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INTRODUCTION

Outbreaks of gelatinous zooplankton species can
have detrimental effects on human enterprise (re-
viewed by Purcell et al. 2007). For example, outbreaks
of the jellyfish Pelagia noctiluca in the Mediterranean
Sea affects human health and recreation; the cteno-
phore Mnemiopsis leidyi, which was accidentally intro-
duced into the Black and Caspian Seas, has been
blamed for depleting fish stocks; the jellyfish Aurelia
aurita has interrupted power plant operations; several
species have caused mass mortalities of fish in aquacul-
ture pens; and jellyfish in high biomass have damaged

commercial fisheries by clogging nets in many regions.
The importance of gelatinous species as predators of
zooplankton and ichthyoplankton has been demon-
strated repeatedly (reviewed by Purcell & Arai 2001). 

An unprecedented number of jellyfish outbreaks
was reported in the 1990s and 2000s, which may be
due to a combination of climate effects and anthro-
pogenic modification of the environment (reviewed in
Purcell et al. 2007). Many authors have speculated that
such changes may benefit jellyfish populations (e.g.
Mills 2001, Parsons & Lalli 2002), but actual studies are
few. Recent correlations of gelatinous predator popula-
tions with climate variables make a compelling case for
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ABSTRACT: Problem outbreaks of jellyfish and warming of the Earth’s climate are both being
reported at unprecedented rates. Models forecast continued changes in temperature, salinity, and
solar radiation (insolation) in the world’s oceans as consequences of global warming. Many species
with a swimming jellyfish stage also have a benthic stage that asexually produces buds and new jel-
lyfish (ephyrae). This perennial benthic stage probably determines the numbers of jellyfish in the
population. In this study, polyps of the moon jellyfish Aurelia labiata from Puget Sound, Washington,
USA, were tested in 9 combinations of temperature (7, 10, 15°C) and salinity (20, 27, 34) in the dark,
and in 9 combinations of photoperiod (12, 8, and 4 h d–1) and light intensity (1 screen, 2 screens,
opaque) at ambient salinity (27) and temperature (15°C). Another experiment tested polyps in treat-
ments of 10, 15, and 20°C. Survival of the initial polyps in all treatments was high (83 to 100%). Tem-
perature, salinity, and their combination dramatically affected the numbers of ephyrae produced
(from nearly 0 at 7°C to 42 ephyrae polyp–1 at 15°C), the percentages of ephyrae out of total asexual
reproduction (≤12% at 7°C to 89% at 20°C), and the delay before ephyra production (>81 d at 7°C but
only 39 to 46 d at 15°C). Thus, all results showed that more jellyfish were produced with increasing
temperature. Long photoperiod and highest light intensity greatly accelerated strobilation, with
polyps in 12 h light strobilating 30 to 40 d before those in other treatments. Polyps receiving the most
light strobilated most frequently. In situ conditions showed that light increased much more rapidly
than temperature before strobilisation, suggesting that light may be the more important signal. I sug-
gest that the light-sensitive hormone melatonin, or a precursor like serotonin, coordinates the timing
of strobilation in A. labiata with the seasonal light cycle.
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the importance of climate in determining their popula-
tion sizes (reviewed by Purcell 2005, Purcell et al.
2007). Long-term records of gelatinous predator abun-
dances have provided invaluable data that show varia-
tion with climate conditions. For most of the temperate
species studied, large populations have occurred in
warm conditions. Similarly, the most recent reports of
unusual occurrences of jellyfish are associated with
increasing ocean temperatures in those regions (Uye &
Ueta 2004, S. Uye unpubl.). Given that climate models
project global ocean warming for the foreseeable
future (e.g. Alley et al. 2007), jellyfish populations may
be expected to increase (Attrill et al. 2007).

Population sizes of many jellyfish probably reflect
the success of the benthic polyp stage in producing
jellyfish. The life cycle of most scyphomedusae and
many hydromedusae includes a perennial clonal polyp
stage that asexually buds more polyps and new jelly-
fish. For scyphozoans, the production of new jellyfish
(ephyrae) is called strobilation. Control of the jellyfish
populations does not appear to be at the adult stage.
Populations of large jellyfish, such as Aurelia aurita,
are not obviously reduced by predation (reviewed
most recently by Arai 2005). Gelatinous predators
shrink rather than die when unfed, and can regrow
after long periods of limited food conditions (Hamner &
Jenssen 1974). 

Temperature has a great effect on variations of jellyfish
populations (Purcell 2005, Purcell et al. 2007). Most
species (13 of 16 species examined) have large popula-
tions in warm conditions; however, jellyfish of 3 species
were reduced in unusually warm conditions (tropical
Mastigias sp., Dawson et al. 2001; mesopelagic, holo-
planktonic Colobonema sericeum, Raskoff 2001; and
subarctic Chrysaora melanaster, Brodeur et al. in press).
Experiments conducted on temperate species show
greatly increased total asexual reproduction in response
to warm temperatures, with the proportion of new
jellyfish increasing over that of buds (Purcell et al. 1999,
Ma & Purcell 2005).

Salinity also is an important factor, especially for es-
tuarine species. Population blooms of Chrysaora quin-
quecirrha jellyfish in Chesapeake Bay and of jellyfish
in the Yangtze River estuary were related to high salin-
ity conditions (Cargo & King 1990, Purcell & Decker
2005, Xian et al. 2005). High populations of non-estu-
arine species have also been correlated with high
salinities (Goy et al. 1989, Molinero et al. 2005). Labo-
ratory experiments showed greater asexual reproduc-
tion by Rhopilema esculenta polyps in high salinity (Lu
et al. 1989), by C. quinquecirrha polyps in intermedi-
ate salinity (Purcell et al. 1999), and by Moerisia lyonsi
polyps in low salinity (Ma & Purcell 2005).

Sunlight is important to most organisms on Earth. It
is the source for most production (e.g. Wild et al. 2005,

Behrenfeld et al. 2006). It is a key regulating factor for
daily (e.g. vertical migration and spawning) and sea-
sonal (e.g. reproduction) rhythms, and for orientation
and navigation of many organisms (e.g. Honegger et
al. 1980, Hamner et al. 1994, Hardeland 1997, Naylor
2006). The amount of sunlight that reaches the Earth’s
surface is changing due to the effects of human activi-
ties (Pallé & Butler 2002, Wild et al. 2005).

