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Abstract
determines the initial population size of adult jellyfish, but energy distribution during the strobilation process

Mass occurrences of moon jellyfish have been observed in coastal waters. Strobilation directly

is not well understood. In this study, strobilation was induced in polyp of Aurelia coerulea by elevating
temperature. The different stages in the strobilation process, including polyp budding, strobilation and body
growth, were investigated at six temperature levels (8, 10, 13, 15, 17 and 19°C) and five food supply levels
(0, 30, 60, 100 and 150 pg C/L). The results showed that the duration of strobilation preparation stage (SP)
remarkably decreased with increasing temperature. Food level positively affected the production of buds
and ephyrae and the body growth of parent polyps. Of the six temperatures tested, 13°C was optimal for
strobilation. At 13°C, strobilation activity was enhanced, and this treatment resulted in the greatest energy
distribution, highest ephyrae production and longest duration of strobilation stage (SS). Polyps tended to
allocate 6.58%—20.49% carbon to buds with sufficient food supply regardless of temperature. The body
growth of parent polyps was highest at lower temperatures and higher food levels. This study is the first
to provide information on carbon-based energy distribution strategy in the polyp strobilation process. We
concluded that budding reproduction is a lower-risk strategy for 4. coerulea polyps to increase populations.
Even during strobilation season, polyps prioritize budding, but at the optimal strobilation temperature,
polyps utilize a portion of the energy stored for budding to release ephyrae. The body carbon content of
parent polyps may be considered as strategic energy reserves, which could help to support budding activities
and strobilation during harsh conditions.
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1 INTRODUCTION

Increasing jellyfish population and bloom
frequency are worldwide concern in the recent
decades (Condon et al., 2013). In the East Asia,
outbreaks of large jellyfishes are considered serious
ecological disasters that negatively impact the marine
ecosystem, fisheries, coastal facilities and tourism,
resulting in severe environmental and economic

problems (Lucas et al., 2014; Sun et al., 2015b).
Studies suggest that jellyfish blooms are attributed to
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the anthropogenic coastal environmental changes
such as climate change, overfishing, eutrophication,
development of aquaculture, and habitat modification
(Bakun and Weeks, 2006; Purcell et al., 2007; Lo et
al., 2008; Richardson et al., 2009).

Moon jellyfish in the genus Aurelia are the most
common species of large jellyfishes and have a global
distribution ranging between 70°N to 40°S (Modller,
1980; Lucas, 1996). Because of their remarkable
adaptability to a wide range of environment factors,
Aurelia spp. have caused problematic blooms in many
coastal embayments, fjords and estuaries. Outbreaks
of these species have been frequently reported in the
East Asia seas, including Jiaozhou Bay, Liaodong
Bay, Tokyo Bay and Shiwa Lake (Toyokawa et al.,
2000; Wang et al., 2012; Hong et al., 2013; Wang and
Sun, 2015). Massive coastal occurrences of Aurelia
spp. can clog the cooling water intakes of coastal
power and nuclear plants, damaging coastal
enterprises and the maritime economy (Purcell et al.,
2007; Richardson et al., 2009).

Aurelia spp. have a metagenic life cycle comprised
of a benthic asexual polyp stage and a planktonic,
sexual medusa stage. The perennial polyps can
asexually bud new individual. Podocysts are another
means of asexual reproduction and produced in
response to food shortage in the harsh environments.
When the environment improves, the excystment of
podocysts contributes to the increase of polyp
population. The polyps form transverse constrictions
and then liberate numerous ephyrae. This process is
called strobilation, and it plays a vital role in determining
the population size of the later medusa stage. Previous
studies have suggested that the strobilation process can
be affected by abiotic and biotic factors, including
temperature (Pascual et al., 2015; Sokotowski et al.,
2016), salinity (Purcell et al., 2009), pH (Winans and
Purcell, 2010), light (Liu et al., 2009), DO (Ishii et al.,
2008) and food level (Wang et al., 2015a, b). To better
predict the scale and tendency of jellyfish blooms, it is
essential to understand the details of energy distribution
through budding reproduction, ephyra production and
population growth at the polyp population level. In
these studies, the measurement units for recorded
indicators were not unified, thus reducing data
comparability. For instance, the common unit for buds,
ephyrae and podocysts is the individual, while the unit
for somatic growth is length (um, mm, cm, etc.);
comparison among these variables is thus difficult.
Moreover, even though the unit of measurement for
buds, ephyrae and podocysts is uniform to be wet or

dry weight, they differ in water content and biochemical
components, making the comparison less precise. The
previous studies on bioenergetics mainly focused on
respiration and ingestion rates of planulae larvae,
polyps, ephyra and medusae (Schneider and Weisse,
1985; Bamstedt et al., 1999; Hansson et al., 2005; Uye
and Shimauchi, 2005; Ikeda et al., 2017). Little is
known about energy distribution between asexual
reproduction (budding reproduction and strobilation)
and body growth of adult polyps. This knowledge is
essential for illuminating the processes and mechanisms
associated with jellyfish outbreaks.

