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Abstract: Jellyfish (cnidarians and ctenophores) affect the marine food web through high feeding
rates and feeding efficiency, but in contrast to their great importance in the ecosystem, our knowledge
of their dietary requirements is limited. Here we present the results of respiratory and feeding
trials of the rhizostome Rhopilema nomadica, the dominant scyphozoan in the waters of the Eastern
Mediterranean, which often establishes massive swarms, mainly in the summer months. Through
multiple measurements of oxygen demand in R. nomadica at bell diameters of 3–49 mm, we were
able to assess its minimum energetic requirements. These, and the results of the feeding trials
on individuals of the same bell diameter range, show that R. nomadica is a very efficient predator.
When presented with prey concentrations of 100 prey items per liter, a single hourly feeding session
provided between 1.15 and 3 times the estimated daily basal carbon requirement. Our findings
suggest that R. nomadica is well adapted to its environment, the hyperoligotrophic waters of the
eastern Mediterranean, able to efficiently exploit patches of plankton, possibly at rates even higher
than what we observed under laboratory conditions.
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1. Introduction
Most scientific inquiries into the predatory impact of gelatinous zooplankton—such
as scyphomedusae, hydromedusae and ctenophores—on plankton communities have
focused on investigations of jellyfish diets. These studies have generally involved gut
content analysis of jellyfish that were sampled in situ and laboratory studies in which
digestion times and clearance rates are determined [1,2]. Although they are informative,
these methods rely on assumptions that may lead to inaccurate conclusions (reviewed by
Purcell [3]). For example, confinement effects and excessive prey density in laboratory
feeding experiments could lead to underestimated or overestimated feeding and clearance
rates, respectively, whereas gut content analysis of field-sampled specimens is spatiotemporally dependent; since plankton distribution in the oceans is generally not homogeneous
but patchy (e.g., Haury et al. [4]). Moreover, diet composition and the number of prey
items revealed through the analysis of gut contents of free-swimming animals may show
high variability, even between adjacent sampling sites, sampled concurrently [5]. Similarly,
the diet of jellyfish varies greatly due to diel and seasonal differences in the distribution of
their preferred prey [6]. An alternative approach, which also relies on certain assumptions,
are laboratory measurements of respiration and feeding rates. These enable us to estimate
the predator’s minimum energetic demand and, in turn, to estimate the minimum amount
of prey required to sustain it.
Since the mid-1980s, less than a decade after it was first recorded, the rhizostome
Rhopilema nomadica has demonstrated a remarkable ability to proliferate and form massive
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seasonal swarms on a yearly basis [5] in a region known for its ultra-oligotrophy [7]. In view
of this, our general working hypothesis was that it should possess relatively high metabolic
efficiency and predation potential. This could be tested by evaluating several widely used
metabolic measures, also targeted by this study:
1.
2.
3.
4.

Basal respiration rate—oxygen consumption (measured) and CO2 production (estimated).
The prediction for these measures in R. nomadica is to be relatively low.
Basal/minimum carbon demand, needed to cover the estimated CO2 production,
accordingly also predicted to be low.
Ingestion rate (measured) and carbon input (estimated), predicted to be high when
compared to similarly sized individuals of other species.
Carbon budget—input versus required, when evaluated in terms of required feeding
duration to satisfy daily demands, predicted to be relatively low in R. nomadica.

In addition, we attempted to correlate different biometric features of the animals.
Since respiration rates are commonly associated with biomass of the medusa, either wet/dry
weight or carbon content [8,9], and since mass correlates with the bell diameter (BD) [10]
it is suggested that only one of these measures is needed to estimate the others. Inferring
both carbon content and respiration rates from BD will enable us to study the organisms in
situ and in the laboratory with minimal disruption and related artifacts. We will attempt to
specifically address the above predictions when discussing our results.
2. Materials and Methods
All R. nomadica medusae used for the experiments were cultured from polyps in the marine laboratory of the Faculty of Marine Sciences, Ruppin Academic Center, in Michmoret,
Israel. The medusae were reared in kreisel tanks [11], supplied with flowing 50 µm-filtered
sea water at ambient temperature and fed with newly hatched Artemia sp. nauplii twice a
day. Medusae with similar bell diameters were selected for each trial. In order to avoid
stressing the medusae prior to the experiments, BD was first estimated by eye and was
measured only after the experiments. For the small ephyrae, BD was uniformly assumed
to be 3 mm. A starvation period of 10–15 h was applied in order to ensure there was no
food present in the guts of the medusae (i.e., that all prior eaten food had been digested)
at the beginning of the respiration and feeding experiments. During the experiments,
temperature and salinity in the laboratory flowing seawater system ranged from 21 to
29 ◦ C and from 39.5 to 40 psu, respectively.
2.1. Respiration Experiments
Experimental design details are presented in Table 1. Oxygen consumption measurements were carried out in screw-top glass jars (“respiration chambers”) of 0.02 L, 0.4 L
and 1.0 L, (jar volume was determined to match size of the medusa), filled with 50 µm
of aerated, pre-filtered seawater and submerged in a flow-through water table (i.e., measurements were performed at ambient temperature). Each respiration chamber contained
one or two medusae, except for ephyrae, where each chamber contained 10 individuals.
The control jars (one control in each trial) contained only filtered sea water. In order to
avoid bubbles, the 0.02 L vials were slowly over-filled and then sealed with parafilm prior
to closing the lid; larger jars were sealed and closed underwater in a large tank. After inserting medusae into the respiration chambers, they were observed to ensure they behaved
normally, i.e., swam at a normal rate as was observed in the rearing tank. At the end
of the respiration measurements, the experimental medusae were placed on millimeter
paper to measure their BD and then briefly rinsed with distilled water before they were
freeze-dried. After tissues were freeze-dried (VirTis Benchtop K lyophilizer), dry weight
(DW) was measured using a Precisa XT 220 A analytical balance. Organic carbon (C) was
analyzed from the lyophilized tissue using an Elementar Vario Micro Cube at a combustion
temperature of 1150 ◦ C. Precision of the method was 3%. The analysis was performed at
the Marine Biology Station of the National Institute of Biology, Piran, Slovenia.
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Table 1. Respiration experimental design. N = number of respiration chambers, n = number of
medusae in each respiration chamber, V = volume of each respiration chamber, t = duration of
respiration measurement. BD = bell diameter ± standard deviation.
Date

Water Temperature (◦ C)

N

n

BD (mm)

V (L)

t (min)

3 September 2014
10 September 2014
14 September 2014
1 October 2014
15 October 2014
23 October 2014
19 November 2014
2 December 2014