Much of the earlier work on scyphozoan polyps
sought to determine the stimuli for strobilation (for
reviews, see Spangenberg 1968, Arai 1997, Lucas
2001). Changes in several factors, including tempera-
ture, food, and light, seemed to trigger strobilation in
Aurelia aurita polyps (e.g. Ishii & Watanabe 2003).
Sparse data suggested that light might be an important
factor in scyphozoan strobilation. Custance (1964)
stated that light (6 h d–1, intensity not measured) inhib-
ited strobilation in A. aurita, but contrary to his conclu-
sions, the greatest production of ephyrae occurred in
one group in light. For Chrysaora quinquecirrha
polyps, which strobilate in situ in spring as tempera-
tures and light increase, strobilation accelerated with
longer periods of light (0 h, 10 h, 24 h, intensity not
measured; Loeb 1973). These seemingly contradictory
results may have confused the role of light. Only 3
studies have considered the possible role of light on
jellyfish populations in situ (Hernroth & Grøndahl
1985, Molinero et al. 2005, Purcell & Decker 2005).
By comparison, the importance of temperature and
salinity to jellyfish has been studied more, as described
above (reviewed by Purcell 2005, Purcell et al. 2007). 

Moon jellyfish in the genus Aurelia have a global
distribution and are responsible for problem blooms in
many areas. Aurelia labiata is a native species in the
northeast Pacific from central California to the Gulf of
Alaska. In this study, I quantified budding and ephyra
production rates of A. labiata polyps in response to
combinations of temperature and salinity, and in com-
binations of light intensity and duration (photoperiod).
The null hypotheses tested were that temperature,
salinity, and light intensity or duration do not affect the
numbers of buds or ephyrae produced, or the timing of
strobilation. 

MATERIALS AND METHODS

Temperature-salinity (T-S) experiments (Expts 1
and 2). Attached polyps, grown from sexually-
produced planulae released by Aurelia labiata jellyfish
from Hood Canal, Washington, USA, were provided by
the Seattle Aquarium. On 21 November 2004, 1 polyp
was placed in each well of 6-well polycarbonate cul-
ture plates with 10 ml of 5 µm filtered seawater and
allowed to attach. Each treatment in Expt 1 included
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24 polyps. The 9 treatments consisted of 3 tempera-
tures (7, 10, 15°C) maintained by 3 Percival Intellus
environmental controllers (‘incubators’), and 3 salini-
ties (20, 27, 34) in each incubator. These treatments
were chosen to test responses at the extremes of local
environmental conditions, with 10 to 12°C and 27
salinity being typical conditions beneath the surface
layer (J. Purcell unpubl. data). A previous experiment
indicated poor activity of polyps at 5°C (G. Arrondondo
& J. Purcell unpubl. data). Temperatures were mea-
sured in the incubators by Onset temperature loggers,
which showed little variation within each incubator
(SE of readings over 2 wk were 0.03 to 0.04°C). Stock
solutions at experimental salinities were made from
5 µm filtered ambient seawater (salinity 27) by dissolv-
ing InstantOcean® or by adding reverse-osmosis water
to achieve final salinities of 34 and 20, respectively.
Salinities were measured with a YSI® temperature-
salinity meter. Lights were off in the incubators. Newly
hatched Artemia salina nauplii were fed in excess
twice weekly. After the polyps fed for 1 to 3 h, the wells
were cleaned with swabs; seawater and uneaten food
were discarded and replaced with filtered seawater of
the same temperature and salinity. This feeding proto-
col was intended to provide saturating prey briefly,
resulting in equal feeding in all treatments by minimiz-
ing enhanced feeding at warmer temperatures (Ma &
Purcell 2005). The numbers of buds and ephyrae were
counted for each polyp beginning when the first signs
of strobilation were observed (Day 0). After enumera-
tion, ephyrae and buds that had detached from the ini-
tial polyps were removed. 

In order to test if high temperature was detrimental
to polyp survival or reproduction, a second experiment
(Expt 2) was run from 17 July to 15 November 2006.
Polyps were obtained from the Seattle Aquarium.
Eighteen polyps were placed in all treatments, which
consisted of 3 temperatures (10, 15, 20°C) maintained
in the same incubators. Identical maintenance and
data-collection protocols were followed as before.

Light intensity and duration experiment (Expt 3). In
situ light levels were measured (in µmol photons s–1

m–2) using a LiCor LI-193SA Spherical Quantum sen-
sor and in lux (= lumens m–2) using Onset light and
temperature loggers under floats beneath a covered
marina in Cornet Bay, Washington, USA, where Aure-
lia labiata polyps occur in great numbers. Light levels
in the experiment were chosen accordingly. 

Three incubators were equipped with 2 shelves
having one new, natural-spectrum bulb spanning their
width in the center. Equal intensities of light on each
shelf were obtained by attaching strips of black elec-
trical tape to the bulbs. Light intensities (in µmol
photons s–1 m–2) were measured at the start of the
experiment using a Biospherical Instrument QSL-100

light meter. During the experiment, light (lux) and
temperature (°C) were recorded every 5 min in the
treatments using Onset light and temperature loggers;
hence the daily light levels reported represent the sum
of 288 readings.

Aurelia labiata jellyfish from East Sound, Washing-
ton, USA, were maintained in a 300 l clear plexiglass
kreisel with continuous, 5 µm filtered seawater inflow,
and fed with Artemia salina nauplii. Attached polyps
grown from released planulae were harvested on
17 June 2004 from the sides of the kreisel. Polyps were
placed in individual wells in 6-well polycarbonate cul-
ture plates with 10 ml of 5 µm filtered seawater at
27 salinity and 12°C (n = 18 polyps per treatment).
Polyps were kept without food in a 12°C incubator
under black plastic (4 layers of 0.85 mil plastic) prior to
the start of the experiment on 24 June 2004 (Day 0),
when the polyps were distributed among 9 light treat-
ments in 3 incubators. Before harvest, polyps had been
exposed to light from an external window and fluores-
cent room light, totaling 43 715 ± 12 702 lux d–1. There-
fore, the first strobilation cycle was considered to
reflect light exposure prior to the experiment.

Each incubator (12°C) maintained the photoperiod
(12, 8, or 4 h light d–1). Three light intensity treat-
ments in each incubator were created from 1 layer (the
‘1-screen’ treatment) and 2 layers (‘2 screens’) of neu-
tral-density plastic screen and 4 layers of 0.85 mil black
plastic (‘opaque’) covering the polyp plates and Onset
loggers. The screened treatments approximated light
intensities under the marina dock (see Table 3), and
the opaque treatments were dark. 

Identical feeding, cleaning, and data-collection pro-
tocols were followed as before, but with all treatments
maintained in 12°C and 27 salinity water. During data
collection and cleaning, polyps were exposed to mini-
mized room light from one indirect ceiling fluorescent
light, and from the fiber-optic microscope lights, which
were covered with red plastic to reduce light effects.
Each well-plate was exposed to these lights for approx-
imately 10 min twice weekly. The hatch of Artemia
salina failed on Days 134 and 137 of the experiment.

