plus 
two controls (chambers w ithout meclusac). M cclusae 
were measured (= CD) arter removing them rrom the 
respirometcrs. 

The accu racy of the Orion instrument was ,,eri fiecl 
with standard Wink ler titration procedures. Antibi 
otics were not added to the water in the incubation 
chambers. Respiration chambers were cleaned w ith 
N HCI and thoroughly rinsed before each trial. 
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Results 

Abundance 

On average, visual assessments of the abundance 
of Perip!,yflo perip!,r fla from the ROY deployments 
were three times greater that esti mates based on me
dusae collected i1; net tows on a 111 - 2 basis (Fig. 3). 
Averaged data are presented as mean value± standard 
error. The difference in abundance between ROY and 
net tows suggested that meclusae were capable of de
tecting and avoiding the physical disturbance caused 
by slowly towed nets. The rapid (tw ice the haul speed 
or plankton nets) descent rate o f the ROY, the larger 
(2-7 times) volume surveyed, and the lack of disturb
ance by the vehicle to the water column in the J-ield or 
view probably acted in concert to improve abundance 
estimates. A t least 90% of the v isuall y recorded me
dusae were defined as 'small' (sec ·Methods' ). The 
actual size distri bution. based on net-caught meclu
sae. confi rmed the strong numerical dominance (ca. 
90% of al l mcdusae collected) of small (0.5-6 cm) 
individuals (Fig. 4). 

Venical 1nigra1ion 

Vertical transects with the ROY indicated that Peri 
pl,vlla peripl,yfla migrated upward each night (Fig. 5a. 
b). Typically. the vast maj ority (80-90%) of the medu
sae moved from the deep basin to a depth zone below 
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the 1her111ocl ine. a distance ranging from 100 to 400 
111. A t dawn. rncdusac rnovcu downward and dispersed 
wi thin the water column below 200 111 , mostly from 
200 10 350 m. During the daylight hours, most or the 
medusae resided in narrow vert ical intervals (ca. 60 111) 
during August and broader intervals (ca. 100 111) in 
December. Th roughout the year, most of the popu
lation was observed in the low (6-8 °C) temperature 
water below the thermocl inc. 
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Fi1111re 6. T he variety of postures exhibited by the t~111:1clcs of 
Periphyllll periphyl/a. 

Swi111mi11g and apparent feeding activily 

The natural behaviors of meclusae were observed from 
the ROY by using reel li ght, because when exposed 
to incandescent illumination or dayl ight, Periphylla 
periphylla was al ways strongly negative ly phototactic 
(see also Larson et al., 199 1 ), most notably the large 
individual s. Medusa swimming speed under red light 
was typically I 111 min- 1• measured as the change 
in vertical position over at least 5 min (n = 25 indi
v iduals). When disturbed by white light or turbulence 
from the ROY, meclusae swam much faster, up to 
IO 111 min- 1 for prolonged (5- 20 min) periods ( 11 = 
15 indiv iduals). Jn most cases, meclusae were initiall y 
disoriented in white light, swimming rapidly in any 
direction for a few minutes, and then swam downward 
toward the seafloor. Even upon reaching the seabed, 
medusae would continue swimming downward. re
peatedly impacting the sediment. Some individuals 
swam downward for over LOO m after only a l'ew 
seconds of exposure to white light. This response was 
never observed when medusae were viewed with red 
light. 

In si111 observations o f Periphylla periphylla also 
revealed that swimming behaviors were apparently 
linked to feeding and differed w ith age, depth and 
time. During daytime, the larger (up to 17 cm CD) 
medusae were distributed mostly from 200 to 350 m 
where they performed dive and drift activities. These 
j elly fi shes adopted an exumbrellar side down posture 

