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Aurelia coerulea, a type of scyphozoan jellyfish, has massively appeared in the coastal
waters of China in recent years and caused great damage, but the asexual reproduction of
A. coerulea polyp predicted by local temperature could not correspond well to the field
abundance of jellyfish in summer. To understand the influence of winter and spring
conditions on the reproductive process and to provide the basis for jellyfish population
prediction, A. coerulea polyps, originally reared from planula larvae of medusae collected
from Jiaozhou Bay (120.2°E, 36.1°N), were investigated at orthometric 3 overwintering
temperatures (2, 5, and 8°C), 3 spring warming speeds (1°C increment every 5 days, 7.5
days, and 10 days), and 3 feeding frequencies (once per 9 days, 6 days, and 3 days),
representing the range of environment conditions in winter and spring where they exist.
Polyps had earlier strobilation, higher strobilation frequency, and more ephyra and bud
production during warmer winter, but had intensive strobilation after colder winter when the
temperature began to rise in spring. When warming speed was fast in spring, the
percentage of the first strobilation was higher and ephyrae were released more
intensively. However, when warming speed was slow in spring, the polyp could conduct
secondary strobilation, resulting in higher strobilation frequency and more ephyrae with a
longer period. High feeding frequency helped polyps accumulate more energy and promote
asexual reproduction, especially beneficial to the second strobilation. This experiment
shows that winter and spring temperature in addition to food availability has a significant
effect on the asexual reproduction of polyp. However, these may not be only factors
necessarily lead to jellyfish outbreaks in the natural environment. In the context of global
warming, whether reproduction of polyps will eventually lead to the outbreak of jellyfish
needs to be multifacetedly analyzed based on the complex situation in the field, such as the
concentration and timing of jellyfish appearance, and their interactions with other species.
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1 INTRODUCTION

In the past half-century, jellyfish blooms have been reported in
many regions of the world (Mills, 2001; Purcell, 2005; Schrope,
2012), which causes serious ecological and economic problems in
tourism, aquaculture, coastal facilities, marine fisheries,
ecosystem health, and human life safety (Purcell et al., 2007;
Qiu, 2014). As a consequence, the causes of jellyfish outbreaks
have become the focus of research (Condon et al., 2012;
Fernandez-Alias et al., 2021), which was widely attributed to a
number of factors such as eutrophication, fishing activities,
aquaculture, marine construction, ocean shipping, and
ecosystem change, especially the rise in temperature with
global warming (Mills, 2001; Purcell, 2012).

Analysis through field investigations and long-term historical
datasets found that there are strong corresponding relationships
between jellyfish population dynamics and climate factors (Mills,
2001; Purcell, 2005; Sun et al., 2012a). In the Irish Sea, climatic
index could explain 68% of the variability in jellyfish abundance
(Lynam et al., 2011). In the North Sea, the increase in jellyfish
since 1958 saw a positive correlation in the North Atlantic
Oscillation (NAO) index (Attrill et al., 2007). At the Mondego
Estuary, there has been an increase in jellyfish since 2005, with
temperature being the main controlling factor (Primo et al.,
2012). Research on the Strait of Messina showed that rising water
temperatures can promote jellyfish outbreaks by affecting their
metabolism, growth, and reproduction rates (Rosa et al., 2013).
Given that numerous studies found that global warming is
accelerating, and the global climate system is undergoing rapid
and widespread changes for the foreseeable future (IPCC, 2021),
jellyfish populations would be expected to be affected.

In the wild water off the coast of China, seasonal warming and
cooling can trigger the scyphozoan polyp populations to
strobilate and release ephyrae, and then develop into a
population of jellyfish. The main period of strobilation occurs
following a temperature increase in spring after a wintering
period (Feng et al., 2018); thus, the influence of bottom
temperature in winter and spring before the emergence of
planktonic jellyfish is particularly important for the prediction
of the number of jellyfish in summer. However, until now, it is
difficult to make reliable predictions of interannual variations in
scyphozoan jellyfish populations off the coast of China based on
local hydrological data in winter and spring. Although the
majority of opinions support the idea that global warming can
promote jellyfish bloom through more budding and strobilation,
there is still no definitive agreement or corresponding relations
on whether colder or warmer winters could lead to jellyfish
blooms because of the complexity of field ecological
environments with numerous fouling organisms, different
species with particular characteristics, and specific geographical
regions (Lynam et al., 2004; Feng et al., 2015a; Loveridge
et al., 2021).