Statistical analysis. The numbers of surviving and
strobilating polyps were compared among treatments
using chi-squared tests. For experiments testing 2 fac-
tors, if the data passed tests for normality and equality
of variances, they were analyzed by 2-way analysis of
variance (ANOVA). If the overall ANOVA results were
significant, Bonferroni pair-wise comparisons were
calculated. If the data failed normality or equal vari-
ance tests, they were analyzed by a non-parametric
Kruskal-Wallis 1-way ANOVA on ranks, and pairwise
comparisons were by Dunn’s method. For Expt 2, test-
ing temperature only, the data were analyzed simi-
larly, but by 1-way ANOVAs.
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RESULTS

Temperature-salinity (T-S) experiments

Surface water temperatures in Puget Sound, Wash-
ington, where Aurelia labiata jellyfish and polyps
occur, have surface lows of about 7°C in winter and
highs of about 15°C in summer, while sub-thermocline
waters typically remain about 12°C year round. Salini-
ties reach up to about 30, with reduced surface salini-
ties occurring near rivers and after rainstorms (to <20);
subsurface salinities show less variation and are typi-
cally about 27. Thus, the polyps in combinations of
temperature (7, 10, 15°C) and salinity (20, 27, 34) were
exposed to environmentally reasonable conditions,
with the mid-level treatment (T-S: 10°C-27) represent-
ing typical conditions. 

Polyps had high survival during Expt 1 (83.3 to 100%).
Survival was somewhat poorer at 7°C, especially at high
salinity (Table 1); however, differences were not signif-
icant among treatments (p > 0.05). Polyps began produc-
ing buds immediately after attaching in the experimen-
tal wells. The fewest buds were produced in the lowest

T-S combination (7°C-20, 4.5 buds polyp–1) and the most
in 7°C-27 (11.8 buds polyp–1), with other treatments av-
eraging about 7 to 11 buds polyp–1. Fewer buds were
produced at 15°C than at 10°C. The total numbers of
buds produced differed among treatments (Table 1, Fig.
1), with temperature, salinity, and their interaction hav-
ing significant effects (all p < 0.01). 

The numbers of polyps that strobilated differed sig-
nificantly among treatments (Table 1). Few polyps (9 to
21%) strobilated in the 7°C treatments, and none stro-
bilated at 7°C-34. Somewhat more polyps strobilated
at 27 salinity, and generally fewer strobilated at 34.
The numbers strobilating were high (83 to 91%) in
10°C-27, 10°C-34, and all 15°C treatments.

Warmer temperatures shortened the time until stro-
bilation (Table 1). Polyps required >80 d before strobi-
lating at 7°C, but only half that time at 15°C. Strobila-
tion occurred somewhat later at low salinity (20) than
at intermediate salinity (27). The effects of temperature
and salinity were significant (both p < 0.004); inter-
action effects could not be tested because of missing
data (non-strobilating polyps). By accelerating the pro-
cess of strobilation, warm temperatures increased the
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Salinity Temperature Test statistic p value

7°C 10°C 15°C

Strobilating/surviving polyps
20 2/22 6/24 21/24 χ2

4 = 10.71/χ2
4 = 0.325 p < 0.05/NS

27 5/24 19/24 21/23
34 0/20 21/24 15/18*

Mean no. of buds polyp–1 (SE)
20 4.5 (0.8) a 10.5 (1.5) b 8.2 (1.0) ac T  F2, 194 = 10.005 T  p < 0.001
27 11.8 (1.2) b 10.9 (1.1) b 7.4 (0.6) c S  F2, 194 = 4.666 S  p = 0.01
34 8.0 (1.4) c 8.9 (0.7) b 7.2 (0.9) ac T × S  F4, 194 = 9.514 T × S  p < 0.001

Mean no. of days until first strobilation (SE)
20 84.0 (8.2) 64.3 (3.2) 46.4 (3.1) T  F2, 106 = 58.426 T  p < 0.001
27 82.0 (2.0) 49.0 (2.3) 39.3 (0.9) S  F2, 106 = 5.796 S  p = 0.004
34 No strobilation 54.8 (2.1) 43.3 (3.3)

Mean no. of strobilations polyp–1 (SE)
20 0.3 (0.1) a 0.2 (0.1) a 1.7 (0.2) ac T  F2, 194 = 115.919 T  p < 0.001
27 0.2 (0.1) a 0.8 (0.4) b 1.6 (0.1) c S  F2, 194 = 0.582 S  NS
34 0 (0) a 0.8 (0.5) b 1.8 (0.2) c T × S  F4, 194 = 3.780 T × S  p = 0.006

Mean no. of ephyrae polyp–1 (SE)
20 17.0 (2.0) a 21.3 (3.4) b 32.1 (4.0) c T  F2, 194 = 57.208 T  p < 0.001
27 23.8 (7.3) ab 30.6 (2.3) c 34.2 (4.4) c S  F2, 194 = 4.067 S  p < 0.02
34 0.0 (0.0) a 22.2 (8.7) b 41.7 (5.7) c T × S  F4, 194 = 3.290 T × S  p = 0.01

Mean ephyrae/(buds+ephyrae) ×× 100 (SE)
20 7.7 (5.3) a 11.5 (4.3) a 63.3 (5.9) c T  F2, 194 = 82.700 T  p < 0.001
27 12.1 (5.2) a 49.7 (6.4) b 64.4 (6.8) c S  F2, 194 = 6.369 S  p = 0.002
34 0 (0) a 47.3 (6.6) b 73.0 (7.6) c T × S  F4, 194 = 4.878 T × S  p < 0.001

*6 polyps were accidentally killed at the start of the experiment in the 15°C-34 treatment

Table 1. Aurelia labiata. Number of polyps producing ephyrae (strobilating) and the number surviving in 9 combinations of tem-
perature and salinity during a 142 d experiment (Expt 1). Strobilation frequencies differed significantly among treatments, but
survival was not significantly different (chi-squared tests). Two-way ANOVAs showed that temperature (T), salinity (S), and their
interaction (T × S) had significant effects on other measures of asexual reproduction. Significantly different pair-wise comparisons

are indicated by different letters (a, b, c, d)
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number of times polyps strobilated (Table 1). Polyps in
7°C treatments strobilated only once, and only 1 polyp
at 10°C-34 strobilated twice; however, most polyps
strobilated twice or even 3 times at 15°C. Low salinity
(20) reduced strobilation by polyps at 10°C. The effect
of temperature and the interaction of temperature and
salinity were significant (both p < 0.006). 