The present study evaluated the effects of
temperature and food supply on Aurelia coerulea
polyp population proliferation, strobilation (both the
different stages of the process and ephyra production)
and body growth of parent polyps at the polyp
population level. Carbon distribution among budding
reproduction, ephyra production and body growth
under each condition was also quantified. The aim of
this study are to better understand the effects of
environmental factors on carbon distribution in
polyps during strobilation season, and to provide
practical data for modeling research.

2 MATERIAL AND METHOD
2.1 Sources of A. coerulea polyps

The sessile polyps of A. coerulea used in this
experiment were from the stock culture population
reared in the laboratory at the Institute of Oceanology,
Chinese Academy of Sciences, Qingdao. The polyps
were derived from planulae kept by mature medusae
captured in Jiaozhou Bay in June 2014. The stock
polyps were cultivated in the 30 L aquarium tank at
20°C in sand-filtered seawater (30 cmx50 cm
corrugated plates, natural light, salinity 30-31, feed
with adequate Artemia nauplii every day).

Water quality parameters, zooplankton abundance
and A. coerulea abundance in Jiaozhou Bay were
shown in Fig.1 (Wan and Zhang, 2012; Wang and
Sun, 2015). The mean surface water temperature
varied between 4 and 27.4°C (Fig.1). Total zooplankton
(<500 pm) was high from May to July, and the highest
of 486.9 ind./m* was observed in May (Fig.1). In
2009, Aurelia epyhra was observed from April to June
with its abundance increasing from 0.1 to 2.9 ind./m’,
while medusa was captured only in July (Fig.1).

2.2 Controlled laboratory experimental design

In this experiment, the strobilation process was
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Fig.1 Temperature, zooplankton abundance and A. coerulea ephyra and medusa abundance in Jiaozhou Bay

Error bars represent standard deviation (Wan and Zhang, 2012; Wang and Sun, 2015).

induced by directly elevating the culture temperature
to target temperature regimes. For warming induction,
the initial test polyps were thus acclimated in a 25-L
container with sand-filtered seawater outside in winter
before the experiment began. During the acclimation,
no temperature control was taken, and the culture
seawater temperature changed with the external
seawater temperature increasing from 4 to 8°C.

After 50-day acclimation at the low temperature,
the corrugated plate with polyps (mean calyx
diameter: 0.88+0.08 mm) was cut into 2 cmx3 cm
pieces. Budded polyps, podocysts, and impurities on
each section were removed carefully with a dissecting
needle, leaving 5 healthy polyps. Each section was
placed in the bottom of an individual 200 mL glass
beaker containing 200 mL of filtered seawater
(0.45 um mixed membrane).

Two orthogonal treatment sets were established.
The temperature was maintained at six different levels
(8, 10, 13, 15, 17 and 19°C) by incubator (Jiangnan
SPX), and the food supply was maintained at five
levels (0, 6, 12, 20 and 30 newly hatched Artemia
nauplii). The mean carbon weight of Artemia nauplius
individuals was 1.00 pgC  (measured with
ELEMENTAR-EL), thus the prey concentrations
represented 0, 30, 60, 100 and 150 pg C/L. Every
temperature and food supply orthogonal treatment
consisted of three replicates, or 15 polyps in total. The
entire experiment lasted 86 d.

The water in each beaker was replaced daily with
seawater with the same temperature, and the numbers
of buds, released ephyrae, and unconsumed Artemia
nauplii were recorded. To estimate body growth, the
calyx diameters of polyps were measured weekly
using an ocular micrometer under a dissecting

microscope. The average long and short calyx
diameters of the polyp were used as its calyx diameter.
The calyx diameters of the 5 polyps were averaged as
the representative values of polyp size in each group.
Newly produced buds and ephyrae were removed
using dissecting needle and pipette. Observations and
measurements of each beaker took less than 5 min.

The strobilation preparation stage (SP) was defined
as the period from the start of the experiment to the
liberation of the first ephyra. The strobilation stage
(SS) was defined as the period from the first to last
liberation of ephyra.

2.3 Carbon content conversion

Conversion factors and formulae in this section
were applied to convert buds, ephyrae and parent
polyps growth to carbon weight equivalents.

2.3.1 The conversion factor of buds

In the experiment, each of the collected buds was
stored separately at -20°C. The buds were assigned
into five groups randomly, with 50 buds in each group.
The samples were freeze-dried, weighed, and kept in
a desiccator until further analysis. For the analysis of
C contents, samples were coated by tin boats and
measured using an ELEMENTAR- EL elemental
analyzer (Elementar Company). The factor used to
convert the number of buds to carbon weight
equivalents was 3.35+0.18 ug C/polyp.

2.3.2 The conversion factor of ephyrae

In the experiment, ephyra production did not reach
the detection threshold of the elemental analyzer.
Hence, more than 1000 polyps were induced by
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Fig.2 Mean duration of the strobilation preparation stage (SP) and strobilation stage (SS) of A. coerulea polyps under each
combination of six temperatures and five food supply levels

reducing the cultivated temperature to 13°C to liberate
adequate numbers of ephyrae. The newly liberated
ephyrae were collected and assigned into five groups
randomly, with 100 ephyrae in each group. The
carbon weight of each group was measured using the
ELEMENTAR-EL elemental analyzer (sample
preparation process with 2.3.1), and the factor used to
convert the number of ephyrae to carbon weight
equivalents was 4.58+0.23 ug C/ephyra.

