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ABSTRACT: Scyphozoan ephyrae need to start feeding before their endogenous nutritional
reserves run out, and the success of feeding and growth is crucial to their recruitment into the
medusa population. To evaluate starvation resistance in first-feeding ephyrae of the moon jellyfish
Aurelia aurita s.l., we determined their point of no return (PNR50), i.e. days of starvation after
which 50% of ephyrae die even if they then feed. PNR50 values were 33.8, 38.4 and 58.6 d at 15,
12 and 9°C, respectively. Before reaching PNR50, the ephyrae showed significant body size reduction: ca. 30 and 50% decrease in disc diameter and carbon content, respectively. These PNR50 values are nearly 1 order of magnitude longer than those of larval marine molluscs, crustaceans and
fishes, which is attributable to the ephyra’s extremely low metabolic (i.e. respiration) rate relative
to its copious carbon reserves. Such a strong endurance under prolonged starvation is likely an
adaptive strategy for A. aurita ephyrae, the release of which is programmed to occur during the
annual period of lowest temperatures, allowing them to cope with the concomitant seasonal food
scarcity. Future studies are needed to identify causes of death for wild ephyrae, which are prone
to starvation and/or predation, to forecast outbreaks prior to the season of medusa blooms.
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Scyphozoan jellyfish provide a variety of beneficial
ecosystem services (e.g. food for humans, source of
useful compounds for humans, carbon sequestration,
nutrient regeneration), but their massive blooms
have often been reported as degrading marine ecosystem services (see Doyle et al. 2014, Lucas et al.
2014 for reviews). Among bloom-forming scyphozoans, Aurelia aurita s.l. is the most common in temperate coastal waters around the world, and mass
occurrences of this species have been reported from
various regions (Richardson et al. 2009, Purcell 2012,
Condon et al. 2013). Dense aggregations of A. aurita
not only are destructive to fishery industries (Graham
2001, Uye & Ueta 2004) but also cause serious problems for coastal power plant operation (Purcell et al.

2007, Dong et al. 2010). In addition, blooms of A.
aurita have considerable impacts on the marine food
chain, since the medusae compete for zooplankton
with planktivorous fishes and eat fish eggs and larvae (Olesen 1995, Purcell 1997, Hansson et al. 2005),
which implies that the greater the prevalence of
jellyfish, the more fish stocks would be reduced
(Parsons & Lalli 2002, Lynam et al. 2006, Uye 2011).
Hence, it is important to specify the causes for
enhancement of jellyfish populations, to forecast
likely outbreaks prior to the season of medusa
blooms and to develop countermeasures to alleviate
the damage.
There are essentially 2 biological factors that affect
the size of medusa populations: (1) the abundance of
benthic polyps, which reproduce asexually and
undergo seasonal strobilation to release planktonic
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ephyrae, and (2) the mortality of ephyrae before
recruitment to the medusa stage. Much knowledge
has been accumulated about polyp stocks in previous
studies; among various environmental factors, an
increase in temperature (i.e. global warming), food
supply (i.e. eutrophication) and/or artificial structures with overhanging surfaces accelerates the
polyp asexual reproduction rate, thus boosting polyp
populations (Han & Uye 2010, Lucas et al. 2012,
Duarte et al. 2013). In contrast, no studies have been
conducted concerning the mortality of ephyrae,
except for a preliminary study by Ishii et al. (2004) of
A. aurita in Tokyo Bay, where approximately 99% of
the newly released ephyrae die before they become
young medusae. However, the causes for such high
mortality remained largely unidentified.
For development to the medusa stage, ephyrae
must start feeding before their nutritional reserves
derived from the parent polyps run out. However,
ephyrae are inefficient feeders compared to medusae, because they lack the bell structure and generate only a small vortex of feeding current (Costello &
Colin 1994, Sullivan et al. 1997), and their narrow
tube-like manubrium is less effective than a
medusa’s 4-branched oral arms. In addition, the
release of ephyrae from strobilating A. aurita polyps
usually takes place during winter and early spring
(Toyokawa et al. 2000, Lucas 2001), when biomass
and the production of their food (i.e. micro- and
mesozooplankton) are the lowest. Therefore, we
hypothesized that starvation is a primary factor
accounting for the mortality of A. aurita ephyrae. To
assess this working hypothesis, we conducted laboratory experiments to examine the effect of starvation on the survival of A. aurita ephyrae, and their
capability to recover from starvation and then
develop to advanced stages. We determined their
point of no return (PNR) from starvation and discussed starvation and other factors as possible determinants of the mortality of ephyrae.

libitum for 3–4 h with newly hatched Artemia sp.
nauplii once or twice weekly, followed by replacement of the seawater.