The numbers of ephyrae produced increased dra-
matically in warm temperatures (Table 1, Fig. 1). Only
a few deformed ephyrae were produced in the 7°C
treatments. More ephyrae were produced at 10°C, and
by far the most were produced at 15°C-27 (41.7
ephyrae polyp–1). Somewhat more ephyrae were pro-
duced at intermediate and high salinities (27 and 34)
than at low salinity (7). The numbers of ephyrae dif-
fered among treatments, with temperature, salinity,
and their interaction having significant effects (all p <
0.003). 

The total numbers of ephyrae increased greatly with
temperature while the numbers of buds decreased
somewhat (Fig. 1). Thus, the proportion of ephyrae of
the total asexual reproduction increased with tempera-
ture (Table 1). Bud production predominated (>78%)
in all 7°C treatments and 10°C-20; bud and ephyra
production were approximately equal at 10°C-27 and
10°C-34; and ephyra production predominated (63 to
73%) in 15°C treatments. Low salinity (20) reduced the
proportion of ephyrae somewhat. The proportions of
ephyrae differed among treatments, with temperature,
salinity, and their interaction having significant effects
(all p < 0.002).

Expt 2 (116 d) tested the effect of high temperature
(20°C) that was well above the normal range of polyps
(7 to 15°C; Table 2). The results confirmed those of
Expt 1 at temperatures that were repeated (10 and
15°C), but no detrimental effects of high temperature
were apparent. Survival was high in all treatments
(83.3 to 100%), and all except 1 polyp strobilated.
Fewer buds were produced at 15°C than at 10°C, and
still fewer were produced at 20°C. Strobilation was
accelerated by increasing temperature (10 and 15°C),
but no further increase was observed at 20°C (paired-
comparisons, Table 2). The number of strobilations
polyp–1 increased at all temperatures (p < 0.001). The
total number of ephyrae polyp–1 increased between 10
and 15°C, but not between 15 and 20°C. The percent-
age of ephyrae of the total asexual reproduction
increased at all temperatures, reaching a mean of
nearly 90% at 20°C (p = <0.001). Thus, with increasing
temperature, even at 5°C above the local high temper-
ature, asexual production of jellyfish increased.

Light intensity and duration experiment

The effects of light exposure on asexual reproduc-
tion of Aurelia labiata polyps were tested in combina-
tions of light duration = photoperiod (12, 8, and 4 h d–1)
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Fig. 1. Aurelia labiata. Numbers of buds and ephyrae pro-
duced per polyp (numbers of polyps in each treatment are
given in Table 1) in a 142 d experiment (Expt 1) with 9 combi-
nations of temperature (7, 10, 15°C) and salinity (20, 27, 34)

Temperature Test statistic p value

10°C 15°C 20°C

No. of surviving polyps 18 16 15 t2 = –1.890 NS
No. of strobilating polyps 12 16 13 t2 = –1.512 NS
Mean no. of buds polyp–1 (SE) 9.7 (0.9) a 7.1 (0.6) b 3.9 (0.5) c F2, 45 = 15.536 <0.001
Mean no. of days to first strobilation (SE) 65.6 (5.3) a 32.2 (3.6) b 31.3 (6.1) b H2 = 22.188 <0.001
Mean no. of strobilations polyp–1 (SE) 1.1 (0.1) a 1.5 (0.1) ab 1.9 (0.1) b H2 = 16.407 <0.001
Mean no. of ephyrae polyp–1 (SE) 24.8 (2.7) a 50.7 (6.6) b 47.3 (5.9) b H2 = 8.287 0.003
Mean ephyrae/(ephyrae+buds) × 100 (SE) 74.8 (2.8) a 85.5 (1.9) ab 89.1 (2.8) b H2 = 14.783 <0.001

Table 2. Aurelia labiata. Test of the effects of high temperature (20°C) versus ambient temperatures (10, 15°C) on sexual reproduc-
tion for polyps during a 116 d experiment (Expt 2). The initial number of polyps (n) in each treatment was 18. One-way ANOVAs (F).
H: Kruskal-Wallis statistic. Significantly different pair-wise comparisons are indicated by different letters (a, b, c). NS: not significant 
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and light intensity (1 or 2 screens, or opaque black
plastic) at local seawater temperature (12°C) and salin-
ity (27). Photoperiod in Puget Sound ranges from 8 h
d–1 during winter to 16 h d–1 in summer. Light intensi-
ties in treatments with 1 screen (52 lux) and with 2
screens (26 lux) were similar to intensities underneath
the dock where A. labiata polyps occur (Table 3). The
daily amounts of light in the screened treatments (sum
of Onset logger readings, Table 4) were similar to the
daily totals under the dock (Table 3). 

Survival of the initial polyps was very high (83.3 to
100%) in the 201 d Expt 3, with no significant differ-
ences among treatments (Table 5, p > 0.05). Light
exposure did not affect polyp survival. ‘Deaths’ were
due to occasional losses during maintenance. Bud
production in all treatments began immediately. The
numbers of buds produced did not differ much among

treatments, totaling about 30 buds polyp–1 (Fig. 2,
Table 6), and the differences were significant only for
the interaction between photoperiod and light inten-
sity (p < 0.05). Somewhat fewer buds were produced
in treatments with less light. Light exposure did not
have a marked effect on bud production.

Prior to the experiment, the polyps were raised in a
well-lit environment (43 715 ± 12 702 lux d–1); therefore
the first strobilation cycle was believed to be affected
by light exposure. Nearly 100% of the polyps strobi-
lated, and there were no significant differences among
treatments (Table 5; p > 0.05). Strobilation success for
the second strobilation (77.8%) showed some re-
ductions in the mid- and short-photoperiod treatments;
however, differences among treatments were not sig-
nificant (Table 5; p > 0.05). Markedly fewer polyps
strobilated a third time (7.2%), with the most strobilat-
ing in the greatest light exposure (12 h, 1 screen); dif-
ferences among treatments were significantly different
(p < 0.001). Polyps receiving the most light strobilated
more often than those in the other treatments.