with all 12 tentacles posi tioned aborally alongside the 
umbrella. They repeatedly swam slowly downward 
for IO m or so, and then drifted upward for sim ilar 
vertical distances, occasionally making rapid upward 
sweeps with indiv idual tentacles. A l night. medusae 
were often upri ght with their tentacles folded upward 
along the outer surface of the conical dome or flared 
at right angles from the coronal margin. When v iewed 
in the upper 150 111 where copepods were conspicu
ous, one or more tentacles were often quickly arched 
away from the dome and downward toward the mouth. 
As a tentacle approached the mouth. the distal ha! f 
shortened, 110 1 by contraction but by coiling . The 
coiled portion of a tentacle was then inserted into the 
gastric cavity. This rapid concealment of tentacle, per
sisted for a l'ew seconds to several minutes. From one 
to all 12 or the tentacles were held in the gastric cavity. 
The variety of tentacle postures is depicted in Figure 6. 

By contrast. small medusae (up to 6 cm CD) were 
always act ive. They swam haphazardly in no partic
ular direction. coiling and inserting tentacles into the 
stomach throughout a day. They remained mostly in a 
25 m vertica l zone just below the thermocline where 
copepods ( Ca/anus spp.) were numerous. 

The bursts of tentacle movements were assumed to 
be feeding bouts. Unfortunately. v ideo records lacked 
resolution sufficient to identify prey auached to the 
tentacles. The placement of tentacles into the gast
ric cavity must serve as a defensive reflex to protect 
tentacles from damage. When a medusa experienced 
turbulence or sudden exposure 10 bright white light in 
the field or the laboratory, some or all or the tentacles 
were simultaneously curled, coiled and pushed into the 
stomach. 

Prey co11.1·111111J1io11 

The stomachs of medusae (n = 325) collecteu with 
nets contained vary ing amounts o f food. I n most 
cases, the guts of the medusae from a gi ven net 
tow contained copepods (Ca/a1111s spp. and E11chaew 
11orFegica Boeck, up to 200 indiv iduals per mcdusa), 
chaetognaths (£11/.:rolrnia lrama/a and Sagi11a elegans 
Yerril , up 10 55 individual s per meclusa). and ostracods 
(Co11cl10ecia spp .. up to 50 individuals per mc.:dusa). 
These prey were o ften entangled in a pale yellow 
matrix of what appeared to be mucus. Krill Mega-
11yc1iplwnes norFegica M. Sars and small Periplrylla 
periplrylla occasionally appeared in the stomachs. The 
number o f prey in the stomach varied with the size of 
a medusa as well as the depth or capwre and time or 
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I m diameter (500 µm mesh) closing nets in summer and winter. 

day. In general, the larger the medusa the greater the 
number of prey in its stomach. On average, more prey 
were found in the stomachs during the evening hours 
in shallow water. 

It was surprising, then, that only I 0% of the me
dusae (n = 41) collected individually in the ROY 
samplers had prey in their stomachs. The number of 
prey per medusa was also much smaller, i.e. 1-3 
copepods or a single chaetognath, and 2-4 ostracods 
regardless of the size of the medusa, the depth of cap
ture or the time of day. Such conflicting results suggest 
strongly that medusae obtained with nets had captured 
their prey from the zooplankton contained in the cod
end bag. The diets and foraging trends based on net 
tows therefore probably only reflected the vertical dis
tribution, abundance and diversity of prey caught in 
the nets (Fig. 7). A small portion of the prey in some 
medusae, collected at night in the upper I 00 m or in 
the lower I 00 m, was partially digested, which sug
gests that at least a few individuals had fed prior to 
entering a towed net. 

Further evidence supports the conclusion that me
dusae captured prey in the cod end of the net. Medu
sae collected individually in static chambers sloughed 
portions of the epidermal tissue from their tentacles 
within 15-30 s after contact with the walls of the 
sampler. The exfoliated tissue was pale yellow and 
clumped into aggregates. Microscopic examination of 
these aggregates revealed a tangled mass of nemato
cysts, discharged and undischarged. Once this beha
vior was noticed, the masses of such material, always 
seen in the cod end bags, were carefully inspected. 
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In all cases, what were assumed to be mucous se
cretions expelled by the medusae were in fact masses 
of nematocysts. Immobile copepods and chaetognaths 
were often entangled in this material. Collectively, 
these observations indicated that medusae 'fed' in the 
cod end. When confined in the relatively small volume 
of the cod end bag, it appears that globs of the im
mobilized prey were easily packed into the stomach, 
not with the tentacles but rather, via umbrellar move
ments. In the net tows that were open continuously 
from 440 m to the surface, medusae spent up to 70 
min with the prey. The corresponding time for the 
closing-net collections ranged from 70 to 17 min. 

