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INTRODUCTION

To clarify why scyphozoan medusa populations
show remarkable annual fluctuations—sometimes de-
veloping massive blooms, sometimes not—the ben-
thic polyps (scyphistomae) have drawn special atten-
tion because of their asexual reproduction by multiple
modes and their release of numerous planktonic
ephyrae which develop into medusae (reviewed by
Lucas et al. 2012). Previous studies have examined
the effects of various environmental factors on the
modes and rates of the asexual reproduction of
polyps, particularly in the common jellyfish Aurelia
aurita s.l., under controlled laboratory conditions
(Ishii & Watanabe 2003, Willcox et al. 2007, Han &

Uye 2010, Thein et al. 2012, Wang et al. 2015, Widmer
et al. 2016). However, field studies have been
confined to the clarification of the substrates and loca-
tions of polyp colonization, the seasonal changes in
their numerical abundance and the timing of strobila-
tion, because of difficulties in isolating and evaluating
the effects of a given environmental factor on their
eco-physiology (Willcox et al. 2008, Purcell et al. 2009,
Di Camillo et al. 2010, Ishii & Katsukoshi 2010, Ma -
kabe et al. 2014). In order to elucidate the effects of
various environmental factors on the population dy-
namics of polyps in the field, it is of fundamental value
to detail their individual energetic balance and to
quantify  energy (or carbon flux) through the bulk bio-
logical  processes: ingestion, respiration and growth.
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Bioenergetic studies have been conducted on
ephyrae and medusae of A. aurita (Båmstedt et al.
1999, Hansson et al. 2005, Uye & Shimauchi 2005,
Ishii & Tanaka 2006), but few studies have been done
to date the polyp stage. To characterize bioenergetics
in polyps, at least 2 physiological rates, i.e. respira-
tion and ingestion rates, should be determined as
principal indices of metabolic demand and energy
acquisition, respectively. There are 2 previous studies
that examined the effect of temperature on the respi-
ration rate of A. aurita polyps, but the results of these
studies were contradictory. Mangum et al. (1972)
demonstrated an exponential increase of respiration
rate with increasing temperature from 12 to 32°C, but
Gambill & Peck (2014) found a sharp increase at a
threshold temperature from low respiration rates at
relatively low temperatures to high rates at high tem-
peratures. Previous studies have shown that jellyfish
polyps consume a wide variety of plankton, such as
dinoflagellates,  ciliates, rotifers, planula larvae of
scyphomedusae, small hydromedusae, cladocerans,
copepods, planktonic larvae of various benthic orga -
nisms, chaetognaths and fish larvae (Gröndahl 1988,
Östman 1997, Kamiyama 2011, Huang et al. 2015), in
addition to Artemia  nauplii, which are a conventional
food for culture of polyps. However, no attempts have
been made to investigate the functional response of
polyps, except for a study on ciliates as prey by
Kamiyama (2011), who demonstrated a hyperbolic
functional response of polyps to ciliate density.

In this study, we aimed to characterize the bioener-
getics of polyps of A. aurita s.l. collected from tem-
perate coastal waters of Japan. We examined the
effects of temperature and salinity on carbon weight-
specific respiration rates, and the effects of tempera-
ture, prey type and prey density on carbon weight-
specific ingestion rates of various zooplankton
(primarily mesozooplankton) taxa in the laboratory. A
carbon budget model constructed from these experi-
ments was applied to the natural polyp population in
Fukuyama Harbor, Inland Sea of Japan.

MATERIALS AND METHODS

Sources of polyps

Stock-cultures of the polyps of Aurelia aurita s.l.
were initiated in 2011 using planulae collected from
3 female medusae caught in Hakata Bay (33° 37’ N,
130° 20’ E), northern Kyushu, Japan. The polyps were
maintained in plastic containers (diameter 15 cm,
depth 6.5 cm) containing ca. 500 ml of filtered sea -

water (salinity 33) at 22°C in darkness. They were fed
newly hatched Artemia nauplii (ca. 10 nauplii per
polyp) overnight once a week, followed by replace-
ment of the seawater. Prior to experiments, polyps
bearing ≥16 tentacles were detached from the bottom
of containers using forceps and transferred to new
containers with 20 acrylic discs (diameter 15 mm,
thickness 1 mm) on the bottom as settling substrates.
Polyps attached to the discs were kept under the
same conditions as the stock cultures until they were
used for experiments.

Body carbon weight respiration rates, and
 ingestion rates of polyps

The stock-cultured polyps (range of calyx diameter
0.4 to 2.1 mm) were detached from the container
 bottoms and the lateral and top views of their con-
tracted bodies were photographed with a digital
camera-equipped stereomicroscope to determine their
body volumes using Image J software (Ver. 1.45),
assuming an ellipsoidal shape. A total of 30 samples,
each consisting 5 to 21 polyps with similar body
 volumes, were rinsed on pre-combusted and pre-
weighed Whatman GF/F glass-fiber filters (diameter
25 mm) with 5 ml of 3% isotonic ammonium formate
to remove external salts. They were then dried in an
electric oven at 60°C for 24 h and held in a desiccator
until analysis. Dry weights of polyps were measured
on a microbalance (Mettler Toledo, Tyme MT 5) to
the nearest 1 µg, and their carbon contents were
determined using a CHN analyzer (Perkin Elmer,
CHNS/O 2400 Series II).