The time until the second strobilation differed dra-
matically among treatments and was 20 to 40 d shorter
(103 and 104 d) in treatments with the longest photo-
period (12 h) with screens than in treatments with short
photoperiods (8 and 4 h) or in the dark (Fig. 3, Table 6.
The effect of photoperiod was significant (p < 0.001), as

188

Location Quanta µmol photons Luxc Lux
s–1 cm–2 s–1 m–2 d–1 c

Cornet Bay, ND ND ≤67 2597 ± 1160
Jan 05

Cornet Bay, 1.2–1.8 × 1014 2–3 a ≤140 6666
25 Mar 04

Cornet Bay, 1.8–3.6 × 1014 3–6 a ≤132 2360
17 Jun 04

Incubator-1 0.285 × 1014 b 0.47 52 7488 (12 h)
screen  

Incubator-2 0.125 × 1014 b 0.21 26 3744 (12 h)
screens 

Incubator- BD BD BD BD
opaque

Table 3. Light measurements using a aLiCor LI-193SA Spheri-
cal Quantum sensor, a bBiospherical Instrument QSL-100 light
meter (µmol photons s–1 m–2), and an cOnset light and temper-
ature logger (lux = lumens m–2) in Cornet Bay, Washington,
where Aurelia labiata polyps occur under floats beneath a
covered dock, and in laboratory incubators. Lux d–1 represents
the daily sum of readings taken at 5 min intervals. ND: no data, 

BD: below detection limits of the light meters

Daily Onset light total (lux d–1)
12 h light 8 h light 4 h light

1 screen 7488 4992 2496
2 screens 3744 2496 1248

Table 4. Relative light exposure in 6 combinations of photo-
period (12, 8, 4 h d–1) and light intensity (1 or 2 screens) in an
experiment testing the effects of light on asexual reproduc-
tion by Aurelia labiata polyps (Expt 3). Instantaneous Onset
light and temperature logger readings averaged 52 lux in all
treatments. Lux d–1 values were calculated from 288 readings
d–1, and assuming that the second screen halved the light

No. of strobilating polyps/No. of surviving polyps

12 h 8 h 4 h Test p 
light light light statistic value

First strobilation
1 screen 18/18 18/18 17/17 χ2

4 = 0.143 / NS/NS
χ2

4 = 0.143
2 screens 18/18 17/18 18/18
Opaque 18/18 16/16 17/18

Second strobilation
1 screen 14/18 13/17 14/17 χ2

4 = 1.272 / NS/NS
χ2

4 = 0.318
2 screens 14/16 12/17 14/17
Opaque 15/18 8/15 15/18

Third strobilation
1 screen 5/18 0/17 1/17 χ2

4 = 26.527 / <0.001/NS
χ2

4 = 0.318
2 screens 1/16 0/17 0/17
Opaque 1/18 1/15 2/18

Table 5. Aurelia labiata. Effect of light exposure on polyps
tested in combinations of photoperiod (12, 8, and 4 h d–1) and
light intensity (1 or 2 screens or opaque) at local seawater
temperature (12°C) and salinity (27) in a 201 d experiment
(Expt 3). Chi-squared tests showed that differences in sur-
vival and in strobilation were not significant among treat-
ments, except for the numbers of polyps strobilating for a

third time. NS: not significant
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was the interaction between photoperiod and light
intensity (p < 0.001). Thus, greater light exposure
accelerated strobilation.

More ephyrae were produced in the short-day treat-
ments (means 52 to 60 polyp–1) than in the long-day
treatments (means 42 to 63 polyp–1; Table 6). Among
the 12 h light treatments, more ephyrae (mean 63
polyp–1) were produced in the opaque treatment than
in the other light intensity treatments (44 polyp–1). The
differences were significant among photoperiod treat-
ments (p < 0.05; Table 6). Thus, more ephyrae were
produced in treatments with low light where they took
many days to strobilate. The percentages of ephyrae of
the total asexual reproduction showed a similar pat-
tern to the number of ephyrae polyp–1, with somewhat
greater percentages in low light; however, the differ-
ences among treatments were not significant.

DISCUSSION

Temperature effects on asexual reproduction

All measures of Aurelia labiata ephyra production
showed that more ephyrae were produced with in-
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Fig. 2. Aurelia labiata. Effect of light exposure on the total
numbers of buds and ephyrae produced by polyps over 201 d
(Expt 3) in combinations of photoperiod (12, 8, and 4 h d–1)
and light intensity (1 or 2 screens [scr] or opaque [opq]) at local
seawater temperature (12°C) and salinity (27). The numbers 

of polyps are given in Table 5

Light intensity Photoperiod

12 h light d–1 8 h light d–1 4 h light d–1 Test statistic p value

Mean no. of buds polyp–1 (SE)
1 screen 32.0 (1.9) 32.2 (2.1) 26.8 (2.1) P  F2,144 = 2.068 P  NS
2 screens 33.7 (2.2) 26.1 (1.7) 27.1 (2.0) I  F2,144 = 0.301 I  NS
Opaque 26.8 (1.8) 33.1 (3.2) 28.8 (2.4) P × I  F2,144 = 2.791 P × I  p < 0.05

Mean no. of days until second strobilation (SE)*
1 screen 103.2 (8.4) a 146.0 (5.5) b 127.6 (8.0) b P  F2,144 = 7.774 P  p < 0.001
2 screens 104.6 (8.9) a 132.2 (7.4) b 129.9 (5.2) b I  F2,144 = 1.096 I  NS
Opaque 134.1 (4.0) b 123.7 (9.4) b 130.2 (6.2) b P × I  F2,144 = 3.305 P × I  p = 0.01

Mean no. of strobilations polyp–1 (SE)
1 screen 2.1 (0.2) a 1.8 (0.1) b 2.0 (0.1) ab P  F2,144 = 3.820 P  p < 0.05
2 screens 1.9 (0.1) a 1.6 (0.2) b 1.8 (0.1) ab I  F2,144 = 1.131 I  NS
Opaque 1.9 (0.1) a 1.5 (0.1) b 1.9 (0.2) ab P × I  F2,144 = 0.059 P × I  NS 

Mean no. of ephyrae polyp–1 (SE)
1 screen 44.6 (3.7) a 41.6 (3.1) a 59.7 (4.9) b P  F2,144 = 3.648 P  p < 0.05
2 screens 44.0 (4.3) a 55.2 (3.1) b 52.1 (3.5) ab I  F2,144 = 1.005 I  NS
Opaque 63.3 (5.1) b 41.8 (6.0) c 57.6 (4.5) ab P × I  F2,144 = 4.433 P × I  p = 0.002

Mean ephyrae/(buds+ephyrae)  ×× 100 (SE)
1 screen 54.4 (2.9) 53.4 (2.9) 64.8 (3.9) P  F2,144 = 1.504 P  NS
2 screens 54.2 (3.4) 60.1 (5.0) 58.9 (4.3) I  F2,144 = 0.012 I  NS
Opaque 63.8 (4.2) 51.4 (4.8) 59.0 (5.5) P × I  F2,144 = 1.750 P × I  NS

*The polyps were raised in a well-lit environment prior to the experiment; therefore, the first strobilation cycle was consid-
ered to be affected by prior light exposure, and only the number of days until the second strobilation was tested for differ-
ences among light treatments