Attempts to induce prey capture in the laboratory 
by pushing prey against the tentacles were unsuccess
ful. In part, this lack of response probably resulted 
because the mature nematocysts had been shed from 
the tentacles during collection. Examin.ations of the 
outer surfaces of the tentacles revealed closely-packed, 
ellipsoid nematocysts (predominately microbasic mas
tigophores, 20-25 x 40-55 µm). The inner surfaces of 
the stomach contained numerous, but smaller ( 18 µm), 
ovoid nematocysts (isorhizas). Both types of nemato
cysts are known to penetrate the bodies of zooplankton 
prey (Purcell & Mills, 1988). 

Biomass and chemical composition 

Regression equations, developed from measurements 
of the biomass and chemical content of Periphylla 
periphylla, are presented in Table 1. Dry weight av
eraged 3.24±0.2% WW, ranging from 2.0 to 3.9% (n 
= 18). Carbon averaged 19.6±0.5% DW, varying from 
12.1 to 30.8% (11 = 18). Nitrogen averaged 2.9±0.2% 
OW, ranging from 1.9 to 4.4% (11 = 18). The body mass 
of the main prey of the medusa, copepods Ca/anus 
spp. and chaetognaths Eukrolmia hamata, averaged 
0.234±0.01 and 0.252±0.01 mg C per individual 
(57.4 and 44.9% of DW, respectively). 

Metabolism 

During confinement in the experimental chambers, 
medusae were calm. They alternately displayed slow 
swim and sink behaviors, floated motionless and res
ted on the bottom of the chamber. Oxygen levels, 
in controls and experiments, were > 70% of satura
tion. Decreases in the oxygen content of water in the 
controls were insignificant (P < 0.05; paired t-test). 
Differences in the decline of oxygen content between 
controls and experimental chambers were significant 
in every case (P < 0.0 I; /-test). 
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Table I. Periph_yl/a periphylla. Relationships between coronal diameter (CD in cm), wet weight (WW 
in g). dry weight (DW in g). carbon (C in mg) and nitrogen (Nin mg) are expressed as linear regressions 
of natural logarithmic transfonnations. (r2) is lhe coefficient of determination. (11 indicates the number 
of individuals measured for each category 

y (Range) X (Range) Linear regression 
,., 

(II) ,-

WW (7-1125 g) CD (2.5-14.9) cm) Y = -0.877+2.922 * X 0.98 (75) 

DW (0.01-25.48 g) CD (1.4-14 cm) Y= -4.728+3.123 * X 0.98 (28) 

DW (0.38-25.48 g) WW (8.5-918 g) Y= -2.943+0.899 * X 0.98 (18) 

C (80.42-47 I 9. 72 mg) DW (0.38-25.48 g) Y = 5.373+0.924 * X 0.97 (18) 

N ( 11.64-702.22 mg) DW (0.38-25.48 g) Y = 3.396+0.97 I * X 0.98 (18) 
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Figure 8. Logarithmic (ln)-scale plot of oxygen consumption rates 
(µ I 02 mg c- 1 h- 1 ) of small to medium-sized ( I. 7-7 .5 cm CD) 
Periphylla periphy/la as a function of carbon weight (mg). Open 
triangles (March 1999): open circles (November. 1999). 