2.3.3 The conversion formula for growth

Fifty similar sized polyps were collected in the
same group. The calyx diameter of the group (D, mm)
was calculated as the average calyx diameter of one
polyp. The total carbon weight of the fifty polyps in
this group was measured with the elemental analyzer,
and carbon weight of the group (C, pg) was calculated
as the average carbon weight of one polyp. To obtain
the relationship between polyp calyx diameter and
carbon content, we established ten groups of different
sizes and measured their carbon weights. Power
function fitting was performed to analyze the

relationship between D and C using the following
conversion formula: C=15.300D'7®" (R*=0.753,
P<0.05).

2.4 Statistical analysis

The combined effects of temperature and food
supply on bud productions, ephyra liberation and
body growth of parent polyps were tested by two-way
ANOVA after testing data for normality and equal
variance. If the overall ANOVA results were
significant, Tukey's HSD pair-wise comparisons were
performed to evaluate differences between
experimental combinations. All statistical tests were
performed using SPSS 16.0.

3 RESULT

3.1 Strobilation duration

During the 86-day experiment, polyps strobilated
under most combinations of temperature and food
level, except for those in the 15°C-0 pg C/L, 19°C-
0 pg C/L and 19°C-100 pg C/L (Fig.2).
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Table 1 Statistical analysis results
Variables tested Factors Test statistics d.f. P
Temperature F=9.190 4 <0.001
SP (d) Food supply F=2.021 3 0.125
) Temperaturexfood supply F=0.944 12 0.518
fiel Temperature F=3.298 4 0.019
SS (d) Food supply F=0.972 3 0.415
Temperaturexfood supply F=5.339 12 <0.001
Temperature F=11.357 5 <0.001
Fig3 Carbon weight of buds (ng) Food supply F=167.354 4 <0.001
Temperaturexfood supply F=1.852 20 0.035
Temperature F=4.707 5 0.001
Fig.4 Carbon weight of ephyrae (ug) Food supply F=6.467 4 <0.001
Temperaturexfood supply F=1.788 20 0.044
Temperature F=19.295 5 <0.001
Fig.5 Carbon weight of parent polyps growth (ug) Food supply F=79.238 4 <0.001
Temperaturexfood supply F=2517 20 0.003
The statistics results showed that there was a 1007 w0
significant effect of temperature on SP and SS a 30
duration; however, the duration of SP and SS did not 5 %71 60
differ significantly among the different food levels §° 0l -.-i(s)g
(Table 1). The SP stage lasted longest (59.9+5.9 d) in &
the 8°C groups. SP shortened with increasing E 404
temperature (Fig.3a). In the 19°C groups, it took less é
than 6.7 d for polyps to release the first ephyra. The 8 2071 N
maximum average duration of the SS stage was 0 : : ' \ :
32.3+20.2 d at 13°C, and values then decreased at 5 9 13 17 21
higher temperatures (Fig.3b). The minimum average Temperature (°C)
duration of the SS stage was 4.7+3.9 d at 19°C. 1007 .0
b 30
3.2 Change in carbon weight % 071 60
& 100
3.2.1 Budding reproduction 2 7 D
kS
The carbon weights of total buds in each g 1
temperature and food level combination are illustrated 2 20]
in Fig.4. At the level of population consisted of 5
polyps, the highest production was 383.00 pg C 0 : : -/1.:3 o >,

recorded at 15°C with a food supply level of 150 pg
C/L, while the lowest production was 1.1 pg C/
population at 8°C with 0 pg C/L.

Two-way ANOVA results suggested that
temperature significantly affected budding production
(P<0.001). Bud production did not increase with
increasing temperature (Fig.4). The Tukey’s HSD
pairwise comparisons showed that bud productions
showed no significant difference (P<0.001) among 8,
13 and 19°C, lower than those at 10, 15 and 17°C.

Temperature (°C)

Fig.3 Duration of SP (a) and SS (b) at six temperatures

Food condition significantly affected budding
production (P<0.001). The pairwise comparisons
showed that budding reproduction increased
significantly with increasing food supply. Over the
course of the experiment, the production of buds was
highest at a food level of 150 pg C/L and lowest at
0 pg C/L for all temperatures.
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Fig.5 The average carbon weight of total ephyrae liberated under each combination of 6 temperatures and 5 food levels

during the 86-day experiment
Vertical lines: STDEV.

3.2.2 Ephyra production

No strobilation occurred in the 15°C-0 pg C/L,
19°C-0 pg C/L and 19°C-100 pg C/L groups (Fig.5).
Ephyrae release was highest under the combination of
13°C and 150 pg C/L (total: 102.30 pg C/population),
followed by the combination of 13°C and 100 ug C/L
(68.70 pug C/population). Excluding the three 0-ephyra
combinations, the lowest production was 1.53 pg C/
population at 8°C in 0 pg C/L.