Starvation experiment
The stock-cultured polyps were transferred to 14°C
to induce strobilation and release of ephyrae (see
Kakinuma 1962, Han & Uye 2010). Newly released
ephyrae (< 24 h old) were placed individually in wells
of 6-well polystyrene culture plates containing 10 ml
of the filtered seawater (salinity 32). A total of 250,
220 and 260 ephyrae were kept in darkness at 9, 12
and 15°C, respectively, in thermostatically controlled
incubators. Seawater in the wells was replaced every
second day.
Ten randomly selected ephyrae from each temperature were taken every 2 d, placed individually
(manubrium side up) in a small glass container and
photographed with a digital camera attached to a
stereomicroscope. After being photographed, they
were returned to their original wells or transferred to
new plates for feeding (see next paragraph). Ephyrae
morphometry was examined by measuring 5 dimensions to the nearest 0.01 to 0.02 mm, in accordance
with the method of Straehler-Pohl & Jarms (2010):
total body diameter (TBD), disc diameter (DD), central disc diameter (CDD), marginal lappet length

MATERIALS AND METHODS
Stock culture of polyps
Ephyrae of Aurelia aurita were obtained from stock
cultures of polyps derived from matured medusae in
the Inland Sea of Japan in the summer of 2010. The
stock cultures were maintained in plastic containers
(diameter: 150 mm, depth: 65 mm) containing ca. 1 l
of filtered (0.2 µm) seawater at a salinity of 32 and
held at 25°C in darkness. The polyps were fed ad

Fig. 1. Aurelia aurita ephyra showing measured dimensions.
CDD: central disc diameter; DD: disc diameter; MLL: marginal lappet length; RLL: rhopalial lappet length; TBD: total
body diameter
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Fig. 2. Morphological changes in Aurelia aurita ephyrae kept starved for various periods at 9, 12 and 15°C. Days indicate
duration of continuous starvation. An advanced ephyra is also shown. Scale bars = 1 mm

(MLL) and rhopalial lappet length (RLL) (Fig. 1),
using image-analysis software (Image J, National
Institute of Health, USA).
Feeding was initiated for groups of 10 starved
ephyrae per temperature group, at 2 to 4 d intervals
for up to 84 d, by introducing 20 newly hatched
Artemia nauplii to their wells daily. After the ephyrae
fed for ca. 6 h, the remaining nauplii were removed,
and the seawater was replaced. Fed ephyrae were
monitored daily until they died off or grew to the
advanced ephyrae stage, at which the adradial canal
between the perradial canal and the interradial canal
extends to the central disc margin (Fig. 2). Ephyrae
showing no pulsation after several stirrings of the
seawater with a pipette were judged to be dead.
The median longevity (ML50) was determined as
the duration of starvation at which 50% of ephyrae
had died. The point of no return (PNR50) was determined as the duration of starvation at which only
50% of ephyrae could recover from starvation and
grow to the advanced ephyra stage.

seawater was gently circulated by aeration (15 ml
min−1) from a glass pipette to keep the ephyrae suspended. The seawater was replaced weekly.
At 10 d intervals, triplicate samples, each consisting of 20 to 110 ephyrae, were randomly picked
up from each container, and at least 5 ephyrae
from each sample were photographed under a
stereomicroscope to measure DD. These specimens
were placed onto a pre-combusted and preweighed GF/F glass-fiber filter (diameter: 25 mm)
and rinsed with 3% isotonic ammonium formate to
remove external salts. The filter was then placed
in a plastic case and dried in an electric oven
(Tabai, LG-112) at 60°C for 24 h, followed by
placement in a desiccator for 3 to 5 mon until
analysis. Dry weight was determined on a
microbalance (Mettler Toledo, Type MT 5) to the
nearest 0.1 µg, and carbon and nitrogen contents
were analyzed with an elemental analyzer (PerkinElmer, 02400II CHNS).