Small to medium-sized ( 1.5-7 .5 cm CD, 1.4-150 g 
WW) medusae had weight specific respiration rates 
that averaged 0.3±0.01 (n = 162), ranging from 0.1 to 
0. 7 µI 0 2 mg Dw- 1 h- 1• Weight-specific oxygen con
sumption decreased with increasing weight (Fig. 8), 
as observed for other medusae (Thuesen & Childress, 
1994). Data from March, 1999 (11 = 107) and Novem
ber, 1999 (n = 55) were pooled because there was 
no significant difference between these two data sets 
(ANCOVA, P < 0.05). When expressed on a carbon
specific basis, respiration rates averaged 1.8±0.07 and 
ranged from 0.4 to 5.6 µl 02 mg c- 1 h- 1• Daily car
bon turnover rates averaged 1.7±0.08% of total body 
carbon and ranged from 0.4 to 5.8% (RQ = 0.8). The 
number of copepods and chaetognaths that would ful
fill the daily metabolic requirements of small medusae 
averaged 7.8±0.6 and 7.2±0.5 prey, with ranges of 

1-34 and 1-31 prey, respectively. An assimilation ef
ficiency of90% was assumed (Conover, 1978; Purcell, 
1983). 

Discussion 

Abundance 

In this study, collections with I and 2 m diameter nets 
towed vertically throughout the 440 m water column, 
indicated that the abundance (hundreds to thousands 
of individuals I 000 m-3) of Periphylla periphy/la was 
consistently 2-3 orders of magnitude more numerous 
than reported by Fossa ( 1992). Visual observations of 
medusae from ROY deployments indicated densities 
that were 3 times higher than those estimated from me
dusae captured with nets. Abundance estimates of P. 
periphy/la from net tows in open ocean environments 
are usually < I individual 1000 m-3 (Pages & Gili, 
1992; Pages & Kurbjeweit, 1994; Pages et al., l 996; 
Dalpadado et al., 1998). The disparity in estimates 
of abundance between our results and those of Fossa 
( 1992) is not surprising since in that study the density 
of medusae was based on individuals collected with a 
Harstad trawl. The rapid tow speed (3 kt) of that gear 
probably forced a substantial number of small ( <5 cm 
CD) medusae through the broad (mostly IO cm) mesh. 

A greater number of medusae than previously re
ported would also be expected in 1999 if the popula
tion in Lurefjorden has grown in size. Interviews with 
local fishermen have indicated that since the 1970s 
there have been large variations in the occurrence of 
jellyfish there. Young stages ( 1-4 cm CD) were col
lected in the 1980s (Johannessen, 1980, pers. comm.). 
Fossa (I 992, pers. comm.) reported only a few small 
(2-4 cm CD) medusae in late 1991, and in early 
1992, sampling with Juday and MOCNESS net gear 



(333 µm mesh) failed to collect small individuals. 
Jarms et al. ( 1999) remarked that larval recruitment of 
medusae did not occur until late in 1993. During this 
study (1998-1999), small medusae ( < 5 cm CD) were 
numerically predominant. A sampling program from 
1992 to 1997 gave abundance values integrated for the 
whole water column of 3-11 large medusae I 000 m-3 

(Bamstedt et al., unpublished). In June 1996, a scan
ning sonar (Simrad Mesotech, 675 kHz) mounted an 
ROY (Bamstedt, unpublished data) indicated l 0-20 
large medusae 1000 m-3 • In this study, stocks of large 
individuals were 17±3 (n = 4) for February 1998, and 
8±2 (n = 14) and 9±2 (n = 9) for August and Decem
ber, 1999, respectively. Thus, it seems reasonable to 
assume that the main part of the population increase 
since the early nineties is due to a pronounced, but 
variable recruitment of small medusae. 