The effect of reduced salinity on the contracted
body volumes of polyps was examined using de -
tached polyps from the stock culture. Three lots, each
consisting of 7 to 8 polyps, were kept in plastic con-
tainers (diameter 8 cm, height 2 cm) containing 30 ml
of seawater at 4 different salinities (15, 20, 25, and 33)
at 22°C in darkness for 4 d, followed by measurement
of their body volume. Dry and carbon weights of
polyps were determined following the procedures
described above.

Experiments to examine the effects of temperature
and salinity on the respiration rate of polyps were
conducted at 8, 12, 18, 22, 26, and 28°C in a multi-
incubator (Eyela MTI-202). Salinities of 15, 20, 25,
and 33 were made by diluting 0.2-µm filtered seawa-
ter with distilled water at 22°C. Polyps were starved
for 2 d and acclimatized to each combination of con-
ditions for 1 d before respiration measurements. In
each condition, 6 BOD bottles (volume ca. 67 ml),
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each with 10 polyps on 2 or 3 acryl discs (maximum
7 polyps per disc), and 6 control bottles without
polyps were incubated for 3 d. The initial and final
dissolved oxygen concentrations (DOs) were meas-
ured 3 times for each bottle using a fluorescence DO
meter (WTW, Multi 3410). After the measurement of
final DO, the contracted body volumes of the polyps
were determined and converted to carbon weight
using the relationship between body volume and car-
bon weight (see above). Carbon weight-specific res-
piration rates of polyps (R, ng O2 µg C−1 d−1) were cal-
culated from:

(1) 

where C0 and Ct are initial and final DO of control
bottles (ng O2 ml−1), E0 and Et are initial and final
DO of experimental bottles, V is volume of experi-
mental BOD bottles (ml), D is duration of experi-
ments (d) and W is carbon weight of the polyps (µg).

Zooplankton samples were collected using a
 NORPAC net (45 cm diameter, 100 µm mesh size) in
the central Inland Sea of Japan and transported
(≤1 h) to the laboratory at Hiroshima University in
Higashi-Hiroshima. Three predominant taxa, i.e.
Microsetella norvegica late copepodites and adults,
Oithona spp. late copepodites and adults, and barna-
cle nauplii, were isolated with a pipette and used as
prey (Table 1). Single polyps on acrylic discs (calyx
diameter 1.47 ± 0.218 mm, mean ± SD), which had
been starved for 7 d, were introduced into 50 ml glass
bottles filled with 0.2 µm-filtered seawater (salinity
33), in which prey densities of 0.2, 0.5, 1.0, 1.5, and
2.0 prey ml−1 were established to allow the polyps to

feed for 1 h at 22°C in darkness. At each prey density,
5 experimental and 2 control (without a polyp) bottles
were prepared. To examine the effect of temperature
on the feeding rate, experiments were conducted at
8, 12, 18, 22, and 26°C at a density of 1.0 prey ml−1

using the above-mentioned 3 zooplankton taxa. Five
experimental and 2 control bottles were prepared at
each temperature. Prior to the experiment, the prey
and polyps had been kept at the experimental tem-
peratures for 24 h. Additional experiments were
 conducted at 22°C using other 5 zooplankton types
(Acartia sp., Corycaeus affinis, small copepod nau-
plii, large copepod nauplii and polychaeta larvae,
Table 1) as prey at a density of 1.0 prey ml−1, in order
to evaluate the effects of prey characteristics, i.e.
body length, carbon weight, cruising speed and burst
speed (the  latter 3 parameters were estimated from
previous work, see Table 1) on polyp ingestion rates.
For these prey-type experiments, 3 experimental and
2 control bottles were prepared for each prey type.
After the experiments, the numbers of prey remain-
ing in the bottles and their survival were examined,
and the contracted body volumes of the polyps were
determined. The clearance rates (F, ml polyp−1 h−1)
and ingestion rates (I, prey polyp−1 h−1) of the polyps
were calculated by: F = V/(D × N) × ln(P0/Pt) and I =
(P0 − Pt)/(D × N), respectively, where N is number of
predators and P0 and Pt are initial and final prey den-
sities (prey ml−1), respectively (Båmstedt et al. 2000).
These rates were also converted to carbon weight-
specific rates, i.e. the carbon weight-specific clear-
ance rate (FC, ml µg C−1 h−1), and the carbon weight-
specific ingestion rates for prey carbon mass and
number (IC, µg C µg C−1 h−1 and IP, prey µg C−1 h−1,

E E C C V
D W

− − − ×
×

[( ) ( )]0 t 0 t
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Prey organisms Body length Carbon References Cruising Burst References
(mean ± SD, weight speed speed

µm) (µg) (mm s−1) (mm s−1)

Acartia sp. 570 ± 136a 1.1 Uye (1982) 3.9 213 Larsen et al. (2008), Buskey 
et al. (2002)

Corycaeus affinis 460 ± 48.2a 0.66 Recalculation from 1.2 10 Landry & Fagerness (1988), 
Uye (1982) Yen (1988)