29.8
29
29
27.5
26.5
26
23
21

3
3
3
3
3
3
3
3

10
1
1
1
1
1
1
2

3
14 ± 1
15 ± 1
8±0
34 ± 1
49 ± 3
39 ± 1
24 ± 1

0.02
0.02
0.02
0.02
1
1
0.4
0.4

180
120
130
180
380
230
130
130

2.2. Respiration Measuring Equipment and Procedure
Oxygen consumption was measured using a 4-channel fiber-optic oxygen meter
(FireSting O2 , PyroScience GmbH, Regensburg, Germany) via light sensitive sensor spots
glued to the inner wall of the respiration chambers. The sensor spots were calibrated at 0
and 100% oxygen saturation shortly before the beginning of the respiration experiments.
While measuring, the fiber-optic exciting light sources were attached to the outer side of
the respiration chambers using designated adaptors (PyroScience Basic Spot Adaptor),
opposite to the sensor spots. A submersible temperature sensor (TSUB36, Temperature
sensor for FireSting O2 , Teflon-coated and submersible, shielded cable, ca. 3.6 mm, 2 m
cable) was placed in the water table in order to continuously adjust the solubility coefficient
of oxygen for variations in the ambient temperature. In addition, in order to avoid possible
calibration drift, the sensors were calibrated twice during the 2-month experimental period. Preliminary trials showed a lag of approximately 15–20 min until oxygen readings
stabilized, therefore, only data recorded after this time lag were analyzed. This time lag
also allowed the medusae to acclimatize to the respiration chambers.
Oxygen concentration readings were recorded every minute during the measurements.
In order to eliminate the possibility of differences in oxygen consumption due to natural
diurnal behavior of the medusae (i.e., differences in activity levels at different hours
of the day), all respiration trials were performed in the evening hours. Furthermore,
all incubation chambers were covered with an opaque, light-proof plastic sheet in order
to avoid extreme changes in light intensity which might change the activity levels of the
medusae. The average dissolved oxygen concentration in the respiration containers at the
end of the experiments never dropped below 75% of the initial concentration.
2.3. Regression Analyses of Respiration Rates
Oxygen concentration for each respiration trial was plotted against time (duration
of the respiration trial), after subtracting the background control measurements from the
experimental measurements, and expressed by a linear regression line. Respiration rate
(RR) was calculated as:




RR µmol O2 ind−1 min−1 = b × V × n−1
where b is the slope (mol min−1 ) of the regression, V is the volume of the incubation chamber
and n is the number of medusae in the chamber. Respiration rates were expressed as
mL O2 medusa−1 d−1 , using the following conversion factor: 1 µmol O2 = 0.022391 mL
O2 [12]. Respiration rates were plotted against DW and C of the medusae. In addition,
mass-specific respiration rates were calculated (i.e., mL O2 mg DW−1 d−1 or mL O2 mg C−1
d−1 ). The plotted biometric relationship (DW = 0.008 × BD2.7075 and C = 0.0016 × BD2.3176 ),
derived from specimens with a range of BD (Figure 1), enabled mass estimation for medusae
the biomasses of which were not recorded.
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2.5. Feeding Experiments
2.5. Feeding Experiments
Ingestion and clearance rate for individual R. nomadica, fed on newly hatched Artemia
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Table 2. Feeding trial setups: Newly hatched Artemia sp. nauplii were used as prey in all feeding
trials. N = number of experimental tanks, V = volume of tank, C = concentration of prey, t = duration
of each feeding trial. BD = bell diameter ± standard deviation.
Date

Temperature (◦ C)

N

BD (mm)

V (L)

C (Artemia L−1 )

t (min)

28 September 2014
1 October 2014
9 October 2014
13 October 2014
18 October 2014
18 October 2014
20 October 2014
24 October 2014
31 October 2014
1 November 2014
18 November 2014

28
28
28
27.5
27
27
25.5
25
24.5
24.2
23

3
4
3
3
4
4
5
5
6
4
5

15 ± 1
10 ± 1
16 ± 1
35 ± 1
9±1
9±1
50 ± 1
21 ± 1
16 ± 1
42 ± 4
40 ± 2

2
2
2
20
2
2
20
2
2
17
17

100
97
100
99
50
50
50
50
74
53
62

60
60
30
60
60
30
60
60
60
45
60

In order to minimize the confinement effect, the small feeding chambers (2 L) were
used for medusae ≤21 mm, while chambers of 17 and 20 L were used for larger medusae.
All feeding trials were conducted at ambient water temperature in dark conditions; the experimental set-up was covered with a light-proof plastic sheet in order to prevent Artemia sp.
nauplii, which have positive phototaxis, from congregating in an uneven manner in the
feeding containers. Three control containers were used in each feeding trial and contained
only prey (Artemia sp. nauplii) organisms. In order to increase the probability of homogeneous distribution of prey in the experimental containers, feeding trials that were conducted
in the 2 L containers were performed on a bottle roller (Rolacell RC 42, New Brunswick
Scientific, Edison, NJ, USA) at a rotation speed of 60 RPH. The room temperature in which
the bottle roller was located was adjusted to ambient water temperature. The 17 and 20 L
containers were placed in a water table at ambient water temperature (Table 2). Medusae
were acclimated in the experimental containers for 30 min before adding the prey and were
observed for normal pulsation activity before starting the feeding trials. At the end of the
experiments, each medusa was gently transferred from its experimental container, using a
ladle, into a small glass bowl where its BD was measured, as described above. In order
to minimize the chance of removing prey that was not ingested, only enough water to
cover the medusa in the ladle was used. After measurement, the medusae were returned
to the kreisels from which they were taken for the feeding trials. Prey used in the 2 L
containers were added individually until reaching the desired number of prey (see below),
whereas 3–5 sub-counts out of the Artemia culture were used to determine the volume of
prey culture required to achieve the desired initial prey concentrations in the 17 and 20 L
experimental containers. The remaining prey were concentrated using a 100 µm mesh and
fixed by adding Lugol’s acid solution (2% final concentration). The number of remaining
prey was counted the following day using a Motic SMZ-171 stereoscope.
Prey abundances of 50–100 individuals L−1 , commonly used in feeding experiments
of jellyfish [15,16], were used in the feeding experiments. These prey concentrations were
chosen since they enabled us to obtain significant predation readings and in a short period
of time. Using lower prey density could result in a complete removal/predation of prey
by the medusae before the end of the feeding trial, which would prevent the estimation of
the medusae feeding rate (i.e., predation per unit of time). The relatively short duration
of the feeding trials was preferable since it minimizes the effect of factors which could
compromise the validity of the results, e.g., stress to the medusae due to confinement and
varying encounter rates with the prey due to a decrease in the activity and abundance
of prey.
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0.5
0.5
0.3
0.93 0.3
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Carbon Content (µg) of Newly Hatched Nauplii