Table 6. Aurelia labiata. Effect of light exposure on asexual reproduction by polyps tested in combinations of photoperiod (P; 12, 8,
and 4 h d–1) and light intensity (I; 1 or 2 screens or opaque) at local seawater temperature (12°C) and salinity (27) in a 201 d experi-
ment (Expt 3). The number of polyps in each treatment is given in Table 5. Two-way ANOVAs showed significant effects (F). H:
Kruskal-Wallis statistic. Significantly different pair-wise comparisons for each ANOVA are indicated by different letters (a, b, c)
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creasing temperature: greater percentages of polyps
strobilated, strobilation occurred more quickly, more
strobilation cycles occurred, each polyp released more
ephyrae, and the proportions of ephyrae relative to
buds increased. Even though local A. labiata polyps
strobilate immediately following the seasonal low tem-
peratures (7°C; J. Purcell et al. unpubl.), ephyra pro-
duction continued to increase to the highest tempera-
ture tested (20°C). A. labiata occurs from central

California to Alaska. Its distribution and these results
demonstrate a broad temperature tolerance. Each pop-
ulation is probably adapted to local conditions; thus,
California polyps would be expected to respond differ-
ently than Washington or Alaska polyps (E. Ninmann
& J. Purcell unpubl.). Growth rates of A. labiata
ephyrae from Monterey Bay, California, were maxi-
mum at 21°C (range tested: 8 to 28°C; Widmer 2005).

Results from similar experiments on other species
show the same trends as for Aurelia labiata; specifi-
cally, in warmer temperatures, more jellyfish are pro-
duced more rapidly, and the ratio of jellyfish to buds
increases (Purcell et al. 1999, Ma & Purcell 2005). The
numbers of new jellyfish produced in all salinity treat-
ments were summed for each temperature and plotted
against temperature (Fig. 4A). The slopes of the lines
indicate the strength of the response of each species to
warming (Table 7). Two species from Chesapeake Bay,
Maryland, USA, begin to produce jellyfish in the
spring as temperatures warm above 15°C; for each 1°C
warming, Chrysaora quinquecirrha polyps increased
ephyra production by 5.3 to 18.4%; for each 1°C warm-
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ment are given in Table 1
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ing, Moerisia lyonsi polyps increased jellyfish produc-
tion by 7.7% (Table 7). In Puget Sound, A. labiata
polyps strobilate in early spring when temperatures
are about 7°C (J. Purcell et al. unpubl). Their polyps
increased ephyra production by 8.8 to 11.3% for each
1°C warming between 7 and 15°C; above 15°C, the
increase was only 0.4%. 

Similarly, the number of days until jellyfish produc-
tion in all salinity treatments were summed for each
temperature and plotted against temperature (Fig. 5).
The acceleration effect of temperature was less for
both warm-water Chesapeake Bay species than for
cool-water Aurelia labiata. Each 1°C warming acceler-
ated jellyfish production by 1.4 d and 1.2 d for Chrysa-
ora quinquecirrha and Moerisia lyonsi, respectively,
but by 4.2 to 6.6 d for A. labiata at 7 to 15°C; above
15°C, the increase was only 0.3% (Table 7). Thus,
A. labiata had a very strong response to warming from
7 to 15°C, both in the ratio of ephyrae and in the accel-
eration of strobilation; however, little additional
increase occurred at higher temperature (15 to 20°C). 

Warming ocean temperatures may have several pos-
itive effects on jellyfish populations. (1) Both long-term
population correlations and experimental data show
increased jellyfish populations in warm conditions
(reviewed by Purcell 2005). Climate models project
that global warming due to human influences will be
0.1 to 0.2°C per decade, and that ocean surface tem-
peratures will rise nearly everywhere (Alley et al.
2007). Thus, warmer ocean temperatures may increase
the numbers of jellyfish in the future (Attrill et al.
2007). (2) Warm temperatures also accelerate produc-
tion of jellyfish. Disappearance of temperate jellyfish in

the winter is associated with cold temperatures,
although some populations overwinter. Therefore,
warming may cause jellyfish to appear earlier, persist
longer, and perhaps even survive through the winter.
(3) Jellyfish distributions may broaden or shift as a
result of temperature changes. For example, low
(<4°C) winter temperatures apparently limit the distri-
bution of Mnemiopsis leidyi ctenophores (reviewed by
Purcell et al. 2001). Faasse & Bayha (2006) speculated
that the invasion of M. leidyi in the North Sea occurred
during recent unusually high temperatures. The
greater production of dispersive jellyfish relative to
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Species and experiment Range tested Increase in jellyfish Acceleration in jellyfish Source
(°C) (% per 1°C) production (d per 1°C)

Temperature
Aurelia labiata [20–34] 7–15 11.3 4.24 This study
A. labiata [27] 10–15 8.8 6.57 This study
A. labiata [27] 15–20 0.4 0.30 This study
Chrysaora quinquecirrha [5–20] 15–25 5.3 1.40 Purcell et al. (1999)
C. quinquecirrha [20–35] 15–20 18.4 1.40 Purcell et al. (1999)
C. quinquecirrha [20–35] 20–25 0.7 1.40 Purcell et al. (1999)
Moerisia lyonsi [5–25] 20–29 24.4 1.15 Ma & Purcell (2005)

Salinity (salinity units) (% per salinity unit) (d per salinity unit)
A. labiata [7–15°C] 20–27 3.2 1.95 This study
A. labiata [7–15°C] 34–27 3.7 0.81 This study
C. quinquecirrha [15–25°C] 5–20 6.7 NA Purcell et al. (1999)
C. quinquecirrha [15–20°C] 35–20 5.7 NA Purcell et al. (1999)
M. lyonsi [20–29°C] 15–5 0.7 0.08 Ma & Purcell (2005)
M. lyonsi [20–29°C] 25–15 28.2 0.82 Ma & Purcell (2005)

Table 7. Aurelia labiata, Chrysaora quinquecirrha, and Moerisia lyonsi. Percentage increases in the number of jellyfish produced
and the numbers of days production would be accelerated per 1°C temperature increase and per salinity unit increase. These
rates are the slopes of the lines in Figs. 4 & 5. The salinity or temperature range is given in brackets for each experiment
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Fig. 5. Aurelia labiata, Chrysaora quinquecirrha, and Moerisia
lyonsi. Numbers of days until new jellyfish were produced by
polyps of A. labiata (this study, Expt 1: 7 to 15°C and salinity
20, Expt 2: 10 to 20°C and salinity 27), C. quinquecirrha
(Expts 1 & 3 from Purcell et al. 1999), and M. lyonsi (from Ma &
Purcell 2005) versus temperature. Numbers of A. labiata

polyps in each treatment are given in Table 1
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attached polyps could promote range expansion. In
summary, ocean warming may increase the population
sizes of gelatinous species, lengthen their seasons, and
increase their distributions. By contrast, species living
near their upper thermal tolerance presumably would
not be positively affected by warming.