Physical and biological factors, acting together, 
probably favor the retention and proliferation of Peri
phy/la periphylla in Lurefjorden. First of all, the 
movement of water into and out of the fjord is re
stricted to the upper 20 m by the shallow sill depth. 
The narrow, 200 m-wide entrance further limits the 
exchange rate. The water column is stratified during 
most of the year and temperature and salinity in the 
deep water are very stable. Young and old medusae 
tend to remain within this aphotic, 6-8 °C environ
ment throughout their lifetime. The medusa undergoes 
direct development and fertilized eggs are released in 
the deep water where they remain for several months 
as free-floating and non-motile organisms through sev
eral non-feeding stages (Jarms et al., 1999). Eggs have 
been collected from June to October and larvae are 
present throughout the year (Jarms et al., 1999). Such 
information suggests that spawning is continuous. It 
is, therefore, puzzling that medusae smaller than 5 cm 
CD were not captured in net hauls during the period 
from I 991 to I 993 (Fossa, 1992; Jarms et al., 1999). 
A reasonable explanation for the absence young mcdu
sae would be that water in the fjord, at the depth where 
eggs and the early developmental stages occur, was 
renewed before larvae developed the ability to swim. 

Once the young medusae develop rhopalia and 
tentacles, they begin a lifetime of diel vertical mi
gration, swimming hundreds of meters upward and 
then downward each night. Upward excursions usually 
terminate at the base of the mixed layer. Periphylla 
periphylla is negatively phototactic and responds to 
the onset of daylight by returning to deep water. 
Thus, once inside the t]ord, this species will tend to 
breed and grow in the deep basin. Observations since 
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1991 have indicated that between October and March, 
large medusae may appear at the surface during the 
night, except during periods of rough weather or when 
heavy rainfall causes a lens of brackish water to form 
at the surface. The relative importance of such sur
face swarmings to recruitment and survival and the 
mechanisms underlying this recurrent behavior require 
further study. Previous investigations in open ocean 
environments have suggested that P. periphylla may 
perform die) migrations (Pages & Gili, 1992; Pages et 
al., 1996). 

If the advective loss is low, there are at least two 
other factors that would allow for the high popula
tion density within the fjord, i.e. low mortality and 
high longevity. Unpublished data from 1991 to 1997 
(B£1mstedt et al.) indicate that P. periphyl/a grows 
slowly, that mortality of the large individuals is low, 
and that longevity is very high, perhaps 10-30 years. 
These data arc presently being prepared for publica
tion. If, for example, the mortality is low and average 
longevity is 10 years, the intrinsic rate of natural in
crease does not have to be high to maintain a large 
population. 

The perennial life cycle of Periphylla periphyl/a 
in Luret]orden is quite different from other medusae 
that commonly occur in the coastal waters of North
western Europe. In those regions, there is an annual 
spring/summer outburst of newly recruited medusae 
(e.g. Aurelia aurita (Linnaeus) and Cyanea capillata 
(Linnaeus) that quickly grow to large size (Moller, 
1980; Hernroth & Gr0ndal, 1983; Van Der Veer & 
Oorthuysen, 1985; Berstad et al., 1995; Lucas, 2001 ). 
The former species is also heavily predated by the lat
ter species (Bamstedt et al., 1994; Hansson, 1997). 
Total mortality of both species usually occurs in the 
autumn shortly after they spawn. 

Periphylla periphylla has no obvious competitors 
or predators in Lurcfjorden. Other gelatinous zo
oplankton, such as ctenophores, siphonophores and 
medusae, are uncommon (pers. obs.). Fishes are rare 
in Luret]orden, but quite numerous in nearby t]ords 
where relatively few or no P. periphylla are present 
(Eiane et al., 1999). Disfigurement of a small portion 
of the medusae collected in net tows suggested that 
there may be predators. Dome mesoglea on a few me
dusae was damaged but healing. Parts or all of a given 
tentacle were missing on other individuals. In these 
cases, it is possible that a hyperiid amphipod Hyper
oche medusarum (Kroyer), which was symbiotic with 
5% (n = 1105) of the medusae examined, inflicted such 
mutilations. All medusae hosting an amphipod were 
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intact at the time of collection, but this amphipod will 
consume any part of a medusa in the laboratory. Other 
hyperiid amphipods ( Cy/I opus magel/anirns Dana and 
juvenile Themisto guadiclumdii Guerin) have been re
ported to associate with P. periphylla (Pages et al., 
1996). Pycnoconids were described as ectoparasitic 
with P. periphylla because these crustaceans appeared 
to have fed on the tentacles (Child & Harbison, 1986). 