Microsetella norvegica 357 ± 31.8a 0.25 Uye et al. (2002) 0.60 0.60 Koski et al. (2005)
Oithona spp. 374 ± 64.2a 0.38 Uye (1982) 8.0 40 Jiang & Kiørboe (2011)
Small copepod nauplii 213 ± 23.7b 0.17 Berggreen et al. (1988) 1.1 8.0 Titelman & Kiørboe (2003)
Large copepod nauplii 405 ± 79.5b 0.99 Hygum et al. (2000) 2.2 15 Titelman & Kiørboe (2003)
Barnacle nauplii 249 ± 33.1b 0.29 Recalculation from 1.4 3.1 Lang et al. (1979), Sullivan 

Uye (1982) et al. (1997)
Polychaeta larvae 362 ± 141c 0.30 Recalculation from 1.1 1.1 Mileikovsky (1973)

Uye (1982)
aProsome length. bCarapace length. cTotal length

Table 1. Body length, carbon weight, cruising speed and bursting speed of various mesozooplankton used as prey for Aurelia 
aurita polyps.
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respectively), based on carbon weights of polyps and
of the specific prey types using following formulae:
FC = F/W, IC = I × PW/W and IP = I/W, where PW is
the  carbon weight of prey (see Table 1).

A bioenergetic model and its application to a
natural polyp population

The carbon budget for polyps per unit carbon
weight can be expressed as: G = A − M = IC × a − M,
where G, A and M are growth, assimilation and
metabolic rates (µg C µg C−1 d−1), respectively
(Møller & Riisgård 2007a), and ‘a’ is an assimilation
efficiency assuming to be 0.8 (Schneider 1989). The
metabolic rate can be calculated from the respiration
rate (R) as: M = k × R × RQ, where k is a conversion
factor to estimate carbon mass from moles of oxygen
(0.375 µg C µg O2

−1, McCloskey et al. 1994), and RQ
is a respiratory quotient assuming to be 0.85 for A.
aurita medusae (Schneider 1989).

The bioenergetic model parameterized with tem-
perature and zooplankton biomass based on the
 laboratory experiments was applied to the A. aurita
polyp population in Fukuyama Harbor, where the
basic parameters for the model are available (Uye &
Liang 1998). The biomass of adults and copepodites
of copepods and temperature have been monitored
at intervals of 3 to 5 d for a year (Uye & Liang 1998).
For simplification, we took monthly averages of tem-
perature and copepod biomass and assigned them to
an energy budget model for polyps in order to esti-
mate the seasonal variations in their ingestion, assim-
ilation, metabolic and growth rates.

Statistical analysis

All statistical analyses were conducted using R
v.3.3.1 (R Core Team 2016). For the validation of res-
piration measurements, the differences in mean DOs
between initial and final experimental bottles were
tested using Welch’s test. Final mean DO differences
between control and experimental bottles were com-
pared using paired t-tests. The differences of con-
sumed O2 between control and experimental bottles
were also examined using paired t-tests.

Regression analyses for various relationships be -
tween 2 parameters, such as environmental variables
and eco-physiological parameters of polyps, were
performed using generalized linear models (GLMs).
For relationships of polyp carbon weight versus con-
tracted body volume and contracted body volume

versus salinity, we fitted them to GLMs with a
gamma distribution described as W ~ BV or BV ~ S,
where BV is the polyp contracted body volume (mm3)
and S is salinity. For the carbon weight-specific respi-
ration rate versus temperature, and versus salinity,
the models can be described as R ~ T or R ~ S, with
a gamma distribution, where T is temperature (°C).
The data were fitted to exponential, linear and con-
stant equations, and the function resulting in the low-
est Akaike information criterion (AIC) was selected
(Akaike 1987).

The functional responses of polyps to various zoo-
plankton prey, that is, the relationships between
polyp ingestion rates and zooplankton density, were
tested by fitting linear and hyperbolic functions to
confirm which function gave lower AIC and more
significant probability estimates. The linear equa-
tions were analyzed with Poisson and other Tweedie
error distributions for ingested prey number and
 carbon weight, respectively, and the hyperbolic equa-
tion was tested using the drc package in R. For the
relationship between polyp clearance rate and tem-
perature, we tested the constant, linear and expo-
nential regression models and selected the model
with the lowest AIC value.

The carbon weight-specific ingestion rates among
different taxa at a density of 1 prey ml−1 were exam-
ined with Tukey’s pairwise comparisons. The effects
of prey characteristics on the rates were analyzed
using model selection for the additive effects of cruis-
ing speed, burst speed and body length (Table 1) on
the ingestion rates (IP and IC) using Poisson and
gamma distributions, respectively.

RESULTS

Body volume and carbon weight relationship

W of Aurelia aurita s.l. was strongly and linearly
correlated to BV, expressed by W = 27.4 × BV (R2 =
0.982) (Fig. 1). This equation was used later to convert
the body volumes of polyps into their carbon weights.

Respiration rates

All polyps in the experiments looked healthy, ex -
tending tentacles fully, after 4 d. There were always
significant differences in mean DO between initial
and final experimental bottles (Welch’s test, p < 0.05).
There were slight, but significant, differences (Welch’s
test, p < 0.05) in mean DO between initial and final
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control bottles, but differences in mean DO were
always greater between final control and experimen-
tal bottles (paired t-test, p < 0.01). Accordingly, the
amounts of O2 consumed in the experimental bottles
were always significantly larger than those in the
control bottles (paired t-test, p < 0.01).