Statistical analysis
Measurements of carbon and nitrogen contents
Nine lots, each consisting of approximately 600
ephyrae newly released from the stock-cultured
polyps, were transferred to a glass container containing 5 l of filtered seawater (salinity 32). Three containers were held at 9, 12 and 15°C in darkness. The

To compare the mean values among different
experiments, 1- or 2-way ANOVAs were used (SPSS
10.0 software). When the ANOVA results were significant (p < 0.05), Tukey’s pair-wise comparisons
were performed to ascertain the significance of differences between treatment means.
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RESULTS
Morphological changes during starvation
A series of morphological changes in ephyrae kept
starved at 9, 12 and 15°C is depicted in Fig. 2. Newly
released ephyrae from strobilating polyps were reddish in body color. As starvation advanced, this reddish color gradually faded; at the same time, body
diameter decreased and was accompanied by thinning and reduction of the marginal lappets. As starvation was prolonged further, the marginal lappets
almost disappeared, and pulsations became less frequent. Finally, starved ephyrae became reduced to a
rod-like oral core.
The morphological changes were slower at lower
temperatures as demonstrated by the decrease in DD
(Fig. 3). Mean DD was 2.3 ± 0.04 (SD) mm on Day 0,
with no significant differences among the temperature groups (1-way ANOVA, p > 0.05). Mean DD on
Day 50 were 1.18 ± 0.06, 1.58 ± 0.19 and 1.66 ±
0.20 mm at 15, 12 and 9°C, respectively, and were
significantly different among the groups (1-way
ANOVA, p < 0.01). By fitting a linear regression, the
overall decrease rate was greatest (0.021 mm d−1) at
15°C, intermediate (0.019 mm d−1) at 12°C and lowest
(0.012 mm d−1) at 9°C. However, there were only
small changes in body proportions, such as RLL:MLL
and CDD:TBD (see Fig. 1), at least during the initial
halves of all starvation experiments. At 12°C, for example, both RLL:MLL and CDD:TBD were constant
until Day 50 to 60, after which RLL:MLL decreased
and CDD:TBD increased, both significantly (Tukey’s
test, p < 0.05) (Fig. 4). On the days of PNR50 (33.8,
38.4 and 58.6 d at 15, 12 and 9°C, respectively, see
‘Point of no return’ below), the mean DD estimates
were 1.36 ± 0.06, 1.69 ± 0.10 and 1.65 ± 0.27 mm,
respectively, ca. 30%, on average, reduction compared to mean DD of newly released ephyrae.

Survivorship and median longevity
Ephyrae did not die at all until Days 44, 62 and 92
at 15, 12 and 9°C, respectively, and died off rapidly
thereafter (Fig. 5). At 15°C, the ML50 was recorded on
Day 50, the final day of the starvation experiment
because of the death of all experimental ephyrae.
The ML50 estimates were 70 and 100 d, and the maximum longevities were 80 and 118 d at 12 and 9°C,
respectively. The relationship between ML50 (d) and
temperature (T, °C) was expressed by ML50 =
282e−0.116T.

Fig. 3. Change in disc diameter of Aurelia aurita ephyrae
kept starved for various periods at 9, 12 and 15°C. Error bars
= SD. Filled triangles on x-axis = point of no return (PNR50)
at 15, 12 and 9°C from left to right

Fig. 4. Changes in body proportions of (A) rhopalial lappet
length:marginal lappet length (RLL:MLL) and (B) central
disc diameter:total body diameter (CDD:TBD) of Aurelia
aurita ephyrae kept starved for various periods at 12°C.
Error bars = SD. Means for periods marked with lowercase
‘a’ and ‘b’ are significantly different. See Fig. 1 for body
measurements. Filled triangle on x-axis = PNR50

Point of no return
Ephyrae fed without prior starvation could swim
actively to capture and ingest 5 to 8 Artemia nauplii
per day, and they grew to the advanced ephyra stage
(mean DD: 4.0 ± 0.11 mm) in averages of 5.0, 4.2 and