Reference
Reference

A. salina
[18]
A.
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[18]
A. salina
[19]
A.
salina
[19]
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[20]
A.
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[20]
A. sp.
[21]
A.
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A. sp.
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A. sp.
[22]
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3.1. Respiration Trials
Of the 54 R. nomadica used in the respiration trials, 24 medusae were measured for BD
3.1.1. Biometric Relationships of Bell Diameter and Mass
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cates a less than isometric increase of carbon content with mass. On average, medusae
heavier than 29 mg dry weight had about half the mean C:DW ratio (%) shown by individuals <29 mg and only 40% of the mean C:DW ratio (%) estimated for ephyrae (Table
4).
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Table 4. Summary of the data used in the analyses. N = total number of individuals in each trial, DW = dry weight, C =
carbon content, RR = respiration rate, DW-RR= dry-weight specific respiration rate, C-RR = carbon-specific respiration
rate. †4.Only
RRs were
measured
for in
these
bold, for
were
using
regression
Table
Summary
of the
data used
the individuals.
analyses. NValues
= totalin
number
of ephyrae,
individuals
in estimated
each trial, by
DW
= dry
weight,
†† The presented RRs are half the measured RRs (n = 2 in each
equations
of
the
rates
calculated
from
other
medusae.
C = carbon content, RR = respiration rate, DW-RR= dry-weight specific respiration rate, C-RR = carbon-specific respiration
experimental
chamber).
† Only RRs
rate.
were measured for these individuals. Values in bold, for ephyrae, were estimated by using regression
equations of the rates calculated from other medusae. †† The presented RRs are
half the
measured RRs (n = 2 in
each
DW-RR
(mL
Carbon
Dry Weight
Carbon
RR (mL O2
C-RR
(mL
O
2
experimental
chamber).
BD (mm)
C%/DW
O2 mg DW−1
demand (%) of
N
−1 −1
−1 −1
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N†
30

3

30 †
33
333
††
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3
33
33

3
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3
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Content (mg)
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mg C d )

d )
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Cd
Carbon
Carbon
RR (mL O2
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DW-RR (mL O2
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3.2.2. Weight-Specific Ingestion Rate
The negative slopes of carbon-specific ingestion rate (C-specific I, mg C(prey) mg C
medusa−1 h−1 ) as a function of BD at both prey concentrations (Figure 7) indicate that
smaller medusae ingested more carbon, in relation to their body carbon content, than did
larger medusae.
While not studied systematically, the ingestion rates measured during the single
45 min and the two 30 min feeding sessions (Table 2) were only slightly higher than during
1 h feeding sessions at the same prey concentrations. Therefore, 1 h sessions were used
uniformly as the unit feeding time in order to assess the daily carbon budget, i.e., how many
1 h sessions are needed to repay the daily basal carbon loss.
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While not studied systematically, the ingestion rates measured during the single 45
min and the two 30 min feeding sessions (Table 2) were only slightly higher than during
1 h feeding sessions at the same prey concentrations. Therefore, 1 h sessions were used
uniformly as the unit feeding time in order to assess the daily carbon budget, i.e.: how
many 1 h sessions are needed to repay the daily basal carbon loss.
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Table 5 summarizes the data pertaining to the daily carbon budget, as derived from
the results of the respiratory and feeding trials. They are grouped according to prey
concentration. It appears that the minimum daily carbon requirement may readily be
paid through a cumulative period ranging between 20–192 min of foraging (0.33–3.2 1 h
sessions), at prey concentrations as used in our experiments. Prey concentration is limiting
also in this respect, since at low and medium prey concentrations, >1 hourly sessions
are required (except for the smallest BD), while at high prey concentrations <1 session
is sufficient.
Table 5. Feeding trial data.
N

BD (mm)

Carbon
Content (mg)

Prey
Concentration
(ind L−1 )

Minimum Prey
Requirement
(ind d−1 )

I (ind
Medusa−1 h−1 )

F (L Medusa−1
h−1 )

Required Number
of 1 h Feeding
Sessions

8
5
5
4
5
3
4
3
6
3

9±1
21 ± 1
40 ± 2
42 ± 4
50 ± 1
16 ± 1
10 ± 1
15 ± 1
16 ± 1
35 ± 1

0.255 ± 0.060
1.906 ± 0.274
8.089 ± 0.798
9.326 ± 1.804
13.867 ± 0.797
0.942 ± 0.079
0.335 ± 0.063
0.897 ± 0.079
1.021 ± 0.195
5.931 ± 0.227

Low
Low
Low
Low
Low
Med
High
High
High
High

26
191
809
933
1387
94
34
90
102
593

44 ± 15.5
78 ± 7.2
451 ± 192
286 ± 66.9
528 ± 72.8
74 ± 22.4
102 ± 36.2
149 ± 17
157 ± 51.2
674 ± 425

1.1 ± 0.4
3.2 ± 0.8
10.3 ± 5.9
6.2 ± 1.7
15.2 ± 3.1
1.6 ± 1.0
2.8 ± 0.7
1.5 ± 0.8
1.9 ± 0.4
9.1 ± 7.4

0.60
2.45
1.79
3.26
2.62
1.24
0.33
0.60
0.65
0.87

Means (±SD) of: bell diameter (BD), carbon content (C) (as estimated from BD by use of the equation C = 0.0016 × BD2.3176 derived in
the respiration trials, Figure 1B), ingestion rate (I) and clearance rate (F). Minimum prey requirement was derived using a mean basal
metabolic rate of 10% C d−1 (Table 3) and a prey C of 1 µg ind−1 (Table 3). The required number of 1-h feeding sessions is arrived at by
dividing values in column 5 by those in column 6. Prey concentration (ind L−1 ): Low = 50–62; Med = 74; High = 97–100.