Two-way ANOVA results suggested that temperature
significantly affected ephyrae production (P<0.001).
The Tukey’s HSD pairwise comparisons showed that
at 13°C, ephyrae production was significantly higher
than all other temperatures, while the other five
temperature groups did not significantly differ.

Food conditions also had significant effects on the
carbon weight of total ephyrae (P<0.001). The
Tukey's HSD pairwise comparisons showed that
ephyrae production in the O pg C/L groups was
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significantly lower than the other groups, and
production in the 150 pg C/L group was significantly
higher than the other groups. The 30, 60 and 100 pg
C/L groups did not significantly differ.

3.2.3 Polyp somatic growth

When food was not sufficient, the change of body
carbon weight was negative (Fig.6). After 86 d,
somatic growth of the parent polyps was highest
(56.44+11.80 pg C) in the combination of 10°C and
150 pg C/L, and lowest (-67.67+5.71 pg C) in the
19°C and 0 pg C/L group.

The two-way ANOVA showed significant effects
of temperature on the change in body carbon weight
(Table 1); however, the change of body carbon weight
did not differ significantly at 8 and 10°C (Tukey’s
HSD pair-wise comparisons). The growth of parent
polyps generally decreased with increasing
temperature.

Food supply also significantly affected the growth
of parent polyps (P<0.001). At each temperature, the
change of body carbon weight was generally
correlated with increasing food supply. However,
13°C-100 pug C/L, 17°C-60 pg C/L and 19°C-150 pg
C/L did not follow this trend.

3.2.4 Carbon allocation

The qualitative data of the ratios of buds, ephyrae,
and growth carbon weight in the total carbon source
were showed in Table 2. The total carbon source

comprised by two parts: the carbon intake and the
initial body carbon weight. When food supply was
higher than 0 ug C/L, the ratio of buds carbon weight
was the highest in all temperature and food supply
combinations, with the percentage of 6.58%-20.49%
in the total carbon source. The ratios of ephyrae
carbon weight were highest at 13 °C except for those
in 0 pg C/L groups, with percentage of 4.20%—6.69%
in the total carbon source. Lower temperature and
higher food supply increased the ratio of polyps
growth carbon weigh in the total carbon source. In the
19°C-0 pg C/L group, polyps consumed the highest
initial body carbon storage (95.78%) with the
investment rate to budding production was 11.06%.
When food supply was 0 pg C/L, the total carbon
source mainly came from the polyps initial body
carbon storage, leading to the negative growth of
polyps. And the initial carbon storage was distributed
to reproduction.

3.3 Cumulative carbon weight of budding
reproduction, ephyrae production and parent
polyps growth

The cumulative carbon weights of buds and
ephyrae and somatic growth of parent polyps were
compared to describe the changing processes and to
quantify the carbon distribution among them (Fig.7).

At 8°C, when food supply was low (0 and 30 pg
C/L), the carbon weight of buds, ephyra and parent
polyps growth were lower, while in better food
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Fig.7 Changes in the cumulative carbon weight of buds and ephyrae and growth of parent polyps in each combination of 6
temperatures and 5 food levels during the 86-day experiment

The green and beige shadow represent the durations of the SP and SS stages, respectively.

conditions (=60 pg C/L), 137.35-198.77 pug carbon
was allocated to new buds, and less to the growth of
parent polyps (15.64-56.23 pg C) and strobilation
(24.43-50.38 ug C). During the SS stage, the
cumulative carbon weight in somatic growth was
higher than that of strobilation in the 100 and 150 pg
C/L groups.

Carbon distribution patterns between 8° and 10°C
were similar; however cumulative carbon weight in
growth increased over ephyrae only in the 150 pg C/L
groups.

At 13°C under scarce food supply (0 and 30 pg
C/L), the cumulative carbon weight of ephyrae was
equal to that of buds. When food supply was higher,
the cumulative carbon weight was ranked in
decreasing order as buds, ephyrae and then body
growth. When food supply was 100 and 150 pg C/L,
ephyrae were continually released during the SS
stage.

Carbon distribution patterns were similar at 15, 17
and 13°C, except for the 15°C-0 pg C/L group (i.e.,

no strobilation occurred). However, the cumulative
carbon weight of ephyrae at 15 and 17°C was lower
than at 13°C.

At 19°C with food levels of 0, 30 and 60 pg C/L,
the carbon weight was low for buds, ephyrae, and
parent polyps growth. At 100 and 150 pg C/L carbon
weight in growth varied little over the 86 d, and both
the carbon weight of ephyrae and adult polyps growth
stayed at low levels. Under adequate food conditions,
more carbon was allocated to new buds.