Mean values of R varied from 32.2 to 105 ng O2 µg
C−1 d−1 at 8 and 28°C, respectively. The effect of tem-
perature on R of polyps was significant, as the AIC of
a fitted exponential equation (691.0) in the GLM
analysis was smaller than that for no temperature
effect (738.7). R increased exponentially from 8 to
28°C (Fig. 2A), expressed by R = 17.3 e0.0657T.

Because BV of polyps was significantly inflated rel-
ative to W after exposure to lower salinities, with the
mean ratios of +25, +44 and +66% at salinities of 25,
20 and 15, respectively, compared to BV at 33, their
W were corrected. According to the GLM analysis,

the effect of S on R was not statistically significant
(AIC values of 483.2 and 485.2 for constant and expo-
nential equations, respectively), and hence the R was
effectively constant (mean ± SD 99.6 ± 30.2 ng O2 µg
C−1 d−1) over a  salinity range from 15 to 33 (Fig. 2B).

Feeding on mesozooplankton

Effect of prey density

Observation under illuminated conditions revealed
that polyps extended their tentacles fully and started
capturing prey within 2 min after being placed into
the experimental bottles. In the control bottles, the
prey mortality was negligible (0.4 ± 0.6%, mean ±
SD). Experiments in which prey consumption was
higher than 50% (maximum: 88% for barnacle nau-
plii) were excluded from the calculation. Mean values
of I ranged from 2.16 to 18.7, 2.50 to 25.5 and 3.00
to 37.4 prey polyp−1 h−1 for Microsetella nor ve gica,
Oithona spp. and barnacle nauplii, respectively, at
values of P ranging from 0.25 to 2.0 prey ml−1. The
GLM demonstrated that I of a polyp increased linearly
with increasing P without attaining saturation below
P = 2.0 prey ml−1, expressed by I = 8.72 × P for M.
norvegica, I = 12.7 × P for Oithona spp. and I = 17.1 × P
for barnacle nauplii (Fig. 3A). IC also showed a linear
increase with prey carbon density (PC, µg C ml-1), ex-
pressed by IC = 0.225 PC for M. norvegica, IC = 0.166
PC for Oithona spp. and IC = 0.292 PC for barnacle nau-
plii (Fig. 3B). Accordingly, values of FC were constant
irrespective of prey density: 0.262 (range 0.214 to
0.319), 0.196 (0.160 to 0.281), and 0.364 (0.330 to
0.429) ml µg C−1 h−1 for M. norve gica, Oithona spp.,
and barnacle nauplii, respectively (Fig. 4A).
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Fig. 1. Relationship between contracted body volume (BV)
and carbon weight of polyps (W) of Aurelia aurita

Fig. 2. Relationship between carbon weight-specific respiration rate (R ) of Aurelia aurita polyps and (A) temperature (T) and
(B) salinity. Solid line for T is the regression curve obtained from the generalized linear model (GLM) analyses, and for salinity
indicates the mean value. Dashed lines indicate the upper and lower 95% limits of the prediction area. Dashed-dotted lines 

denote the upper and lower 95% confidence limits
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Effect of temperature

Temperature did not have an adverse effect on
prey, except for barnacle nauplii, which appeared
inactive at 26°C, so those data were excluded. The
GLM showed that FC increased linearly with T,
expressed by FC = 0.023T − 0.16 for M. norvegica,
FC = 0.026T − 0.074 for Oithona spp. and FC = 0.031T
− 0.11 for barnacle nauplii (Fig. 4B). When all the
data were combined, FC = 0.026T − 0.11 (Fig. 4B).

Effect of prey characters

At a density of 1.0 prey ml−1 of various zooplankton
taxa, IP varied from 0.091 prey µg C−1 h−1 for
Corycaeus affinis to 0.28 prey µg C−1 h−1 for barnacle
nauplii, and IC also ranged from 0.018 µg C µg C−1 h−1

for small copepod nauplii to 0.21 µg C µg C−1 h−1 for

large copepod nauplii (Fig. 5). Multiple comparisons
based on the GLM analysis showed that the ingestion
rates were significantly different among prey taxa
(Tukey’s pair-wise comparison, p < 0.01), showing
clear separation into 2 subdivisions for the individ-
ual-based rates but indistinct for the carbon-based
rates except for small copepod nauplii (Fig. 5). In the
GLM analysis of the effect of prey characteristics on
IP, a model consisting of cruising and burst speeds of
prey showed the lowest AIC among all models
 examined (Table 2). The cruising speed was posi-
tively correlated to the ingestion rates (coefficient
0.068), whereas the burst speed was negatively
 correlated (−0.0038). On the other hand, the GLM
analysis of IC for small and large copepod nauplii
showed the lowest AIC in a model consisting of prey
body length, which correlated positively (0.0027)
(Table 2).
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Fig. 3. Functional response of Aurelia aurita polyps feeding on Microsetella norvegica adults and copepodites, Oithona spp.
adults and copepodites and barnacle nauplii: (A) ingestion rate in terms of prey numbers (I), (B) carbon weight-specific 

ingestion rate (IC). Error bars = SD

Fig. 4. Carbon weight-specific clearance rates (FC) of Aurelia aurita polyps feeding on Microsetella norvegica adults and cope-
podite, Oithona spp. adults and copepodites, and barnacle nauplii: (A) Effect of prey density at 22°C; (B) effect of temperature (T).