4. Discussion
4.1. Biometric Relationships
Our biometric characterization of 3–51 mm R. nomadica, being the first to date, showed
robust BD-to-mass relationships (Figures 1 and 2, Table 4), similar to other studied species,
enabling their subsequent use to estimate the biomass of individuals for which it was not
obtained. The proportion of C in the dry biomass is often reported in metabolic studies
and the range recorded for R. nomadica in the present study, 5–8%, corresponds well with
values reported for other scyphomedusae, e.g., Aurelia aurita (4.3%, 3.7%) ([23,24], respectively), Chrysaora fuscescens (7.7%) [25] and Rhizostoma pulmo (5.6%, for juvenile medusa) [14].
Nevertheless, several other scyphozoan species showed higher ratios: 12.8% for Cyanea capillata [23], 11.1% for Chrysaora quinquecirrha [26] and 12% for Phyllorhiza punctata [27], to name
a few. Collating numerous datasets, Lucas et al. [28] reported that on average, percentages
differ between orders (i.e., Rhizostomeae, Semaeostomeae and Coronatae), hence, comparison and use of conversion factors should be limited to taxonomically affiliated species. It is
noteworthy that dry weight varies with ambient salinity changes [29,30], thus comparing
C/DW ratios between environments of different salinities should take this into account.
Our results suggest that this percentage differs not only between orders, but may
also be size-dependent within the same species (i.e., R. nomadica); with smaller medusae
having higher values (an average of 8.7% for medusae ≤16 mm and 4.8% for medusae
>23 mm (Table 4)) and the regression relating %C to DW having an exponent of 0.86
(Figure 2). Higher ratios of total organics (lipids, proteins and carbohydrates) to DW
in smaller individuals were also reported for Aurelia aurita [31], where total organics of
medusae <20 mm were roughly two times higher than the ratios found in larger medusae
(22.76% and 12.26%, respectively).
An additional conversion factor that was used in this study to estimate metabolic
demand of medusae for which oxygen consumption was not measured (i.e., medusae of
feeding experiments), was the prediction of respiration rate using a regression equation of
respiration as a function of the medusa’s BD (Figure 3).
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4.2. Respiration Rates
The close association between the respiration rate of an organism and its biomass (W)
is best expressed by the power function RR = a × Wb , where a is a normalization constant
and b is the allometric scaling exponent [32,33]. Furthermore, b (slope) in this function had
been assumed to be 0.75 in what is known as the “3/4 power law” [34,35], i.e., small animals
have higher specific metabolic rates than large animals [36]. The universality of this law,
however, has been challenged (e.g., [37,38]) and large differences in metabolic scaling
were shown to be a prevailing trait during the ontogeny of many pelagic organisms [39],
including gelatinous zooplankton where b was found to have a value between 0.8 and
1 [8,14]. Possible explanation for isometric scaling in jellyfish may lie in their continuous
and exponential growth for most of their lives, if sufficiently fed [40].
Our results are in good agreement with these observations, where mass-dependent
coefficients (b) were 0.86, for DW (Figure 4) and 0.99, for C (Figure 5). The latter finding
is to be expected since C scaled on DW with a b of 0.86 (Figure 2). Larson [9] argued
that mass-specific respiration rates of ephyrae and young medusae should be higher than
those of larger medusae, since respiration rates are positively correlated with pulsation
rates [41] and pulsation rates are negatively correlated with BD [42]. Indeed, higher
specific respiration rates of ephyrae and young medusae than those of larger A. aurita were
reported by Kinoshita et al. [43] (dry weight-specific RRs) and Moller and Riisgard [44]
(carbon-specific RRs).
As regards the magnitude of the negative allometry, whereas our results show a
60% difference in DW-specific RRs between the two medusae size groups (≤15 mm and
>15 mm), in A. aurita ephyrae of similar mass as the medusae used in the present study
both DW-specific RRs [43] and carbon-specific RRs [44] were 5 times higher than those of
adult A. aurita medusae.
Dry weight is often used to standardize gelatinous zooplankton metabolic rates;
however, it appears that carbon content is more suitable for this purpose [45,46]. In general,
the carbon-specific respiration rates obtained in the present study were within the range
of rates recorded for other scyphomedusae, including semeaostomes and rhizostomes
(0.05–0.5 mL O2 mg C−1 d−1 , reviewed by Larson [8]. However, since respiration rates
of rhizostomes are usually higher than those of semeaostomes [14], possibly due to their
enhanced swimming activity [47,48] comparison between species within the same order
should be more representative.
A comparison of our results to other taxonomically related species (Table 6) indicates
that, on average, carbon-specific respiration rates of R. nomadica were higher than published values for other rhizostomes. This is in contrast to our prediction and we suggest
three possible explanations: (1) Different conversion factors, (2) temperature effects and
(3) size of the experimental individuals used. The lack of reliable conversion factors for
many rhizostomes is a potential source of error in metabolic studies. We used our own
conversion factors for all species compared in Table 6, however, although all compared
species belong to the family Rhizostomatidae, conversion factors may vary substantially.
Uye [49] assumed, for example, that the carbon content of Nemopilema nomurai was 0.13%
of wet weight, similar to the ratio found for A. aurita [24]. According to this C%/WW ratio,
carbon-specific RRs of N. nomurai should be in the same range as R. nomadica (0.22), despite
the considerable differences in size.
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Table 6. Carbon-specific respiration rates of R. nomadica and other Rhizostomatidae species. * Carbonspecific respiration rate = mL O2 mg C−1 d−1 . ± standard deviation. Published mass of similar species
was converted to carbon using conversion factors found for R. nomadica: DW%/WW = 4.87 [5], C% of
DW = 4.85 (present study, when medusa dry weight > 11 mg).

Species
Rhopilema nomadica

Carbon Mass
(mg)

Temperature
(◦ C)

Carbon-Specific
Respiration
Rate *

Reference

0.25–23.64

21–29

0.24 ± 0.06

Present study

36.3

16, 20

0.17

[50,51]

15

0.16

[52]

not specified

0.12

[49]