4 DISCUSSION

4.1 Budding reproduction

Bud production did not monotonically increase
with increasing temperature. The highest production
appeared in the 15°C-150 pg C/L group, consistent
with our report in another experiment examining
decreasing temperature (Wang et al., 2015a). At 8,
13 and 19°C, bud production was significantly
lower than the other three temperatures under the
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Table 2 The percentage of carbon distribution to budding, strobilation and growth under each combination of 6 temperatures

and 5 food levels

Total Initial ' ' ' Bud production/ Ephyra production/ Somatic growth/
Temperature Food supply  carbon body  Production Production Somatic growth ) (total carb(?r.l ) (total carb(?r.l ) (total carb(-)r.l
©C) (ng C/L) income ca{bon ofbuds  of ephyrae of parent income + Initial income + Initial  income + Initial
(ug ©) weight (ng ©) (ng ©) polyps (ug C) body carbon body carbon body carbon
(ng ©) storage) (%) storage) (%) storage) (%)
0 0.00 47.75 1.12 1.53 -21.44 2.34 3.20 -44.89
30 476.79 66.28 54.72 15.27 4.90 10.08 2.81 0.90
8 60 936.37 66.00 137.35 25.95 15.64 13.70 2.59 1.56
100 1557.23 63.28 193.18 24.43 44.45 11.92 1.51 2.74
150 2310.14 66.09 198.77 50.38 56.23 8.36 2.12 2.37
0 0.00 52.59 12.28 4.58 -25.33 23.36 8.71 -48.18
30 486.67 59.78 83.75 22.90 -2.80 15.33 4.19 -0.51
10 60 962.35 60.74 171.97 44.27 11.88 16.81 4.33 1.16
100 1599.07 69.68 291.45 16.79 30.33 17.47 1.01 1.82
150 2361.87 53.43 336.12 12.21 56.44 13.92 0.51 2.34
0 0.00 50.52 5.58 7.63 -36.65 11.05 15.11 -72.54
30 475.47 49.55 46.90 35.11 232 8.93 6.69 0.44
13 60 948.43 57.53 110.55 44.27 12.36 10.99 4.40 1.23
100 1597.43 54.94 208.82 68.70 3.18 12.64 4.16 0.19
150 2360.88 73.14 261.30 102.29 11.99 10.74 4.20 0.49
0 0.00 47.96 8.93 0.00 -36.05 18.63 0.00 -75.17
30 472.51 78.87 77.05 30.53 -39.18 13.97 5.54 -7.11
15 60 940.10 63.45 202.12 23.66 -7.91 20.14 2.36 -0.79
100 1578.97 75.16 247.90 56.49 -3.32 14.99 3.41 -0.20
150 2360.55 76.85 383.02 36.64 7.22 15.71 1.50 0.30
0 0.00 60.12 11.17 13.74 -50.45 18.57 22.85 -83.91
30 487.00 47.46 62.53 42.75 2.11 11.70 8.00 0.39
17 60 959.56 70.60 211.05 9.92 -0.03 20.49 0.96 0.00
100 1591.82 71.55 278.05 35.11 13.81 16.72 2.11 0.83
150 2395.81 59.02 356.22 51.91 38.16 14.51 2.11 1.55
0 0.00 70.65 7.82 0.00 -67.67 11.06 0.00 -95.78
30 489.31 53.84 35.73 19.85 -13.14 6.58 3.65 -2.42
19 60 978.54 63.12 79.84 40.46 -5.07 7.66 3.88 -0.49
100 1 606.65 48.98 187.60 0.00 13.44 11.33 0.00 0.81
150 2 407.34 65.34 264.65 3.05 6.44 10.70 0.12 0.26

same food regimes. The daily feeding efficiency at
8°C was lowest (range from 89.54% to 92.40%) at
each food levels except for 30 pg C/L (F5,=10.644,
P<0.001). At the colder temperature of 8°C, the
efficiency of predation was reduced due to weaker
mobility of polyp’s tentacles, which would lead to
relatively less energy intake. Furthermore, except
for no food condition, the carbon allocated to
growth was largest at 8°C among all temperature
levels, which would lead to lower budding

production as well. While the daily feeding
efficiency at 19°C was the highest (range from
93.31% to 94.83%) in all food levels. At a higher
temperature of 19°C, respiration rate in polyps
increased and they consumed more -energy
(Mangum et al., 1972). At 13°C, polyps invested
more energy to strobilation than budding. Higher
bud production at increased temperatures has been
reported in the previous studies (Ma and Purcell,
2005; Hoover and Purcell, 2009; Han and Uye,
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2010; Wang et al., 2015a). Conversely, Liu et al.
(2009) reported that the 4. aurita bud production
decreased with increasing temperature. In our
experiment, no linear relationship between buds
and temperature was found. It might be attributed
to two different mechanisms. First, higher
metabolism rate at high temperature (19°C), and
second, differences in strobilation status. For
example, Han and Uye chose a temperature range
in which strobilation does not occur, and the effect
of temperature and food was investigated at the
level of individual polyp (Han and Uye, 2010),
while our experiment used temperature rang that
are favorable for strobilation at the population
level. There was also a temperature-dependent
energy tradeoff among buds, ephyrae and polyp
growth during the strobilation process.