A solid regression line is for all prey combined. Error bars = SD
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An integration of experimental results for all prey
taxa (total: 40 values) was well fit by a linear
functional response of A. aurita polyps to mesozoo-
plankton prey density, expressed as IC = 0.20 × PC

(Fig. 6A), and FC was determined as 0.26 ml µg C−1 h−1

(Fig. 6B).

Bioenergetic model

We constructed a carbon budget model of A. aurita
polyps to simulate the basic eco-physiological rates
in their natural habitat, where they are exposed to
 various physical (e.g. temperature and salinity) and
biological (e.g. zooplankton taxonomic composition
and density) conditions. For ingestion, we used the
carbon weight-specific clearance rate on a composite
of mesozooplanton as prey at 22°C, which was con-
stant (FC = 6.2 ml µg C−1 d−1) over the range of PC

tested (Fig. 6). As FC was affected by T (Fig. 4B),
expressed in the functional relationship FC =
13(0.026T − 0.11) ml µg C−1 d−1. Hence, IC of wild
polyps at a given PC of wild mesozooplankton was
approximated by IC = 13(0.026T − 0.11) × PC, that of A
by 10(0.026T − 0.11) × PC.

As described above, R was not affected by S, at
least within a salinity range between 15 and 33,
but significantly by T (Fig. 2). Therefore, M can be
parameterized with T and approximated by M =
0.0055e0.066T.

Integrating these equations, G is given by 10(0.026T
− 0.11) × PC − 0.0055e0.066T. These relationships at 8,
18 and 26°C are representatively shown in Fig. 7.

Application of the carbon budget model to natural
polyp population

We applied the carbon budget model to the polyp
population in Fukuyama Harbor, where the monthly
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Fig. 5. Prey-specific ingestion rates (IP) of Aurelia aurita
polyps on various prey taxa at a density of 1.0 ind. ml−1.
Black bars denote the ingestion rates in terms of prey num-
bers per unit carbon weight, and hatched bars show the car-
bon weight-specific ingestion rates (IC). Means with differ-
ent letters are significantly (p < 0.01) different based on 

Tukey’s pair-wise comparisons. Error bars = SD

Characters of prey Ingestion Carbon 
rate weight-specific 

ingestion rate 

Null 259.6 174.6
Cruising speed 255.8 173.2
Burst speed 245.9 174.4
Body length 246.7 171.0
Cruising speed + burst speed 234.6 173.9
Body length + cruising speed 240.9 171.6
Body length + burst speed 245.8 172.9
All factors 235.9 171.8

Table 2. Comparison of AIC values in generalized linear
model analyses of functions of multiple combinations of prey
characters to  individual-based and carbon weight-specific 

ingestion rates of polyps of Aurelia aurita

Fig. 6. Functional responses of Aurelia aurita polyps on various zooplankton taxa: (A) carbon weight-specific ingestion rates 
(IC); (B) carbon weight-specific clearance rates (FC). PC: prey carbon density
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average temperature ranged from 9.7 to 27.2°C and
copepod biomass ranged from 9.7 to 82.7 mg C m−3

(Fig. 8A). Our simulation suggests that the polyps
likely have a large seasonal variation in both IC

(range: 0.043 to 0.48 µg C µg C−1 d−1) and A (range:
0.034 to 0.39 µg C µg C−1 d−1) rates, with the latter
always greater than M (range 0.010 to 0.033 µg C µg
C−1 d−1), sustaining positive growth rates (with values
of G ranging from 0.017 to 0.36 µg C µg C−1 d−1). G is
lowest in November and highest in July (Fig. 8B).

DISCUSSION

Respiration rates

As R of fed Aurelia aurita s.l. polyps was 4 times as
high as that of starved ones (for 14 d at 20°C) due to
specific dynamic action (Shick 1975), feeding condi-
tion is one of important factors influencing the respi-
ration rates. Hence, we standardized the feeding
condition of polyps by starving them for 2 d (plus 1 d
for acclimation) prior to the measurement of R, which
was the same starvation period used in previous
studies (Mangum et al. 1972, Gambill & Peck 2014).
Because the respiration rates at 20°C of 0.07 and
0.06 µg O2 µg C−1 d−1 in Mangum et al. (1972) and
this study, respectively, were almost equivalent to
that of 14-d starved polyps (0.05 µg O2 µg C−1 d−1)
in Shick (1975), we speculate that the 2-d starved
polyps respire at close to the basal rate. The respira-
tory response of polyps to temperature was rapid
in our experiment because of the 1-d acclimation
period, which was the same in Mangum et al. (1972),

but different from the slow response of polyps accli-
mated for 2–5 wk in Gambill & Peck (2014). Our pre-
liminary experiments (data not shown) showed no
significant differences in values of R between 1-d
and 7-d acclimated polyps at each value of T be -
tween 8 and 28°C (Welch’s test, p > 0.05), and there-
fore our respiration rates determined at different
temperatures (Fig. 2A) were not affected by the accli-
mation period, at least within 7 d.