Rhizostoma pulmo
Rhizostoma octopus
Nemopilema nomurai

100, 1 ×
1.89 ×

106

103 –1.89

×

104

Although in the present study temperature effect on respiration rate was insignificant,
most of the metabolic trials in this study were conducted at ambient water temperatures,
higher than 25 ◦ C; almost 10 ◦ C higher than the temperatures in the compared studies listed
in Table 6. It is therefore possible that the relatively lower specific metabolic rates observed
for them are due to temperature differences (Q10 ≤ 2). Purcell [3] showed that the average
Q10 of Aurelia spp. across the ambient temperature range of 10–30 ◦ C was 1.67. A similar
Q10 ratio was also observed for Chrysaora quinquecirrha in Chesapeake Bay [53]. On the
other hand, Dawson and Martin [54] found that there was no difference between metabolic
rates of tropical and temperate A. aurita spp. at very different ambient temperatures.
Other metabolic studies which were conducted in laboratory conditions at manipulated
temperatures, showed a much greater variety in Q10 values (~3.2) (reviewed in Purcell [3]).
Due to these large differences between laboratory manipulated temperatures and ambient
temperatures, Purcell [3] argued that manipulated conditions lead to biased results and
measurements should be conducted at the natural (ambient) range of temperatures for
each species.
Even though the three species used for comparison (Table 6) are at different size scales,
ranging from 36 to 1 × 106 mg C, they show similar carbon-specific respiration rates. Except
for Rhizostoma pulmo, which was in the same order of magnitude size-wise, our animals
were considerably smaller, likely with a higher metabolic rate.
In addition, several other factors should be taken into consideration when attempting
to compare between studies or to use metabolic rates of starved organisms which were
obtained in relatively small respiratory chambers and extrapolate these rates to medusae
in-situ. Confinement effect and reduced swimming activity due to volume/mass (mL/g)
ratios lower than 50 were shown to significantly reduce respiration rates [3,55]. Since these
ratios in the present study ranged between 93 and 500, the metabolic rates reported here
are believed to be accurate.
4.3. Carbon Demand
Metabolic rates are a useful tool for estimating the minimum nutritional requirements
of an animal in order for it to sustain its metabolic costs. Here we used the conservative
respiratory quotient (RQ) of 0.8 to evaluate R. nomadica’s minimal daily carbon budget.
On average, the daily amount of carbon required to support the basal metabolic demand of
starved R. nomadica at the ambient temperature range of 21–29 ◦ C was 10.3% (±2.5) of its
total body carbon content. It is noteworthy that the amount of carbon the medusa needs
to ingest is greater than this amount, since carbon assimilation efficiency is estimated at
80% [56]. Thus, the carbon intake should exceed the above calculated value of 10.3% by at
least 25% (i.e., 12.8% of total body carbon content) in order for the medusa to compensate
for its metabolic loss. In general, a daily carbon turnover of 10.3% is slightly higher than
the daily carbon demand values estimated for other medusae [8] which were mostly
lower than 10%, once more in contrast to our prediction. However, as mentioned above,
the higher temperatures at which we conducted our study, contrasts with the temperatures
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at which the other studies were conducted (3–22 ◦ C), and this may explain that difference.
This assumption is supported by the findings of Ishii and Tanaka [57], where they estimated
a 9.45% daily carbon demand of A. aurita at 24 ◦ C.
4.4. Feeding Experiments
The purpose of the feeding experiments in this study was twofold: (1) Obtain for the
first-time quantitative data on R. nomadica’s predation potential under controlled laboratory
conditions and (2) compare daily carbon ration with basal metabolic requirements.
4.4.1. Ingestion and Clearance Rates
Although diet composition and feeding behavior of several rhizostomes were previously described [58,59], to the best of our knowledge published data on feeding experiments
of rhizostomes on Artemia sp. under laboratory conditions are missing. In fact, the only
other study that enabled comparison was that of Morand et al. [60] on the semaeostome
Pelagia noctiluca. We compared the mean ingestion and clearance rates of five R. nomadica
individuals with a mean BD of 21 ± 1 to a point on the composite curve in Figure 3B of
Morand et al. [60], constructed for P. noctiluca of 20 mm BD. In both studies, prey consisted
of A. salina nauplii; our trials were conducted at 25.5 ◦ C and those of Morand’s at 21 ◦ C.
Since the curve relates ingestion rate (and derived clearance rate) to the geometric mean of
the initial and final prey concentrations (presumed by the authors to represent the mean
concentration during the trial) we computed this value for our five individuals, arriving at
a mean of 25 prey L−1 . The ingestion rate for that point on the curve and the mean rate
of our five individuals are 15 and 78 prey medusa−1 h−1 , respectively, roughly a 1:5 ratio,
in agreement with our prediction. The corresponding hourly clearance rates are 0.65 and
3.6 L h−1 , respectively. The ingestion rates in both studies, being prey-density dependent,
most probably underestimate the rate that would have been observed under constant prey
concentration conditions [61].
In accordance with the study of Moller and Riisgard [16] on Aurelia aurita and
other studies mentioned therein on that species and on the hydromedusa Sarsia tubulosa, within our studied prey concentration range, the ingestion rate increased linearly
with prey concentration, with constant clearance rate. These authors therefore suggested
that: “ . . . jellyfish may be well adapted to feed in patches of food, always being able
to exploit their clearance capacity”. This statement may even better befit rhizostome
medusae, which are thought to originate in the oligotrophic waters of the tropics [62]
and may have evolved to become patch-feeding specialists. Apart from their extensive
prey-capturing apparatus, the strong swimming behavior, a common feature of rhizostomes [47,63], which results in high marginal flow velocities [48], allow rhizostomes in
general and R. nomadica in particular to entrain more prey in its oral arms than the relatively slow “cruising” semaestomes. Actually, such features may also serve the medusae,
when traveling between patches, to trap some prey at very low concentrations, prey that
would have evaded other predators.
In the natural environment of R. nomadica, prey concentrations derived from net tows
are generally much lower [64] than those used in the feeding trials. However, the measured
feeding rates may approximate or even underestimate their grazing potential when they encounter a rare dense patch of plankton [65]. Since rhizostomes share similar physiological
and predatory features [55,66,67] inter-order comparison of the measured predation rates
should enable us to better evaluate R. nomadica’s predation potential. D’Ambra et al. [48]
suggested that the high marginal flow velocities measured for Phyllorhiza punctata should
enable it, and other rhizostomes, to efficiently capture rapidly swimming prey. On the
other hand, Larson [55] showed that the rhizostome Stomolophus meleagris selected for
slower zooplankton, suggesting that fast-swimming prey, such as calanoid and cyclopoid
copepods, could sense the swimming medusa through water movement [68] and escape.
Despite these contrasting conclusions, it seems clear that because rhizostomes have no
central mouth, the size of prey they can ingest is restricted by the diameter of the mouthlet
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openings covering the branched oral arms of rhizostomes [55,64,67] to mainly small plankton. It is important to note that although frequently used as prey in feeding experiments
of gelatinous zooplankton, Artemia are not natural marine prey and are relatively slow
swimmers in comparison to many copepod species [48]. Hence, the observed predation
rates may not accurately reflect predation rates for other plankton species.
4.4.2. Carbon Budget
Within the tested size range, for R. nomadica individuals presented with a prey concentration of 100 prey L−1 , a single hourly feeding session provided between 1.15 and
3 times the estimated daily basal carbon requirement (Table 5). It is noteworthy that
our respiration measurements were conducted in the absence of prey and that metabolic
rates in feeding medusae should be higher. Indeed, Moller and Riisgard [44] showed that
while feeding, A. aurita ephyrae and medusae had much higher respiratory rates (six and
three times more, respectively, at 800 rotifers L−1 ) than without prey. It was notable that
R. nomadica exhibited increased swimming activity when fed in the rearing aquaria [5],
suggesting that its metabolic demand under feeding conditions was higher. In addition,
Moller and Riisgard [16] suggested that physiological processes, which are usually not
considered in metabolic estimations, such as the mucus produced during predation and
digestive leakage of dissolved organic carbon [69], could also affect the carbon budget. If so,
compensating for the increased loss of carbon would require greater prey consumption,
i.e., higher ingestion rates. It is also possible that not all of the ingested prey is entirely
digested, as reported by Fraser [1], who found remains of copepod chitinous skeleton
in Sarsia princeps (hydromedusa) fecal pellets. Similarly, Reeve et al. [70] found that at
high prey density, the ctenophore Mnemiopsis mccradyi maintained a high feeding rate
but released partially digested prey and replaced it with new ones. These findings also
suggest that the minimum amount of prey required to compensate for the metabolic cost
may be underestimated. Daan [71] found that at a constant low prey level of 50 copepods
per liter, as in natural conditions where the study was conducted, 11 mm Sarsia hydromedusae reached maximum ingestion rates. Similarly, highest clearance rates were observed
for small starved M. mccradyi at low prey concentrations of 0.5 copepods per liter [70].
In the same study, Reeve et al. [70] reported that continuous feeding reduced assimilation
efficiency. Considering its branched feeding apparatus and strong swimming behavior,
R. nomadica may best perform and achieve high carbon-specific ingestion rates in dense
patches, which in its natural oligotrophic conditions, may be scarce and less extensive.
We predicted R. nomadica would demonstrate a more efficient carbon budget, as evident by
a shorter feeding duration required to satisfy its carbon demands. To test this prediction,
we need to compare it with similar-sized individuals of related species, studied with an
experimental protocol as close as possible to our own, a comparison as yet unavailable.
The results of the present study indicate that small medusae have higher mass-specific
predation rates (on a per unit carbon basis) than larger medusae (Figure 7). When fed at
prey concentrations of 100 L−1 , a 10 mm R. nomadica individual consumed per hour carbon
equal to 46% of its body carbon content. In comparison, a 35 mm medusa at the same
prey concentration consumed only 19% of its carbon mass, less than half of that consumed
by the smaller medusa. Our observation of decreasing mass-specific ingestion rate with
increasing size (=mass) of the medusae, corresponds with previous findings for many
other pelagic predators [72], including gelatinous zooplankton [71,73]. In their synthesis
on the mass scaling of respiration and maximum feeding and growth rates of different
heterotrophic pelagic organisms, Kiorboe and Hirst [72] noted that not only mass-specific
ingestion rates decrease with increasing organisms’ size, but also growth and mortality
rates decline with increasing body mass, suggesting they are adjusted to maximize the
fitness of the organisms in their environment (i.e., reduce mortality and maintaining high
feeding efficiency).
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5. Summary
Since R. nomadica appears in the Israeli Mediterranean waters mainly in the summer
months and often in a sexually mature state, we are unable to monitor its early life stages
for growth and feeding preferences, hence, we are restricted to laboratory studies of
these processes.
Nevertheless, the observed predation efficiency in relation to its metabolic demand
may explain its large dimensions. Although feeding rates were obtained at high prey density,
previous studies with ctenophores and hydromedusae suggest that predation and assimilation efficiencies are actually optimal at low prey density [40,71] and were even higher
than those measured in the laboratory. These findings suggest that rhizostomes in general
and R. nomadica in particular are specialized oligotrophic water feeders, efficiently locating
scarce plankton patches, exploiting them to the full, maybe even at higher rates than we
found. A lack of similar laboratory studies on other rhizostomes or even scyphomedusae,
to which we could compare our results prevented us from strictly testing our working
hypothesis and its derived predictions. However, the presented comparison with A. aurita
is very suggestive of it being in the right direction and that filling this gap may indeed
show R. nomadica to be a champion oligotrophic-water exploiter.
Author Contributions: Conceptualization, Z.K., D.K. and D.L.A.; methodology, Z.K., D.K. and
D.L.A.; software, Z.K.; validation, Z.K., D.K. and D.L.A.; formal analysis, Z.K. and D.K.; investigation,
Z.K.; resources, D.L.A.; data curation, Z.K.; writing—original draft preparation, Z.K.; writing—review
and editing, D.L.A. and D.K.; visualization, Z.K.; supervision, D.L.A. and D.K.; project administration,
D.L.A.; funding acquisition, D.L.A. All authors have read and agreed to the published version of
the manuscript.
Funding: This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No. 774499. The authors gratefully acknowledge
support from the Maurice and Lady Hatter Fund of the Leon Recanati Institute for Maritime Studies
(RIMS) at the University of Haifa.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data is contained within the article.
Acknowledgments: This study would not have been possible without the tremendous help of the
Maritime Aquaculture Department staff, Mevoot-Yam School, Michmoret: Rafi Yavetz, Gal Belogolovsky, Arik Weinberger, Ifat Mazoz and David Halfon. We would like to thank the School of
Marine Sciences, Ruppin Academic Center, for providing marine laboratory facilities. We would
like to gratefully thank Efrat Kessler, Emeritus, Goldshlager Eye Center-Sheba, Medicine-Sackler
Faculty, Tel Aviv University, for kindly providing us with a bottle-roller which was essential for the
laboratory feeding trials.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.