Measurement of individual and population growth 
of Periphylla periphylla remains a topic for future in
vestigations. Size class information for the 4-month 
period from August and December, I 999 showed a 
pronounced decrease in the 2.1-4 cm group and a 
strong increase in the 4.1-6 cm size class (Fig. 4 ). 
By using mid-point values for each class (3 and 5 cm 
CD, respectively) and converting CD to wet weight, it 
appears that small individuals increased in weight by 
9 g WW per month. If constant, this rate is three times 
greater than reported by Jarms et al. ( 1999). That rate, 
however, was based on extrapolation of data obtained 
in 1992 and again in 1997. More frequent sampling is 
needed to define population growth rates. 

Behavior 

The most exciting results from in situ observations 
were the behavioral responses of the medusae. As 
might be expected, these medusae, which live in no 
light or dim light regimes, are characteristically neg
atively phototactic. The flight reactions exhibited by 
Periphylla periphylla when exposed to white light 
confirm that future studies of the in situ behavior of 
deep water pelagic fauna should be conducted under 
red light fields. When viewed in red light, swim
ming behaviors differed with age and depth during the 
course of a day. Observations of the mode and man
ner of tentacle movements suggested that, during the 
day, the larger medusae cruised through narrow depth 
intervals feeding as a hunter. At night, these animals 
migrated into zones where prey are more numerous 
and behaved more like ambush predators, waiting for 
prey to swim into the tentacle field. Like many mid
water animals, large Periphylla periphylla, can remain 
immobile at depth during the daytime, hanging mo
tionless for minutes to hours ( e.g. Barham, 1966; 
Youngbluth et al., 1988; Robison, 1999). Is it pos
sible that the older medusae feed on small sinking 
particles? Probably not. When immobile, the umbrella 
is spread wide, but the flaccid lips of the stomach are 
held closed rather than open. The tentacles hang down
ward, surrounding the dome. Does this posture of 

nematocyst-laden tentacles provide the umbrella with 
protection from predators? Larson ( 1979) reported 
similar postures and sweeping behaviors by tentacles 
of the small coronate medusa, Nausitlwe punctata 
Kolliker. More in situ observations are needed to 
determine the stimulus-response repertoire. 

Net Feeding and predation 

The relatively high number of prey found in the stom
achs of Periphylla periphylla collected in the nets 
suggested that this medusa was a voracious predator. 
In contrast to these observations, the stomachs of 
medusae sampled individually from the ROY rarely 
contained prey. Fossa ( 1992) also reported small num
bers of prey consumed per medusa, i.e. 1-6 prey (the 
same copepods and an unknown decapod species) in 
60% of the medusae that were captured individually 
at the surface at night. The major difference in prey 
consumption between net and individually-captured 
medusae indicated that medusac 'fed' in the cod end 
of the net. This conclusion was strengthened with 
the fact that prey found in the stomachs were usually 
entangled in nematocyst-laden tissue (see 'Results'). 
Other studies (Maas, 1897: Larson, 1979), which have 
reported crustacean ( copepods and decapods) and fish 
remains in the stomachs of P. periphylla, are based on 
medusae captured in nets. The results of this study 
suggested that all such net-derived, trophic data are 
probably unreliable accounts of the predatory habits 
of this species. 