Mangum et al. (1972) reported that the respiration
rate of A. aurita polyps increased exponentially with
increasing temperature from 12 to 32°C for polyps
from Chesapeake Bay, USA. On the other hand,
Gambill & Peck (2014) found that the rate remained
at a steady minimum in lower temperature conditions
and increased markedly above a temperature thresh-
old, which was between 12 and 15°C for polyps from
the Baltic Sea and between 10 and 12°C for polyps
from the North Atlantic. Our polyps from Hakata
Bay exhibited exponentially increasing oxygen con-
sumption with temperature (Fig. 2), conforming to
the result in Mangum et al. (1972). The differences in
the respiratory responses of polyps to temperature
may be attributed to the different thermal windows
at the sites of geographic origin, as speculated by
Gambill & Peck (2014). Compared to the boreal
North Atlantic and Baltic Sea, with cooler and nar-
rower thermal ranges (2 to 17°C; Gambill & Peck
2014), our polyps in Hakata Bay are exposed to much
wider thermal fluctuations (annual range 6 to 32°C;
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Fig. 7. Modeled relationships between prey carbon density
(PC) and the carbon weight-specific growth rate (G) of
 Aurelia aurita polyps at representative temperatures of 8, 18 

and 26°C

Fig. 8. (A) Monthly changes in average temperature and
copepod biomass in Fukuyama Harbor calculated from the
data obtained by Uye & Liang (1998). (B) Simulated carbon
budget of an Aurelia aurita polyp population. Columns
denote, from the top: ingestion (IC), assimilation (A) and
metabolic (M) rates. Hatched area indicates the polyp 

growth rate (G)
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Shikata et al. 2008) as are those in Chesapeake Bay
(1.9 to 29°C; Mangum et al. 1972).

The body volume of polyps increased by osmotic
uptake of ambient water with decreasing salinity, as
was found by Webb et al. (1972) and Weiler & Black
(1991). Weiler & Black (1991) also demonstrated that
the amino acid incorporation rate of polyps sharply
increased immediately after the salinity change but
became stable at a new rate in 9 h. Hence, our accli-
mation period (1 d) may be enough for polyps to
acclimate to each salinity condition. Constant R over
a wide range of S (15 to 33; Fig. 2B) suggests that A.
aurita polyps spend no energy for osmoregulation,
i.e. they are osmocomformers (Weiler & Black 1991),
which facilitates their euryhaline character (Ishii &
Katsukoshi 2010, Thein et al. 2012, Widmer et al.
2016). The relationship between R and T can be com-
pared among different life stages (i.e. polyp, ephyra,
me dusa, and planula) of A. aurita (Fig. 9). For polyps,
R can be converted from the rates measured by Shick
(1975), Mangum et al. (1972) and Gambill & Peck
(2014) by assuming a polyp’s specific density (i.e. wet

weight/contracted body volume) to be 1.0 and the
dry-to-carbon weight conversion to be 0.11 ± 0.03
(authors’ unpubl. data). Rates of ephyrae are con-
verted from the measurements by Kinoshita et al.
(1997) and Møller & Riisgård (2007b), assuming the
dry-to-carbon weight conversion to be 0.07 (Møller &
Riisgård 2007b). The rates in medusae are converted
from those in previous studies (Larson 1987, Frand-
sen & Riisgård 1997, Kinoshita et al. 1997, Ishii &
Tanaka 2006, Uye & Shimauchi 2005, Møller & Riis-
gård 2007b, Han et al. 2012), using conversion factors
from wet weight and dry weight to carbon weight to
be 0.0012 and 0.048, respectively (Han et al. 2009). A
rate for planulae is estimated using a dry-to-carbon
weight conversion to be 0.39 (Schneider & Weisse
1985). In the polyp stage, values of R from Mangum
et al. (1972) range from 0.018 to 0.094 µg O2 µg C−1

d−1 at 12 and 27°C, respectively, which are nearly
comparable to our results, i.e. 0.029 and 0.11 µg O2

µg C−1 d−1 at 12 and 27°C, respectively (Fig. 9). On
the other hand, the rates reported by Gambill & Peck
(2014) ranged from 0.096 to 0.11 µg O2 µg C−1 d−1 at
≤12°C and from 0.19 to 0.25 µg O2 µg C−1 d−1 at
≥15°C, which are much higher than our results
(Fig. 9). In the ephyra stage, the mean rates are 0.35
and 0.49 µg O2 µg C−1 d−1 at 10 and 15°C, respec-
tively, ca. 10 times higher than those of our polyps.
In the medusa stage, the rates range from 0.027 to
109 µg O2 µg C−1 d−1 at 8 and 28°C, respectively, ca.
3 times higher than those of our polyps. The respira-
tion rate of planulae is 0.25 µg O2 µg C−1 d−1 at 20°C
(Schneider & Weisse 1985; Fig. 9). From these facts,
we speculate that the sedentary polyp stage has
lower metabolic requirements per unit body carbon
weight than do the swimming planula, ephyra and
medusa stages.