Food supply had a remarkable effect on bud
production in this experiment. Providing more food
led to greater bud production as the previous reports
(Keen and Gong, 1989; Han and Uye, 2010; Wang
and Li, 2015; Wang et al., 2015a, b). In sustained low
food levels, budding activity did not stop, but
production was lower. Hence, sufficient food was
advantageous for polyps to increase populations
through budding activity.

4.2 Strobilation

It is widely acknowledged that temperature triggers
the strobilation process (Prieto et al., 2010). The
strobilation temperature of Aurelia spp. varies among
geographic populations (Miyake et al., 1997). In our
experiment, the duration of the SP and SS was
markedly influenced by temperature in 4. coerulea
polyps; however, neither stage was affected by food
supply. The temperature-depending mechanism
obtained in the present study seems to mostly agree
with values from the literature (Liu et al., 2009;Wang
et al., 2015a). Warmer temperature accelerated the
release of the first ephyra and shortened the duration
of the SP (Fig.3a). In field monitoring, Purcell et al.
(2009) showed that Aurelia polyps strobilated earlier
when pre-strobilation temperature was higher. The
time until first strobilation of Aurelia labiata decreased
by 50% between 7°C and 15°C (Purcell, 2007). The
13°C treatment produced the longest SS as has been
found in our previous studies (Wang et al., 2015a),
and the highest total carbon weight of the released
ephyra (Fig.5). Hence, 13°C was the optimal
temperature for strobilation among the tested
temperatures.

Specifically, we observed that single polyp had
repeatedly conducted strobilation at the constant
temperature of 13 and 15°C under abundant food
conditions. As the culture temperature remains
constant in the SS, maintaining temperature in the
strobilation favored temperature range contributed to
continuous strobilation. Hence, strobilation can also
occur with culture temperature held constant within
temperature ranges that favor strobilation.

There were no strobilation groups at 15 and 19°C
(15°C-0 pg C/L, 19°C-0 pg C/L and 19°C-100 g
C/L), but these groups differed in other ways. At 15°C
when food supply was higher than Opg C/L,
strobilation was active, and the SS lasted longer
(Fig.2). The absence of strobilation at 15°C-0 pg C/L
was due to its second lowest initial body carbon
weight. Although the initial body weight at 8°C-0 pg
C/L was the lowest, strobilation occurred as well. It
might be due to the less consumption of respiration at
8°C. Therefore, the absence of strobilation occurred
at 15°C, when the food was rather scanty, and the
initial body weight could not support both budding
and strobilation. For 19°C, the duration of SP was less
than 6.7d. If polyps could strobilate at 19°C,
considering the short duration of SP, they would
strobilate again over the course of the 86-d experiment.
However, even in the most adequate food groups, the
polyps liberated ephyra in approximately 1 d, and
after that they did not strobilate again for the duration
of the experiment. This suggests that strobilation
would not be induced with temperature held constant
at 19°C.

At 19°C, although strobilation occurred in the 30,
60 and 150 pg C/L groups (Fig.2), the duration of SP
and SS was shorter than in other treatments. During
the winter acclimation prior to the experiment, the
culture temperature was elevated from 4 to 8°C, and
polyps were ready to strobilate. Before morphological
changes were observed, the switch of strobilation-
related genes had already turned on, leading to the
accumulation of  strobilation-related  products
(author’s unpublished data). We chose the normal
appearing polyps for this experiment, but we could
barely control the expression of strobilation-related
genes. In the experiment, elevating the temperature to
19°C induced polyps that had already accumulated
strobilation-related products to release the ephyrae
rapidly. As the result, the average length of SS stage
was less than 6 d, and after quick release, strobilation
did not continue and did not occur for the duration of
the experiment.



2226 J. OCEANOL. LIMNOL., 36(6), 2018

Consequently, the strobilation favored temperature
range for A. coerulea polyps ranged from 8 to 17°C,
which agrees with results found for ephyrae-favorable
temperature in the field survey. In Jiaozhou Bay, 4.
coerulea ephyrae were trawled in April, May and
June when the sea temperature was approximately 7
to 17°C (Wan and Zhang, 2012;Wang and Sun, 2015).

Temperature also significantly affected ephyra
production. In this experiment, as ephyra production
was highest at 13°C, this was suggested to be the
optimal strobilation temperature. In our previous
experiment with decreasing temperatures, most
ephyra released at 13°C as well (temperature levels:
10, 13, 15°C) (Wang et al., 2015a). Shi et al. (2017)
also reported that the rate of strobilation was highest
at the moderate temperature of 12°C (temperature
levels: 9, 12, 15, 18°C).