Fu et al.: Point of no return of Aurelia ephyrae

Fig. 5. Survival of Aurelia aurita ephyrae kept starved for various periods
at 9, 12 and 15°C. Median longevity (ML50; arrows) is the starvation
period at which 50% (dashed line) of ephyrae died
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for up to Day 36 successfully developed to
the advanced ephyra stage. No recovery
was possible when starvation was ≥48 d.
The PNR50 was estimated to be 38.4 d
(Fig. 6). At 9°C, recovery success was
nearly 100% for ephyrae up to Day 48,
and the PNR50 was 58.6 d (Fig. 6). The
relationship between the PNR50 (d) and
temperature (T, °C) was expressed by
PNR50 = 127e−0.092T.
The duration needed to reach the
advanced ephyra stage after feeding
began (DR, d) increased exponentially
with increasing initial starvation duration
(D, d) as expressed by DR = 4.80e0.040D,
DR = 6.85e0.021D and DR = 7.69e0.017D at 15,
12 and 9°C, respectively (Fig. 7).

Decrease in carbon weight during
starvation
The mode of shrinkage in the DD of
starved ephyrae kept collectively in filtered seawater (not shown) was essentially
the same as for those kept individually in
well plates (Figs. 2 & 3). Mean carbon and
nitrogen weights of newly released ephyrae were 6.6 ± 0.23 and 1.5 ± 0.05 µg, respectively, without significant differences
among the groups (1-way ANOVA, p >
0.05), and their carbon contents (C, µg)
decreased exponentially with starvation
duration (D, d), as expressed by C =
Fig. 6. Success of starved Aurelia aurita ephyrae in developing to become
6.7e−0.026D, C = 6.4e−0.019D and C = 6.8e−0.017D
advanced ephyrae when given food after different intervals of starvation.
at 15, 12 and 9°C, respectively (Fig. 8A).
Results shown for ephyrae held at 9, 12 and 15°C. Point of no return
Relative carbon contents in ephyrae at the
(PNR50) is the starvation period at which 50% of ephyrae remain capable
of recovering from starvation damage and growing to become advanced
PNR50 were estimated to be 51, 58 and
ephyrae
42% of the initial contents at 15, 12 and
9°C, respectively. The 2-way ANOVA
6.0 d at 15, 12 and 9°C, respectively (see Fig. 7), with
showed that carbon:nitrogen (C:N) ratios (p > 0.05 in
significant differences among the groups (1-way
each case) were not significantly affected by temperaANOVA, p < 0.05). In contrast, with increasing durature, starvation duration or their interaction. The overtion of starvation, ephyrae gradually lost their swimall mean C:N ratio was 4.2 ± 0.14 (Fig. 8B).
ming capability, and they could capture fewer
Artemia nauplii.
DISCUSSION
At 15°C, all ephyrae, which had been starved for
≤28 d, could successfully develop to the advanced
Extraordinary duration to PNR50 in Aurelia aurita
ephyra stage. When the starvation ran ≥30 d, the
ephyrae
success declined sharply until Day 40, when no
recovery was possible. By fitting a linear regression,
In marine invertebrates and fishes, newly hatched
the PNR50 was determined to be 33.8 d (Fig. 6). At
12°C, nearly 100% of ephyrae that had been starved
larvae can be regarded as a critical life stage, since
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derstand the factors affecting recruitment to their post-larval stages.
Although scyphozoan ephyrae are derived not from eggs but from strobilating polyps, they likewise have to feed
before their PNR to recruit to the
medusa population. Previous studies
have determined the PNR50 for planktonic larvae of marine animals (e.g.
molluscs, crustaceans and fishes, see
Table S1 in the Supplement at www.
int-res.com/articles/suppl/m510p255_
supp.pdf) and their values are plotted
against temperature in Fig. 9. The
compiled data show a general trend
Fig. 7. Relationships between the duration required by initially starved Aurethat the PNR50 is negatively related to
lia aurita ephyrae to develop into advanced ephyrae after feeding began and
temperature in each taxonomic group.
the durations of starvation at 9, 12 and 15°C. Error bars = SD. D: initial starAt 15°C, the average PNR50 values esvation duration; DR: duration needed to reach advanced ephyra stage after
timated for molluscs, crustaceans and
feeding began
fishes are 7.3, 4.8 and 5.8 d, respectively. In marked contrast, the PNR50 for Aurelia aurita
ephyrae was 33.8 d, demonstrating that they are capable of enduring extraordinarily long starvation