Functional response

The functional responses of A. aurita polyps fed
Microsetella norvegica, Oithona spp., and barnacle
nauplii (Fig. 3) were similar in pattern to that of all
mesozooplankton taxa combined: a constant clear-
ance rate irrespective of prey density and a linear
increase of ingestion rate with prey availability
(Fig. 6). Values of I never attained saturation below a
density of 1.1 µg C ml−1 (1100 mg C m-3), the highest
density tested. Such an extraordinary density would,
however, scarcely be encountered by polyps in the
field, since the reported annual maxima of mesozoo-
plankton biomass fall in the range 100 to 300 mg C
m−3 in highly productive coastal waters, such as Nar-
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Fig. 9. Relationships between carbon weight-specific respi-
ration rate (R) and temperature (T) in Aurelia aurita polyp,
ephyra, medusa and planula stages. An exponential regres-
sion curve is fitted for each stage, except for polyp respira-
tion rates reported by Gambill & Peck (2014) where the 

Gompertz curve is applied
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ragansett Bay and Chesapeake Bay, USA (Durbin &
Durbin 1981, Roman et al. 2005), and the Inland Sea
of Japan and Honjo Area, Japan (Uye & Shimazu
1997, Han et al. 2009). Although our experimental
setup (i.e. 1 h feeding duration, using starved polyps)
might lead to higher ingestion rates, their actual
feeding capacity appears to be extremely high; they
are capable of consuming as much carbon daily as 5
times their own body carbon content when eating
large copepod  nauplii (Fig. 6A), prey commonly
available in the field.

All zooplankton types used in this study were cap-
tured and ingested by A. aurita polyps, although the
characteristics of each type greatly affected the in -
gestion rate (Fig. 5, Table 2). The ingestion rates in
terms of number of prey per unit polyp carbon weight
were higher for prey with faster cruising speeds, cor-
roborating a theoretical encounter model, in which
faster swimmers encounter a predator more fre-
quently (Rothschild & Osborn 1988). IP were lower for
prey with higher burst speeds, which may be attrib-
uted to their better ability to escape from entangle-
ment by sticky polyp tentacles, as typically repre-
sented by Acartia sp. (Table 1). Further, there was a
positive correlation between prey body length and IC

suggesting that larger prey with more carbon content
more efficiently provide ingestable carbon. Thus, the
most  appropriate prey for polyps are characterized
by relatively larger body sizes and lower burst
speeds, particularly as  represented by large copepod
nauplii (Table 1).

Ciliated protozoa, major components of microzoo-
plankton, can also be prey for A. aurita polyps. Kami -
yama (2011) conducted feeding experiments using 3
ciliate species (Favella ehrenbergii, Strombidium sp.
and Myrionecta rubra) at various densities up to ca.
1.4 µg C ml−1 at 20°C. The functional response of
polyps (mean carbon content 38.1 µg) was hyperbolic
with a plateau above a ciliate density of 0.5 µg C
ml−1. The IC and A estimated in Kamiyama’s experi-
ments were 0.21 and 0.17 µg C µg C−1 d−1, respec-
tively, much higher than the metabolic de mand
(0.021 µg C µg C−1 d−1). However, the high ciliate
densities established in the experiments would be
unrealistic in natural waters, as the highest re ported
microzooplankton biomass was ca. 300 mg C m−3 in
Nueces Estuary, USA (Buskey 1993), and the annual
average microzooplankton biomass generally ranges
from 3 to 30 mg C m−3 (Revelante & Gilmartin 1983,
Dolan & Coats 1990, Leakey et al. 1992, Uye & Shi-
mazu 1997). That is slightly less than the average
mesozooplankton biomass which ranges roughly
from 10 to 50 mg C m−3 in many coastal waters

(Durbin & Durbin 1981, Buskey 1993, Uye & Shimazu
1997, Roman et al. 2005).

There is still an open question: What are the major
foods for scyphozoan polyps in nature? Here, we
compare the ingestion rates of A. aurita polyps at
20°C of microzooplankton (according to experiments
by Kamiyama 2011) and of mesozooplankton (based
on our results) at densities equivalent to their annual
average biomasses in the Inland Sea of Japan, i.e. 4.0
and 19.5 mg C m−3 for microzooplankton and meso-
zooplankton, respectively (Uye et al. 1996, Uye &
Shimazu 1997). The estimated A of microzooplank-
ton is 0.0018 µg C µg C−1 d−1, equivalent to only 9%
of their M, whereas for mesozooplankton it could be
as much as 0.09 µg C µg C−1 d−1, or 420% of their M.
Therefore, we conclude that mesozooplankton ac -
counts for the majority of polyp diets in the field, with
the microzooplankton contribution a supplement.

Dissolved organic carbon (DOC) is another possi-
ble source of energy for A. aurita polyps, as indicated
by Shick (1973, 1975). According to Shick (1975), the
incorporation rate, being dependent on temperature
as well as surrounding DOC concentration, at the
annual average DOC concentration in the Inland Sea
of Japan (ca. 1.6 mg C l−1; Akane et al. 2004), varies
from 0.008 to 0.050 µg C µg C−1 d−1 at 12 and 32°C,
respectively. This estimation demonstrates that the
DOC incorporation rates of polyps are higher than
their M, resulting in net growth when they experi-
ence temperatures >18°C. However, our polyps kept
in 0.2-µm filtered seawater from the Inland Sea of
Japan for 8 wk did not grow, but rather gradually
shrank and/or formed podo cysts, as was also
observed by Han & Uye (2010) and Thein et al.
(2012). Therefore, the role of DOC in the energetic
balance of scyphozoan polyps needs to be re-
examined.