Our result showed that food conditions significantly
affected ephyra production. For A. coerulea polyps,
more ephyrae were liberated with adequate food
supply. This same trend has also been shown for
Aurelia spp., N. nomurai, C. nozakii and R. pulmo
(Thein et al., 2013; Schiariti et al., 2014; Feng et al.,
2015; Sun et al., 2015a). The strobilae of A. aurita are
usually polydisc (Purcell et al., 2009). In this
experiment, well-fed polyps formed more
constrictions, further developing into numerous
ephyrae. However, under scarce food conditions, only
a small number of polyps liberated ephyrae, and the
ephyra output was much smaller. Average ephyra
production in the 0 pg C/L groups was 4.58 ug C
(equal to 1 ephyra). In the field when zooplankton
biomass was low, strobilation either did not occur, or
monodisc or moderately polydisc strobilation
occurred (Lucas, 2001). This is probably because
strobilation should be fueled by the stored energy in
polyps. Russel (1970) also suggested that initial polyp
calyx diameter affects ephyra production; thus, we
suggest that continuous starvation have not been the
factor which could inhibit the strobilation. During the
strobilation season, abundant food will result in
higher ephyra production, providing the foundation
for a jellyfish bloom.

4.3 The growth of parent polyps

The body growth of parent polyps typically
decreases with increasing temperature. With
increasing temperature, a greater food supply is
needed to balance the negative growth caused by
higher respiratory consumption. This trend was also
reported by Han and Uye (2010), who found that at
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low temperatures polyps tended to be larger than at
high temperatures. Compared to those at warmer
temperatures, polyps had a greater percentage of
larger individuals and slower population growth rate
at lower temperatures (Willcox et al., 2007).

Our results also showed that body growth did not
differ significantly between 8 and 10°C. This may be
due to insufficient food intake at 8°C and the lower
ephyra production at 10°C. We recorded more
uncaptured Artemia nauplii at 8°C in the daily
observations, and the absolute carbon income was
lower than those at the other 5 temperatures (Table 2).
This result is consistent with another study on M.
nomurai polyps, in which tentacle movements and
feeding frequency became lower at lower temperatures
(Sun et al., 2015a).

Food supply had a strong positive effect on the
body growth of parent polyps. This positive
relationship has been shown in other studies on
Aurelia spp. (Willcox et al., 2007; Han and Uye,
2010; Webster and Lucas, 2012; Chi and Javidpour,
2016). The same increasing trends had been reported
in Cyanea nozakii (Sun et al., 2012). In our 0 pg C/L
groups, parent polyps showed negative growth, and
there was even some mortality at 19°C. In the 19°C-
0 pg C/L group, polyps began to die from the 44th
day. When the experiment was over, the mortality of
the three repetitions in 19°C-0 pg C/L group was
100%, 40% and 60%, respectively. This might be due
to energy consumption to maintain polyp basic life
activities. At 19°C-0 pg C/L, the respiration consumed
highest carbon (48.49 ng C, 68.63% of the initial
body carbon weight). Nevertheless, budding
reproduction and strobilation did not cease even under
insufficient food levels. We suggest that the energy
used to produce buds and ephyrae was fueled by
stored energy of polyps. Therefore, in addition to
respiratory consumption, budding and strobilation led
to negative polyp growth under continuous starvation
as well.

4.4 The carbon distribution strategy related to
temperature and food supply

This study presented the first data on the carbon
distribution among budding reproduction, strobilation,
and parent polyps growth under different combinations
of temperature and food supply. In the present study,
the units of buds, ephyrae and parent polyps body
growth were converted to carbon weight. The purpose
of the unit conversion is twofold: to improve data
comparability and to facilitate analysis of energy
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Table 3 The respiration rate and consumed carbon at 6
temperatures in the 86-day experiment (food
supply=0 pg C/L)

Temperature Respiration Respiration consumed
(°C) rate (ug O,) carbon (pg C)
8 87.84 32.94
10 102.94 38.60
13 84.71 31.77
15 108.40 40.65
17 104.21 39.08
19 129.30 48.49

allocation. Therefore, the dynamics of energy
allocation could be accurately quantified by analyzing
cumulative carbon weight during the three life stage
processes under different treatments throughout the
experiment.

In general, the polyps continually allocated 6.58%—
20.49% carbon to budding reproduction when food
supply was no less than 30 pg C/L. The carbon of
buds was 1.3-86.7 (average: 10.3) times higher than
to that of ephyrae. The ratios of buds accounted
highest in total carbon source (Table 2). When food
supply was higher, budding reproduction showed a
clear advantage. Budding is the asexual reproductive
manner which can directly produce child polyps
(Vagelli, 2007). A. coerulea polyps tended to assign
priority to budding in all temperature levels in the
experiment. It seemed that budding reproduction was
a lower-risk strategy for the maintenance and
propagation of the population, because the offspring
produced by budding would face a known habitat.