compared to the larvae of other taxa.
This strong starvation resistance of A. aurita ephyrae can be attributed to their low metabolic demands,
equivalent to 2 to 3% of body carbon weight d−1
(Fig. 8), relative to copious endogenous carbon reserves (mean: 6.6 µg C ephyra−1). Assuming that proteins are the major organic constituents and metabolic substrate, as was confirmed by the overall mean
C:N ratio of 4.2 (Fig. 8), and that the respiratory quotient is 0.8 (Ikeda et al. 2000), the respiration rates
indirectly estimated from their carbon weight reductions are 0.40, 0.28 and 0.27 µl O2 ephyra−1 d−1 at 15,
12 and 9°C, respectively. This rate at 15°C is comparable to the rate (0.42 µl O2 ephyra−1 d−1) reported by
Møller & Riisgård (2007) and lower than the rate
(0.74 µl O2 ephyra−1 d−1) determined by Kinoshita et
al. (1997). Meanwhile, Acuña et al. (2011) and Pitt et
al. (2013) reported that respiration rates of jellyfish
are similar to other metazoans (e.g. crustaceans and
fish) when scaled to carbon content. Interpolation of
Fig. 8. Change in (A) carbon and (B) carbon:nitrogen (C:N)
6.6 µg C to the equations presented by Acuña et al.
ratio of Aurelia aurita ephyrae kept starved for various peri(2011) and Pitt et al. (2013) gives the respiration rates
ods at 9, 12 and 15°C. Error bars = SD. Filled triangles on
x-axis = PNR50 at 15, 12 and 9°C from left to right. C: carbon
2.9 and 2.6 µl O2 animal−1 d−1, respectively, values
contents; D: initial starvation duration
much greater than any mentioned above. Hence, we
conclude that the low metabolism per unit carbon
they must start feeding within a limited time, i.e. the
weight is specific to the ephyra stage, at least for
PNR, to avoid death by starvation (Blaxter & Hempel
A. aurita.
1963, Bailey & Houde 1989, Paschke et al. 2004).
Our experiments show that A. aurita ephyrae lose
Hence, the PNR has been studied in many marine anica. 50% of initial carbon by the time of the PNR50. The
loss of body carbon biomass during starvation up to
mals to evaluate their starvation resistance and to un-
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increase in their survival (Skikne et
al. 2009). Phytoplankton are likely a
less important food for the net growth
of ephyrae compared to zooplankton
(Båmstedt et al. 2001). Examination of
stomach contents of wild-caught
ephyrae and laboratory experiments
to test various diets have revealed
that the main foods for A. aurita
ephyrae are small and slow-swimming zooplankton, such as tintinnids,
rotifers, nauplii of copepods and barnacles, copepodites and adult copepods, and hydromedusae (Olesen
1995, Sullivan et al. 1997, Ishii et al.
2004). Sullivan et al. (1997) investigated prey capture behavior of A.
aurita ephyrae in detail and demonFig. 9. Relationships between PNR50 and temperature (T ) in Aurelia aurita
strated that larger prey swimming
ephyrae, and larvae of molluscs, crustaceans and fishes. Note the different
vertical axis scales between A. aurita ephyrae and the other taxa. See Table S1
continuously at low velocity are most
in the Supplement at www.int-res.com/articles/suppl/m510p255_supp.pdf for
vulnerable, suggesting that slowPNR50 values of each taxon
swimming hydromedusae may be
more important than fast-swimming
the PNR50 is, in general, much smaller in other taxa:
copepodite and adult copepods and that continu16% loss for Maja brachydactyla (Guerao et al. 2012),
ously swimming rotifers may be more valuable than
25 to 34% loss for Carcinus maenas (Dawirs 1987)
intermittently swimming copepod nauplii.
and 21% loss for Hyas araneus (Anger & Dawirs
During the main season of ephyra release (January
1982). However, the loss is exceptionally high (44 to
to March), mean zooplankton biomass over the entire
51%) for Euphausia superba (Ross & Quetin 1989).
Inland Sea of Japan is at its annual minimum (ca. 2
All these facts demonstrate that A. aurita ephyrae are
and 13 mg C m−3 for micro- and mesozooplankton,
respectively), and zooplankton production rates are
capable of recovering from extremely low food condialso the lowest (ca. 0.5 and 2 mg C m−3 d−1, respections that larvae of other taxa may not tolerate.
tively, Uye et al. 1996, Uye & Shimazu 1997). Rotifers
and hydromedusae, which may be suitable food for
ephyrae, are never dominant in micro- and mesozooEcological significance of long PNR50 in Aurelia