Fraser, J.H. Experimental feeding of some medusae and chaetognatha. J. Fish. Res. Board Can. 1969, 26, 1743–1762. [CrossRef]
Purcell, J.E.; Tilves, U.; Fuentes, V.L.; Milisenda, G.; Olariaga, A.; Sabates, A. Digestion times and predation potentials of
Pelagia noctiluca eating fish larvae and copepods in the NW Mediterranean Sea. Mar. Ecol. Prog. Ser. 2014, 510, 201–213. [CrossRef]
Purcell, J.E. Extension of methods for jellyfish and ctenophore trophic ecology to large-scale research. Hydrobiologia 2009, 616,
23–50. [CrossRef]
Haury, L.; McGowan, J.; Wiebe, P. Patterns and processes in the time-space scales of plankton distributions. In Spatial Pattern in
Plankton Communities; Springer: Boston, MA, USA, 1978; pp. 277–327.
Kuplik, Z. Proliferation of the Scyphomedusa Rhopilema nomadica in the Eastern Mediterranean: Efficiency in Resource Exploitation
in an Oligotrophic Environment? Ph.D. Thesis, University of Haifa, Haifa, Israel, 2017.
Pitt, K.A.; Clement, A.L.; Connolly, R.M.; Thibault-Botha, D. Predation by jellyfish on large and emergent zooplankton: Implications for benthic-pelagic coupling. Estuar. Coast. Shelf Sci. 2008, 76, 827–833. [CrossRef]
Kress, N.; Herut, B. Hyper-nutrification in the oligotrophic Eastern Mediterranean. A study in Haifa Bay, Israel. Estuar. Coast.
Shelf Sci. 1998, 46, 645–656. [CrossRef]

Diversity 2021, 13, 320

8.
9.
10.