Polyps tended to distribute energy to strobilation
within a specific temperature range. At population
level, the ephyrae were not released daily in SS, the
time interval between ephyrae releasing varies. At the
optimal strobilation temperature, providing adequate
food condition polyps distributed more energy to
ephyrae, and the ephyrae were continually released
with shorter time interval. The optimal strobilation
temperature in our experiment was 13°C, at which
strobilation occurred actively with clearly higher
ephyrae production, longer duration of the SS stage
and highest ratio (4.20%) of strobilation carbon
weight. Moreover, with sufficient food the polyps
continually liberated ephyrae during the latter half of
the SS stage. Strobilation is a riskier strategy, because
releasing ephyrae would float with the current and
face an unpredictable environment. The higher
mortality caused by predation, space and food

competition, as well as the possible unsuitability of
new habitat, could potentially affect the future of the
population. The other risk is the shrinkage of parental
polyps after strobilation, suggesting that they face on
lower predation ability and growth potential. Based
on our data, the carbon each polyp lose after
strobilation was 19.454+8.28 ug C accounting for
57.08%+9.88% of the initial carbon before
strobilation. Hence, polyps trended to strobilate in the
favored temperature range in order to match the
zooplankton peak. It was proved in the field
investigation. In Jiaozhou Bay, the strobilation
temperature range of 8—17 was from late April to
early June, and the annual peak of zooplankton
abundance appeared in the same period. Furthermore,
the ephyrae were also sampled in the high productive
season (Fig.1). It is noteworthy that under scarce food
conditions, polyps tended to sacrifice body organic
storage to release ephyra, and the energy contributed
to buds and ephyraec became comparable. This
suggests that starved polyps prefer to extend their
habitat by releasing planktonic ephyrae as a strategy
to ensure survival of the population.

Parent polyps tended to utilize more energy for
body growth at lower temperatures and higher food
levels. At lower temperatures (8°C) when food supply
was sufficient, polyps tended to grow larger and
accumulate highest ratio (2.37%) of carbon to gain
greater fecundity. It was reported that when parent
polyps got abundant food, new ephyrae had a better
nutritional foundation and higher starvation resistance
(Wang and Li, 2015). The body carbon content of
parent polyps could be considered as strategic energy
reserves, which may help to support budding activities
and strobilation under harsh conditions. In
consideration of seasonality, the energy reservation at
lower temperature season may be energy support for
the budding at the following warmer season.

To quantify the respiratory consumption, we used
the exponential equation between carbon weight-
specific respiration rate of A4. aurita polyps and
temperature reported by Ikeda etal. (2017) to calculate
the respiration rate of polyps in our experiment. As
polyps were starved in Ikeda’s respiration rate
experiment, the equation was applied to our no food
groups (Table 3). Without food, polyps had to
consume their initial body carbon storage to maintain
the respiration, budding and strobilation. The result showed
that the initial carbon storage could cover the carbon
consumption of respiration, budding and strobilation,
and the parent polyps showed negative growth.
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In Jiaozhou Bay, the water temperature ranges
from 4-26°C during the spring-summer temperature
elevation process, and the peak of zooplankton
abundance was in May (Fig.1A of Wan and Zhang,
2012). Seasonal polyp population dynamics in
Jiaozhou Bay could be surmised as follows: The
experimental strobilation favored temperature range
(8-17°C) usually occurs from April to June in
Jiaozhou Bay. In March, with relative higher
zooplankton abundance, well-fed parent polyps store
more organic content and grow larger in preparation
for the coming strobilation season. In April, the
temperature is about 8°C, although the zooplankton
abundance is second lowest around the year, the
carbon stored in March could be utilized, the ingested
and stored carbon is firstly incorporated into producing
buds to expand the polyp population, then strobilation.
In May, when sea temperature increases to 13—14°C,
the zooplankton abundance reaches its annual peak,
polyps metamorphose into polydisc strobilae to
liberate more ephyrae, which results in energy
expenditure by parent polyps. The carbon invested to
strobilation was higher than that in other months,
leading to relative lower growth carbon. If the optimal
strobilation temperature lasted longer, the duration of
the strobilation stage would be prolonged
correspondingly. In June, when temperature is
elevated above the upper limits of the favorable
temperature range, polyps release ephyrae quickly
over about one week and halt strobilation in future
days. In June, zooplankton abundance When
temperature is generally over 19°C, polyp population
is also expanded through budding, but the body
growth of parent polyps stays at lower levels. As
better food conditions undoubtedly contribute to
greater budding, strobilation and body growth, this is
likely to be the driving force for 4. coerulea jellyfish
blooms.

5 CONCLUSION

Temperature and food conditions affected the
budding reproduction, strobilation and body growth
of A. coerulea polyps in several aspects: (1) Polyps
produced more buds at 15°C, and sufficient food
supply contributed to greater bud production. (2)
Strobilation can occur at 8-17°C. Within this
temperature range, polyps release ephyrae earlier at
higher temperatures. Among the six temperatures
tested, 13°C was the optimal temperature at which
more ephyrae were liberated and the duration of SS
stage was longest. Sufficient food supply ensured
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greater ephyrae production, but scarce food conditions
could not limit the occurrence of strobilation. (3) The
body growth of parent polyps generally increased
with decreasing temperature and increasing food
supply.

The analysis of carbon distribution in the
strobilation processes revealed that 4. coerulea
polyps utilize different strategies for allocation among
budding reproduction, strobilation and body growth.
Our results suggested that polyps prioritize budding.
Budding reproduction might be a lower-risk strategy
for A. coerulea polyps to expand their populations. At
the optimal strobilation temperature, polyps utilize
part of their budding energy to release ephyrae. The
body carbon content of parent polyps may be
considered strategic energy reserves, which could
help to support budding activities and strobilation
under harsh conditions.
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