Bioenergetics of A. aurita polyp populations 
in the field

Enclosure with concrete walls, large numbers of
floating piers and buoys, and the recurrent occur-
rence of massive blooms of A. aurita medusae in
adjoining offshore waters, which have severely
 damaged local seine-net fisheries for anchovy larvae
(Hashirijima Fisheries Cooperative, Fukuyama, pers.
comm.), are factors that likely make Fukuyama Har-
bor a major habitat of seeding polyps supplying
numerous medusae, like other harbors with a similar
physical structure in the Inland Sea of Japan (Mak-
abe et al. 2014). The presence of copepod biomass
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that would provide suitable prey for polyps was
detected in Fukuyama Harbor in 1986 and 1987 (Uye
& Liang 1998), years when bloom-level phytoplank-
ton and associated benthic anoxia were prominent in
summer (Uye et al. 1984). Since similar eutrophic and
polluted conditions persist, at least until the first
decade of this century as reported by Takata et al.
(2011), we speculate that zooplankton taxonomic
composition and biomass in Fuku yama Harbor have
not changed appreciably over the last 3 decades.
Hence, the growth rates of polyps computed here
(Fig. 8B) may also represent present-day conditions,
suggesting that this harbor has long been a suitable
habitat for A. aurita polyps. If non-copepod mesozoo-
plankton, which were excluded from the prey bio-
mass estimates of Uye & Liang (1998), were to be
incorporated in our simulation, the growth rate of
polyps would be even greater.

Eco-physiological conditions or life cycle traits of
A. aurita polyps change on a seasonal basis in tem-
perate Japanese waters (Ishii & Watanabe 2003, Han
& Uye 2010, Thein et al. 2012), as in other temperate
coastal waters (Willcox et a. 2007, Pascual et al. 2015,
Wang et al. 2015). During warm seasons, when tem-
perature is generally >15°C, well-fed adult polyps
reproduce asexually—primarily by budding (Han &
Uye 2010, Thein et al. 2012)—expanding the popula-
tion. Podocyst production, another form of asexual
reproduction, is carried out when adult polyps are
kept starved or fed little (Han & Uye 2010, Thein et
al. 2012). During cold seasons (≤15°C), some physio-
logical changes occur perhaps in preparation for
metamorphosis into strobilae (Spangenberg 1965,
Berking et al. 2005). Budding and podocyst formation
greatly diminish, but somatic growth nonetheless
persists and strobilation progresses (Willcox et al.
2007, Han & Uye 2010). Thus, the seasonal polyp
population dynamics in Fukuyama Harbor can be
surmised as follows. During warm months from May
to November, owing to higher growth rates (mean
0.15 µg C µg C−1 d−1), the polyps are capable of
expanding their populations by budding and subse-
quent somatic growth of budded polyps. In addition,
polyps also increase through the settlement of planu-
lae as a result of sexual reproduction in the medusa
stage. Podocyst production may be limited because
of relatively high ingestion rates. During cold months
(December to April), when mean growth rate is
0.075 µg C µg C−1 d−1, the majority of ingested carbon
may be incorporated into somatic growth to produce
larger polyps which can then metamorphose into
 strobilae with more discs so they can release more
ephyrae (Ishii & Watanabe 2003, Wang et al. 2015). In

the field, however, the polyp populations are threat-
ened by several factors, including predation by natu-
ral enemies (Hernroth & Gröndahl 1985, Takao et al.
2014), and by space and food competition with other
sessile animals (Willcox et al. 2008, Ishii & Katsukoshi
2010). Therefore, the potential rates of population
increase predicted by our model may not always be
accomplished by the population in nature.

The moon jellyfish, formerly known as A. aurita, is
now a species complex which consists of at least 8
cryptic species in addition to A. aurita s.s., according
to molecular phylogenetics (Dawson & Jacobs 2001).
If the seasonal life cycle and physio-ecological char-
acteristics of these species are similar to our A. aurita,
tentatively designated as Aurelia sp. 1 (Dawson &
Jacobs 2001), our bioenergetic model may be appli-
cable to the polyp populations in any temperate
coastal waters having an annual thermal range simi-
lar to that of Hakata Bay. Our model predicts that
 oligotrophic areas in which the mesozooplankton
biomass is always less than the minimum require-
ment for metabolism (4.6 to 8.6 mg C m−3 within the
seasonal thermal range of 8 to 28°C) do not constitute
polyp habitat.

As the growth rate of polyps increases with the
increase of mesozooplankton biomass, eutrophica-
tion very likely is a major driving force for the in -
crease of polyp populations (Richardson et al. 2009,
Purcell 2012, Duarte et al. 2013), together with other
factors such as global warming and the increase of
artificial structures, which can lead to extensive
medusa blooms. For comprehensive understanding
of A. aurita polyp population dynamics in the field,
intensive monitoring of polyp colonies, which com-
monly attach to the undersurfaces of artificial struc-
tures (Willcox et al. 2008, Purcell et al. 2009, Makabe
et al. 2014), together with parameters affecting the
eco-physiology of polyps (e.g. temperature, salinity,
DO, zooplankton biomass, predators, and sessile
 animals), is essential. However, methodological diffi-
culties (e.g. SCUBA underneath piers, enumeration
of polyps attached to 3-dimensional substrates) con-
strain such monitoring, so few such studies have
been conducted (Willcox et al. 2008, Di Camillo et al.
2010, Makabe et al. 2014). In any case, our model will
be useful for estimating the potential population
dynamics of A. aurita polyps in temperate coastal
waters from the viewpoint of bioenergetics.
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