Salinity effects on asexual reproduction

The effects of salinity on asexual reproduction by Au-
relia labiata polyps were significant, but less dramatic
than those of temperature. The salinity differences
tested among treatments were extreme changes (7)
probably not experienced for extended periods by the
polyps in nature. Week-long heavy rains reduced salin-
ity to as low as 17 in the shallow Cornet Bay marina,
Washington, where A. labiata polyps thrive; salinity
there routinely varies between 24 and 28 (J. Purcell et
al. unpubl. data). Salinity effects on feeding and growth
rates of A. aurita ephyrae with unlimited food were sig-
nificant, with the greatest rates at the highest (ambient)
salinity (range tested 17.5 to 35; Båmstedt et al. 1999).

Jellyfish production by Aurelia labiata polyps from
Puget Sound was compared to that of Chrysaora quin-
quecirrha and Moerisia lyonsi polyps from the mesoha-
line Chesapeake Bay (Table 7). The numbers of jelly-
fish produced in all temperature treatments were
summed for each salinity and plotted against salinity
(Fig. 4B). For each salinity unit different from their
optimum (20), ephyra production of C. quinquecirrha
changed by 5.7 to 6.7%. Jellyfish production by
M. lyonsi polyps increased by 13.5% per salinity unit
decrease from high salinities, but only by 1.7% per
salinity unit decrease at low salinities (optimum 5).
A. labiata ephyra production changed by 3.7 to 5.5%
per salinity unit from their optimum (27).

Increased jellyfish populations in semi-enclosed
bodies of water have been attributed to changes in
salinity that are due to climate variations as well as
human perturbations. Chrysaora quinquecirrha jelly-
fish in Chesapeake Bay (Cargo & King 1990, Purcell et
al. 1999) and Pelagia noctiluca (Goy et al. 1989) and
other species (Molinero et al. 2005) in the Medi-
terranean Sea are abundant in years with high salinity.
Modifications of freshwater inflow have also been
associated with jellyfish blooms (e.g. Xian et al. 2005).
Observed consequences of global warming include
changed rainfall over large regions, melting of glaciers
and pack ice, and earlier seasonal melting of snow
pack; these changes are predicted to continue (Alley et
al. 2007), and will alter the salinity regimes, especially
in estuaries and coastal waters where populations of
jellyfish may be especially affected by and responsive
to salinity changes. 

Combined effects of temperature and salinity

Interactions of temperature and salinity were signifi-
cant for all measures of asexual reproduction in Aure-
lia labiata (Table 1). For example, the combination of
high salinity (34) and low temperature (7°C) reduced
survival and budding, and polyps did not strobilate
(Table 1). In nature, high temperatures with high salin-
ity are related to large populations of some gelatinous
species (Goy et al. 1989, Raskoff 2001, Xian et al.
2005). By contrast, severe reduction of Mastigias sp. in
a tropical marine lake coincided with high tempera-
ture and salinity conditions of an El Niño (Dawson et
al. 2001).

To develop a predictive capability for temperature
(T) and salinity (S) effects on jellyfish populations,
I used multiple regression analyses for Aurelia labiata
and Moerisia lyonsi (original data for Chrysaora quin-
quecirrha were unavailable). The regression analysis
for the number of days to ephyra production by A. labi-
ata (DA) was significant (ANOVA, F2, 107 = 44.90, p <
0.001, r2 = 0.456), and the constant (t = 14.56), temper-
ature (t = –9.03), and salinity (t = –2.92) were all signif-
icant (p < 0.004). DA can be predicted from the equa-
tion DA = 111.51 – 3.55(T) – 0.63(S). Thus, temperature
and salinity explained 46% of the variation in timing of
jellyfish production. The regression analysis for the
number of ephyrae produced by A. labiata (EA) was
also significant (ANOVA, F2, 200 = 76.52, p < 0.001, r2 =
0.433); the constant (t = –5.04) and temperature (t =
12.37) were significant (p < 0.001). EA can be predicted
from the equation EA = –67.17 + 8.59(T) + 0.17(S). Tem-
perature and salinity explained 43% of the number of
jellyfish produced, and temperature was more impor-
tant than salinity.

The regression analysis for the number of days to
jellyfish production by M. lyonsi (DM) was significant
(ANOVA, F2, 66 = 116.41, p < 0.001, r2 = 0.779), and the
constant (t = 14.85), temperature (t = –13.03), and salin-
ity (t = 8.65) were all significant (p < 0.001). DM can be
predicted from the equation DM = 35.35 + 0.44(S) –
1.20(T). Thus, temperature and salinity explained 78%
of the variation in timing of jellyfish production, and
temperature had a stronger effect than salinity. The
regression analysis for the number of jellyfish pro-
duced by M. lyonsi (MM) was also significant (ANOVA,
F2, 69 = 15.10, p < 0.001, r2 = 0.304); only temperature (t
= 4.26) was significant (p < 0.001). MM can be predicted
from the equation MM = –28.80 + 3.13(T) – 1.40(S).
Temperature explained only 30% of the number of
jellyfish produced. Food consumption was previously
shown to be the most important factor in reproduction
rate and ratio of jellyfish to polyp production, while
temperature and salinity were most important for the
time of jellyfish release (Ma & Purcell 2005).
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The preceding estimates of changes in the numbers
and timing of jellyfish production relative to tempera-
ture and salinity may not be applicable in nature. First,
the experimental polyps were provided with much
more food than available in situ. Second, differences
among the treatments were more extreme (3 to 9°C
and 5 to 7 salinity) than interannual variation in nature.
Many factors (temperature, salinity, light, and prey
abundance) change before jellyfish production in
spring or autumn. Environmental changes in situ are
more subtle, more gradual, and occur non-synchro-
nously. Therefore, the responses of polyps in situ
would not be as dramatic as observed in these experi-
ments.

Estuarine cnidarian and ctenophore species appear
to be eurythermal and euryhaline, thriving over wide
ranges of conditions (e.g. Purcell et al. 1999, 2001, Ma
& Purcell 2005). Cnidarians also have very versatile
reproductive strategies (Lucas 2001, Boero et al. 2002).
This versatility may predispose them to exploit chang-
ing conditions that may prove detrimental to other
species. Such adaptability of Mnemiopsis leidyi has
enabled this ctenophore species to invade and domi-
nate the plankton food web in the Black, Asov, and
Caspian Seas (e.g. Finenko et al. 2006), and now to
invade the North and Baltic Seas (Faasse & Bayha
2006). Gelatinous species may respond favorably to the
many environmental changes occurring in coastal
waters.