aurita ephyrae
plankton communities. Thus, it is very likely that
newly released ephyrae are exposed to severe nutriSince an exposure to temperatures lower than 15°C
tional stress in this cold season of minimal food abunis a trigger to induce strobilation (Kakinuma 1962,
dance. In April, the Inland Sea of Japan significantly
Han & Uye 2010), the release of ephyrae of Aurelia
warms from the winter temperature minimum (to ca.
aurita is programmed to occur during winter and
15°C), and zooplankton biomass increases to about 3
early spring, in accordance with the annual temperato 15 mg C m−3 for micro- and mesozooplankton,
respectively. The production rates of those groups in
ture fluctuation (range: 10 to 28°C) of the Inland Sea
April are on the order of 1 to 4 mg C m−3 d−1, respecof Japan (Uye & Shimauchi 2005, Thein et al. 2012).
tively (Uye et al. 1996, Uye & Shimazu 1997). Thus,
A similar seasonal strobilation schedule is observed
ephyrae released early in the season (e.g. December
in many temperate regions (Lucas 2001, Miyake et al.
to February) would be subjected to more starvation
2002). However, it is difficult to assess the success of
mortality than those released late in the season (e.g.
feeding and subsequent development of wild ephyMarch to April). We conclude that an extremely long
rae, since information on their feeding and in situ
PNR50 may be a physiological as well as ecological
food supply is inadequate. Although dissolved
adaptation allowing A. aurita ephyrae to survive the
organic matter was reported to be effective as a
first few months after release, when food supply is
nutritional source for ephyrae under starvation congenerally lowest in many temperate coastal waters.
ditions, it is a meager one and allows only a slight
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Mortality of ephyrae in the field
It is typical that planktonic larvae of many marine
animals in nature are subjected to high mortality
because of both food deprivation and predation loss
(Bailey & Houde 1989, Paschke et al. 2004). The fate
of Aurelia aurita ephyrae is likely no exception. In
the innermost part of Tokyo Bay, Ishii et al. (2004)
estimated the mortality from newly released
ephyrae to young medusae of the natural A. aurita
population. Based on the relative abundances of
ephyrae in different developmental stages (ages),
the cumulative mortality reached ca. 95% by age
4.6 d and increased further to ca. 99% by the young
medusa stage (20 to 28 d old). Ishii et al. (2004) suspected that this high mortality was because of predation loss rather than starvation, since the
eutrophic Tokyo Bay sustained extremely high zooplankton biomass (mean: 382 mg C m−3) during the
study period. Nevertheless, Ishii et al. (2004) failed
to determine the actual predators of ephyrae in
Tokyo Bay.
We examined the gut contents of possible predators (e.g. hydromedusae and fish larvae) of ephyrae
in some 200 plankton samples, which had been taken
in winter and spring of 2010 and 2011 in Hiroshima
Bay and Harima-Nada, eastern Inland Sea of Japan
(Makabe et al. unpubl.), but we could not find
explicit evidence of predation. Meanwhile, our laboratory experiments revealed that a scyphomedusa,
Chrysaora pacifica, can capture and consume A.
aurita ephyrae (Fu et al. unpubl.). So, we speculate
that C. pacifica medusae, which often co-occur with
A. aurita ephyrae in spring in the Inland Sea of Japan
(Ueda 2007, Thein et al. 2013), may act as potential
predators. Because of much scarcer food abundance
in the Inland Sea of Japan, starvation seems to be
much more crucial to the survival of ephyrae than in
Tokyo Bay, although the evaluation of starvation
effect is not easy. Morphological examinations of
wild ephyrae with starvation-induced appearances,
i.e. significant body size (DD) reduction and morphometric changes (RLL:MLL and CDD:TBD), may be
useful for the assessment.
Although A. aurita is undoubtedly the most
extensively studied scyphozoan species, the ephyra
stage is still greatly understudied. To forecast the
possible A. aurita outbreaks prior to the season of
medusa blooms, further studies are needed not
only to investigate ephyra population dynamics
but also to identify causes of death for wild
ephyrae, which are prone to food shortage and/or
predation loss.
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