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

17 of 19

Larson, R.J. Respiration and carbon turnover rates of medusae from the NE Pacific. Comp. Biochem. Physiol. Part A Physiol. 1987,
87, 93–100. [CrossRef]
Han, C.H.; Chae, J.; Jin, J.; Yoon, W. Estimation of the minimum food requirement using the respiration rate of medusa of
Aurelia aurita in Sihwa Lake. Ocean Sci. J. 2012, 47, 155–160. [CrossRef]
Lilley, M.K.; Elineau, A.; Ferraris, M.; Thiery, A.; Stemmann, L.; Gorsky, G.; Lombard, F. Individual shrinking to enhance population survival: Quantifying the reproductive and metabolic expenditures of a starving jellyfish, Pelagia noctiluca. J. Plankton Res.
2014, 36, 1585–1597. [CrossRef]
Hamner, W.M. Design developments in the plankton kreisel, a plankton aquarium for ships at sea. J. Plankton Res. 1990, 12,
397–402. [CrossRef]
International Council for the Exploration of the Sea (ICES). Available online: https://www.ices.dk (accessed on 1 January 2021).
Kremer, P. Respiration and excretion by ctenophore Mnepiopsis leidyi. Mar. Biol. 1977, 44, 43–50. [CrossRef]
Purcell, J.E.; Fuentes, V.; Atienza, D.; Tilves, U.; Astorga, D.; Kawahara, M.; Hays, G.C. Use of respiration rates of scyphozoan
jellyfish to estimate their effects on the food web. Hydrobiologia 2010, 645, 135–152. [CrossRef]
Hansson, L.J.; Moeslund, O.; Kiørboe, T.; Riisgård, H.U. Clearance rates of jellyfish and their potential predation impact on
zooplankton and fish larvae in a neritic ecosystem (Limfjorden, Denmark). Mar. Ecol. Prog. Ser. 2005, 304, 117–131. [CrossRef]
Moller, L.F.; Riisgard, H.U. Feeding, bioenergetics and growth in the common jellyfish Aurelia aurita and two hydromedusae,
Sarsia tubulosa and Aequorea vitrina. Mar. Ecol. Prog. Ser. 2007, 346, 167–177. [CrossRef]
Olesen, N.J.; Frandsen, K.; Riisgard, H.U. Population dynamics, growth and energetics of jellyfish Aurelia aurita in a shallow
fjord. Mar. Ecol. Prog. Ser. 1994, 105, 9–18. [CrossRef]
Ohman, M.D. Energy sources for recruitment of the sub-antarctic copepod neocalanus tonsus. Limnol. Oceanogr. 1987, 32, 1317–1330.
[CrossRef]
Osinga, R.; Charko, F.; Cruzeiro, C.; Janse, M.; Grymonpre, D.; Sorgeloos, P.; Verreth, J.A.J. Feeding corals in captivity: Uptake of
four Artemia-based feeds by Galaxea fascicularis. In Proceedings of the 11th International Coral Reef Symposium, Fort Lauderdale,
FL, USA, 7–11 July 2008; pp. 149–153.
Evjemo, J.O.; Olsen, Y. Effect of food concentration on the growth and production rate of Artemia franciscana feeding on algae
(T-iso). J. Exp. Mar. Biol. Ecol. 1999, 242, 273–296. [CrossRef]
Wang, N.; Li, C.L. The effect of temperature and food supply on the growth and ontogeny of Aurelia. sp 1 ephyrae. Hydrobiologia
2015, 754, 157–167. [CrossRef]
Szyper, J.P. Nutritional depletion of the aquaculture feed organisms Euterpina acutifrons, Artemia sp. and Brachionus plicatilis
during starvation. J. World Aquac. Soc. 1989, 20, 162–169. [CrossRef]
Larson, R.J. Water content, organic content, and carbon and nitrogen composition of medusae from the northeast Pacific. J. Exp.
Mar. Biol. Ecol. 1986, 99, 107–120. [CrossRef]
Uye, S.; Shimauchi, H. Population biomass, feeding, respiration and growth rates, and carbon budget of the scyphomedusa
Aurelia aurita in the Inland Sea of Japan. J. Plankton Res. 2005, 27, 237–248. [CrossRef]
Shenker, J.M. Carbon content of the neritic scyphomedusa Chrysaora fuscescens. J. Plankton Res. 1985, 7, 169–173. [CrossRef]
Purcell, J.E. Effects of predation by the scyphomedusan Chrysaora quinquecirrha on zooplankton populations in Chesapeake Bay,
USA. Mar. Ecol. Prog. Ser. 1992, 87, 65–76. [CrossRef]
Graham, W.; Martin, D.; Felder, D.; Asper, V.; Perry, H. Ecological and economic implications of a tropical jellyfish invader in the
Gulf of Mexico. In Marine Bioinvasions: Patterns, Processes and Perspectives; Springer: Dordrecht, The Netherlands, 2003; pp. 53–69.
Lucas, C.H.; Pitt, K.A.; Purcell, J.E.; Lebrato, M.; Condon, R.H. What's in a jellyfish? Proximate and elemental composition and
biometric relationships for use in biogeochemical studies. ESA Ecol. 2011, 92, 1704. [CrossRef]
Hirst, A.G.; Lucas, C.H. Salinity influences body weight quantification in the scyphomedusa Aurelia aurita: Important implications
for body weight determination in gelatinous zooplankton. Mar. Ecol. Prog. 1998, 165, 259–269. [CrossRef]
Kogovsek, T.; Tinta, T.; Klun, K.; Malej, A. Jellyfish biochemical composition: Importance of standardised sample processing.
Mar. Ecol. Prog. Ser. 2014, 510, 275–288. [CrossRef]
Lucas, C.H. Biochemical composition of Aurelia aurita in relation to age and sexual maturity. J. Exp. Mar. Biol. Ecol. 1994, 183,
179–192. [CrossRef]
Kleiber, M. Body size and metabolism. Hilgardia 1932, 6, 315–353. [CrossRef]
Savage, V.M.; Gillooly, J.F.; Woodruff, W.H.; West, G.B.; Allen, A.P.; Enquist, B.J.; Brown, J.H. The predominance of quarter-power
scaling in biology. Funct. Ecol. 2004, 18, 257–282. [CrossRef]
Bonner, J.T. Size, function, and life-history. Calder, WA. Nature 1984, 312, 475–476. [CrossRef]
West, G.B.; Brown, J.H. The origin of allometric scaling laws in biology from genomes to ecosystems: Towards a quantitative
unifying theory of biological structure and organization. J. Exp. Biol. 2005, 208, 1575–1592. [CrossRef]
Glazier, D.S. The 3/4-power law is not universal: Evolution of isometric, ontogenetic metabolic scaling in pelagic animals.
Bioscience 2006, 56, 325–332. [CrossRef]
Bokma, F. Evidence against universal metabolic allometry. Funct. Ecol. 2004, 18, 184–187. [CrossRef]
White, C.R.; Cassey, P.; Blackburn, T.M. Allometric exponents do not support a universal metabolic allometry. Ecology 2007, 88,
315–323. [CrossRef]

Diversity 2021, 13, 320

39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.