Metabolism 

Measurements of oxygen consumption indicated that 
Periphyl/a periphylla survives on an extremely low 
energy intake. The rates were consistent with previous 
estimates for other scyphomedusae (Larson, 1987). In
terestingly, metabolic data for P. periphyl/a reported 
by Thuesen & Childress (1994) were 6 times lower 
than determined in this investigation. The discrep
ancy may reflect variability between populations or 
decompression effects (Bailey et al., 1994 ). In any 
event, estimates of oxygen consumed by P. periphylla 
in this study remain preliminary. The relatively small 
experimental chambers may have restricted the nor
mal activity patterns of small to medium medusae 
and thereby underestimated their usual rates of res
piration. Determinations of respiration rates for large 
medusae were unsuccessful for at least two reasons. 
Individuals (IO cm or larger) were always physically 



injured when captured with plankton nets. Medu
sae collected with ROV samplers were not obviously 
damaged and survived, on one occasion, for a few 
days in shipboard aquaria. However, within 12-24 
h, these medusae digested the mesoglea at the apex 
of the stomach. Gastric filaments extruded from this 
apical hole, which became progressively larger with 
time. This phenomenon occurred in smaller medu
sae maintained ashore but usually appeared only after 
several days. Another unexpected complication was 
the shedding of epidermal tissue from the surface of 
the tentacles. Small medusae exhibited less slough
ing than large medusae, presumably because their 
tentacles are smaller and did not contact the sides of a 
container as frequently. Such stress, which invariably 
results from turbulence and abrasion during capture 
procedures, may be mitigated in the future by using 
larger ROV samplers to collect large medusae. How
ever, even with carefully handling, seemingly robust 
individuals become moribund under laboratory con
ditions within a few days. Perhaps. the best way of 
obtaining large medusae for live experimentation will 
to be to capture them at the surface in the winter 
months. Alternatively, measurements of metabolism 
could be performed in situ to reduce the stresses as
sociated with handling procedures (Youngbluth et al., 
1988; Ikeda et al., 2000) and decompression effects 
(Bailey et al., 1994 ). 

The daily metabolic demand of 1-6% of body car
bon indicated that on average there should be 2-6 
times more prey in the stomach at any one time, even 
allowing for rapid (3-4 h) digestion rates. The obser
vations of low prey consumption also contrasted with 
the fact that >80% of the population performed ex
tensive ( I 00-400 m) diel vertical migrations through
out the year. Why do the medusae migrate daily? 
There was no evidence that they aggregate and spawn. 
Dispersal by the slow surface currents is probably 
minimal. In spite of the low metabolic rates and low 
prey consumption, there are at least 35 million Peri
phyl/a periphylla in Lurefjorden, assuming 80 medu
sae m-2 in the area (4.2 10-6 m2) encompassed by the 
200 m depth contour (see Fig. I). Even if individual 
and population growth rates of medusae are slow, 
these gelatinous predators should eventually effect the 
standing stocks of the prey populations. Unfortunately. 
the abundance data available lack sufficient resolu
tion to detect interspecific interactions. At present, 
both predator and prey are numerous. However, es
timates of carbon turnover suggest that P. periphylla 
should consume the yearly production of zooplankton 
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(principally copepods Ca/anus spp.). The average zo
oplankton biomass in Lurctjorden is 7.5± 1.7 g C m-2 

(monthly range = 1-17. Bamstedt unpublished data, 
80 µm mesh net samples, 0-400 m vertical tows). By 
assuming that the annual P/B ratio is directly related 
to body mass (Aksnes & Magnesen, 1983) and using 
a value of 0.1 (Mauchline, 1998), the annual second
ary production of carbon would be 75 g C m-2. By 
using 80 medusae m-2, a daily carbon requirement 
based solely on oxygen consumption reported in this 
paper (carbon demand per day expressed according to 
carbon weight using the arithmetic regression 

Y = 0.6531 + 0.0061 (X). 

where X is the carbon weight (mg) of a given me
dusa), a distribution weighted for small medusae (80% 
of population in 5, I cm size classes comprising 16 
individuals each) with large medusae (20% in l 0, l 
cm of 2 individuals each), a very conservative estimate 
of daily carbon consumption would be 0.57 g C m- 2 

d- 1 or 208 g C m-2 yr- 1, a value 2.8 times greater 
than the annual secondary production. Clearly, long
term investigations of the ecology and behavior of P. 
periphylla are needed to understand its role in fjord 
ecosystems. 
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