Effects of light on strobilation

The strongest effect of light on asexual reproduction
by Aurelia labiata polyps was on the time to strobi-
lation. Photoperiod (p < 0.001) and its interaction with
light intensity (p < 0.01) were significant factors;
polyps that received the most light (12 h, 1 screen)
strobilated more quickly than those in any other treat-
ment, and polyps strobilated more times in that treat-
ment than in any other. The fact that the most rapid
strobilation occurred in both 1- and 2-screen treat-
ments in 12 h light suggests that photoperiod is most
important, rather than the total amount of light
received (Table 4). 

Polyps in the 8 h and 4 h light treatments began to
strobilate immediately after the disappearance of food
(Fig. 3, Table 6). The absence of food may have trig-
gered strobilation in low-light treatments before it oth-
erwise would have occurred. Starvation has been sug-
gested as a trigger for strobilation (Arai 1997, Ishii &
Watanabe 2003), and strobilation occurs in situ after
zooplankton is at the seasonal low.

A possible error in Expt 3 could have occurred if
temperatures differed among treatments. The effects

of the different light intensity treatments (1 or 2
screens or black plastic) on temperature were tested
by the Onset data loggers in 12 h light. Temperature
differed slightly among the light intensity treatments,
being slightly warmer with increased cover (Table 8).
This result strengthens the conclusion of the light
experiment, i.e. that strobilation occurred more rapidly
in higher-light treatments, which is the opposite of the
expected results if warm temperature had been a
determining factor in this experiment. 

Photoperiod also significantly affected the number of
ephyrae polyp–1, and the interaction of photoperiod
with light intensity was significant for the number of
buds polyp–1 (both p < 0.05). The polyps in treatments
producing more ephyrae strobilated later than in other
treatments, and therefore, they fed for a longer time.
It is probable that the additional food enabled them to
produce more ephyrae polyp–1. The treatments with
more ephyrae had fewer buds, as in the T-S experi-
ments, suggesting that the additional food energy in
low-light treatments was allocated to ephyra produc-
tion rather than budding. Abundant food increased
production of jellyfish relative to buds in other species
(Purcell et al. 1999, Ma & Purcell 2005). Therefore, the
observed differences in ephyra and bud production
probably were related to food consumption; however,
a direct effect of light cannot be ruled out. 

Importance of light in seasonal cycles

Coordination of reproduction with daily light cycles
and with the seasonal cycle of production is common in
terrestrial and aquatic ecosystems. Among prokary-
otes, protozoans, plants, invertebrates, and verte-
brates, mechanisms to respond to light cycles (daily or
seasonal, lunar or solar) are common if not universal in
photic environments (Leitz 2001). Light-sensitive asex-
ual and sexual reproduction has been observed for
many marine invertebrates, for example, among
scyphozoans and hydrozoans (Spangenberg 1968,
Loeb 1973, Honegger et al. 1980, Genzano & Kubota
2003). It is obviously important for Aurelia labiata
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Light intensity Temperature (°C)

1 screen 10.30 ± 0.13
2 screens 10.95 ± 0.04
Opaque 11.08 ± 0.03

Table 8. Effects of light intensity on temperature in treatments
testing light effects on asexual reproduction of Aurelia labiata
polyps (Expt 3). Results are shown for a 12 h photoperiod. Tem-
peratures were recorded every 5 min with an Onset light and
temperature logger. Means ± SE are given for a 2 wk period
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polyps to produce ephyrae when their small planktonic
prey are abundant. 

Light plays a critical role in hormonal changes for
plants and animals (e.g. Boeuf & Falcon 2001, Farns-
worth 2004). Melatonin regulates circadian rhythms
and photoperiodism throughout the animal kingdom
from protozoans to mammals (reviewed by Hardeland
1997, Pandi-Perumal et al. 2006). In many animals,
light and temperature interact to regulate melatonin
(Balzer & Hardeland 1996). The endocrinology of
marine invertebrates has been studied much less than
that of terrestrial organisms (Leitz 2001); nevertheless,
a few examples of hormone-like activities exist for
cnidarians. Aurelia aurita polyps require iodine and
synthesize thyroxin during strobilation (reviewed by
Spangenberg 1977); subsequently, iodine was shown
to function in statocyst formation in the developing
ephyrae (Spangenberg 1984). Melatonin showed a
seasonal cycle in the one cnidarian examined, the sea
pansy Renilla renilla (Mechawar & Anctil 1997).
Therefore, I believe it is probable that melatonin, or a
precursor like serotonin, may be synthesized in pro-
portion to light exposure in A. labiata polyps, and coor-
dinates the timing of strobilation seasonally. Because
light also affects other species, I suspect that light-sen-
sitive hormonal regulation of behavioral and reproduc-
tive cycles is common among scyphozoans and other
cnidarians.

Global changes in Earth’s light regime and possible
effects on jellyfish populations

The amount of sunlight that reaches the Earth’s sur-
face is changing due to the effects of human activities.
Changes in warming and in the amount of surface sun-
light (insolation) are due to changes in the amounts
and proportions of light-reflecting and light-absorbing
greenhouse gasses (GHG; water vapor, CO2, CH4,
ozone, NO2) and aerosols from natural (e.g. sea salt
and soil dust) and anthropogenic (e.g. soot) sources
and cloud formation in the atmosphere (Butchart et al.
2000, Pallé & Butler 2002, Satheesh & Krishna Moorthy
2005). For a century prior to the 1990s, cloud cover was
increasing and light diminishing (Pallé & Butler 2002);
however, this long-term trend seems to have reversed
recently (Wild et al. 2005). Because warming and
human perturbations are increasing, it is likely that
cloud cover and temperatures will increase, but that
insolation will decrease in the future (Pallé & Butler
2002); however, because of the great complexity of the
many interacting factors, uncertainty in predicting
cloud cover and light is high.

Increasing light and temperature both accelerate
strobilation in Aurelia labiata. If both temperature and

insolation increase, then the effects could be additive,
accelerating strobilation and jellyfish appearance.
Such environmental changes would affect the seasonal
production cycle similarly, so the ephyra production
would be synchronized with their food supply. The
main effect of a changing light regime would be to
change the time of the seasonal appearance of jellyfish
in coastal waters.

Little is known about the abundance or dynamics of
most of the 1400 described species of gelatinous preda-
tors. In addition, many species are found in a wide
range of environments. For example, even neighbor-
ing populations of Aurelia aurita have different sea-
sonal dynamics (reviewed by Lucas 2001). Each popu-
lation is adapted to local conditions, and their
responses to changes may differ. We are only begin-
ning to understand the causes of jellyfish and
ctenophore blooms.
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