18 of 19

Glazier, D.S. Beyond the '3/4-power law': Variation in the intra- and interspecific scaling of metabolic rate in animals. Biol. Rev.
2005, 80, 611–662. [CrossRef] [PubMed]
Reeve, M.R.; Walter, M.A. Laboratory studies of ingestion and food utilization in lobate and tentaculate ctenophores.
Limnol. Oceanogr. 1978, 23, 740–751. [CrossRef]
Larson, R.J. Trophic Ecology of Gelatinous Predators (Cnidaria and Ctenophora) in Saanich Inlet, Vancouver Is., B.C., Canada.
Ph.D. Thesis, University of Victoria, Victoria, BC, Canada, 1985.
McHenry, M.J.; Jed, J. The ontogenetic scaling of hydrodynamics and swimming performance in jellyfish (Aurelia aurita).
J. Exp. Biol. 2003, 206, 4125–4137. [CrossRef] [PubMed]
Kinoshita, J.; Hiromi, J.; Kadota, S. Do respiratory metabolic rates of the scyphomedusa Aurelia aurita scale isometrically
throughout ontogeny in a sexual generation? Hydrobiologia 1997, 347, 51–55. [CrossRef]
Moller, L.F.; Riisgard, H.U. Respiration in the scyphozoan jellyfish Aurelia aurita and two hydromedusae (Sarsia tubulosa and
Aequorea vitrina): Effect of size, temperature and growth. Mar. Ecol. Prog. Ser. 2007, 330, 149–154. [CrossRef]
Ikeda, T. Metabolic rates of epipelagic marine zooplankton as a function of body-mass and temperature. Mar. Biol. 1985, 85, 1–11.
[CrossRef]
Schneider, G. A comparison of carbon-specific respiration rates in gelatinous and nongelatinous zooplankton: A search for
general rules in zooplankton metabolism. Helgol. Meeresunters. 1992, 46, 377–388. [CrossRef]
Shanks, A.L.; Graham, W.M. Orientated swimming in the jellyfish Stomolopus meleagris L-Agassiz (Scyphozoan, Rhizostomida).
J. Exp. Mar. Biol. Ecol. 1987, 108, 159–169. [CrossRef]
D'Ambra, I.; Costello, J.H.; Bentivegna, F. Flow and prey capture by the scyphomedusa Phyllorhiza punctata von Lendenfeld, 1884.
Hydrobiologia 2001, 451, 223–227. [CrossRef]
Uye, S.I. Blooms of the giant jellyfish Nemopilema nomurai: A threat to the fisheries sustainability of the East Asian Marginal Seas.
Plankton Benthos Res. 2008, 3, 125–131. [CrossRef]
Vernon, H.M. The respiratory exchange of the lower invertebrates. J. Physiol. 1895, 19, 18–70. [CrossRef] [PubMed]
Yakovleva, K.K. Respiration intensity of some Black Sea medusae. Proc. Sevas. Biol. Stn. (Fish. Res. Board Can. Trans. Ser. No 2218)
1964, 17, 364–637.
Kruger, F. Metabolism and growth in scyphomedusae. Helgol. Wiss. Meeresunters. 1968, 18, 367–383.
Nemazie, D.A.; Purcell, J.E.; Glibert, P.M. Ammonium excretion by gelatinous zooplankton and their contribution to the
ammonium requirements of microplankton in Chesapeake Bay. Mar. Biol. 1993, 116, 451–458. [CrossRef]
Dawson, M.N.; Martin, L.E. Geographic variation and ecological adaptation in Aurelia (Scyphozoa, Semaeostomeae): Some implications from molecular phylogenetics. Hydrobiologia 2001, 451, 259–273. [CrossRef]
Larson, R.J. Diet, prey selection and daily ration of Stomolophus meleagris, a filter-feeding scyphomedusa from the NE Gulf of
Mexico. Estuar. Coast. Shelf Sci. 1991, 32, 511–525. [CrossRef]
Schneider, G. Estimation of food demands of Aurelia aurita medusae populations in the Kiel Bight western Baltic. Ophelia 1989, 31,
17–27. [CrossRef]
Ishii, H.; Tanaka, F. Respiration rates and metabolic demands of Aurelia aurita in Tokyo Bay with special reference to large
medusae. Plankton Benthos Res. 2006, 1, 64–67. [CrossRef]
Fancett, M.S. Diet and prey selectivity of scyphomedusae from Port Phillip Bay, Australia. Mar. Biol. 1988, 98, 503–509. [CrossRef]
Perez-Ruzafa, A.; Gilabert, J.; Gutierrez, J.M.; Fernandez, A.I.; Marcos, C.; Sabah, S. Evidence of a planktonic food web response
to changes in nutrient input dynamics in the Mar Menor coastal lagoon, Spain. Hydrobiologia 2002, 475, 359–369. [CrossRef]
Morand, P.; Carre, C.; Biggs, D.C. Feeding and metabolism of the jellyfish Pelagia noctiluca (Scyphomedusae, Semaeostomae).
J. Plankton Res. 1987, 9, 651–665. [CrossRef]
Riisgard, H.U.; Madsen, C.V. Clearance rates of ephyrae and small medusae of the common jellyfish Aurelia aurita offered different
types of prey. J. Sea Res. 2011, 65, 51–57. [CrossRef]
Kramp, P. Zoogeographical studies on Rhizostomeae (Scyphozoa). Vidensk. Medd. Fra Dan. Nat. Foren. 1970, 133, 7–30.
Hamner, W.M.; Hauri, I.R. Long distance horizontal migrations of zooplankton (Scyphomedusae, Mastigias). Limnol. Oceanogr.
1981, 26, 414–423.
Kuplik, Z.; Angel, D. Diet composition and some observations on the feeding ecology of the rhizostome Rhopilema nomadica in
Israeli coastal waters. J. Mar. Biol. Assoc. UK 2020, 100, 681–689. [CrossRef]
Pasternak, A.; Wassmann, P.; Riser, C.W. Does mesozooplankton respond to episodic P inputs in the Eastern Mediterranean?
Deep. Sea Res. Part II Top. Stud. Oceanogr. 2005, 52, 2975–2989. [CrossRef]
Costello, J.H.; Colin, S.P. Morphology, fluid motion and predation by the scyphomedusa Aurelia aurita. Mar. Biol. 1994, 121,
327–334. [CrossRef]
Lee, H.E.; Yoon, W.D.; Lim, D. Description of feeding apparatus and mechanism in Nemopilema nomurai kishinouye (Scyphozoa:
Rhizostomeae). Ocean. Sci. J. 2008, 43, 61–65. [CrossRef]
Buskey, E.J.; Lenz, P.H.; Hartline, D.K. Escape behavior of planktonic copepods in response to hydrodynamic disturbances:
High speed video analysis. Mar. Ecol. Prog. Ser. 2002, 235, 135–146. [CrossRef]
Hansson, L.J.; Norrman, B. Release of dissolved organic carbon (dog) by the scyphozoan jellyfish Aurelia aurita and its potential
influence on the production of planktic bacteria. Mar. Biol. 1995, 121, 527–532. [CrossRef]

Diversity 2021, 13, 320

70.
71.
72.
73.

19 of 19

Reeve, M.R.; Syms, M.A.; Kremer, P. Growth dynamics of a ctenophore (Mnemiopsis) in relation to variable food-supply. I. carbon
biomass, feeding, egg-production, growth and assimilation efficiency. J. Plankton Res. 1989, 11, 535–552. [CrossRef]
Daan, R. Food-intake and growth of Sarsia tubulosa (sars, 1835), with quantitative estimates of predation on copepod populations.
Neth. J. Sea Res. 1986, 20, 67–74. [CrossRef]
Kiorboe, T.; Hirst, A.G. Shifts in Mass Scaling of Respiration, Feeding, and Growth Rates across Life-Form Transitions in Marine
Pelagic Organisms. Am. Nat. 2014, 183, E118–E130. [CrossRef]
Larson, R.J. Daily ration and predation by medusae and ctenophores in Saanich Inlet, BC, Canada. Neth. J. Sea Res. 1987, 21,
35–44. [CrossRef]