The outbreak of jellyfish requires preconditions of high
reproduction rate, high growth rate, and low mortality, of
which the high reproductive rate is mainly related to the life
cycle strategy of jellyfish (Sun et al. , 2012b). Most
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scyphomedusae and many hydromedusae have a metagenic
life cycle, which can be divided into two stages. One is a
planktonic medusa stage where medusae float in the water and
produce planula by sexual reproduction. The other one is a
benthic perennial polyp stage where polyps asexually produce
more polyps through budding, longitudinal fission, or
podocyst formation (Kakinuma, 1975), or produce new
jellyfish through strobilation and ephyra release (Lucas,
2001). The asexual reproduction of polyps controlled by
benthic environment is crucial to jellyfish bloom, because it
determines the number of polyps existing on the sea floor and
the number of ephyrae released by polyps through strobilation
(Sun, 2012; Qiu, 2014). Previous laboratory studies have
shown that in the suitable temperature range for polyps to
produce bud, higher temperatures, especially 14–16°C, could
encourage budding of polyps, which creates more polyps and
expands the polyp population (Willcox et al., 2007; Han and
Uye, 2010; Hubot et al., 2017). The relatively suitable
temperature range for the strobilation of Aurelia medusa
polyp in China is 8–18°C, and the optimum temperature is
13–15°C (Wang et al., 2015; Feng et al., 2018; Wang et al.,
2018). In the suitable temperature range for polyps to
strobilate and release ephyrae, higher water temperature and
longer duration in the suitable temperature are beneficial to
earlier strobilation, longer strobilation period, and more
ephyrae released (Purcell, 2005; Purcell et al., 2007; Wang
et al., 2018). However, more asexual reproduction does not
mean jellyfish outbreaks are inevitable, because the timing,
number, and concentration of young jellyfish populations are
also critical in terms of how they interact with other creatures
in the early spring and whether they can take advantage.

Along the north coast of China, scyphozoan Aurelia coerulea
is one of the most frequent blooming scyphomedusae species
(Wang et al., 2012a; Wang et al., 2020b). It is also the most
widespread of all Aurelia species studied to date and has the least
genetic variation sampled from multiple sites (Dawson, 2003). A.
coerulea usually occurs near artificial marine facilities like bridge
piers and ports, or around nuclear power plants, or appear in the
coastal waters and estuaries during May to August in temperate
regions including the Yellow Sea and Bohai Sea (Wan and
Zhang, 2012; Wang et al., 2012b; Wang and Sun, 2015; Wang
et al., 2020b), whose aggregations can block fishing nets and
block the cooling water intake screen at nuclear power plants
(Dong et al., 2010).

Most previous laboratory experiments simulated the life
histories of polyps at different fixed temperatures, while few
studies have simulated the effects of a dynamic temperature
regime in certain seasons. At the same time, the relationship
between the amount of asexual reproduction of polyps and
jellyfish outbreaks is not well explained or does not
correspond. This study explores the response of the asexual
reproduction of A. coerulea polyp to global warming in the
absence of other biological disturbances in the laboratory,
especially the mimicking of temperature variation during
winter and subsequent spring warming experienced by polyps
prior to and during ephyra release, with different food levels, in
June 2022 | Volume 9 | Article 888656
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order to contribute to a better understanding of jellyfish
outbreaks from a basic biological perspective and provide a
theoretical basis for the early warning and prediction of
jellyfish outbreak in the natural environment.
2 MATERIALS AND METHODS

2.1 Local Environment
A. coerulea were originally obtained from Jiaozhou Bay (120.2°E,
36.1°N), and the experiment was carried out in the jellyfish
laboratory of the Institute of Oceanology, Chinese Academy of
Sciences in Qingdao, China. Jiaozhou Bay is a semi-enclosed
inner bay in the south of Shandong Peninsula, belonging to the
north temperate zone. The average monthly bottom water
temperature of Jiaozhou Bay is between 5 and 25°C. In winter,
water temperature remains below 10°C from December to
March, averaging around 5°C, and then water temperature
rises slowly in spring and reaches a peak of 25–27°C in August.

2.2 Polyp Preparation
The polyps of A. coerulea used in this experiment were mixed and
random in generation, obtained from a permanent culture in the
Institute of Oceanology, Chinese Academy of Sciences, at a
constant temperature of 20°C with a salinity of 30–31, and fed
with newly hatched Artemia nauplii, and the water was replaced
with sand-filtered sea water every day. According to the
unpublished data of our research group, the difference in
asexual reproduction among different generations of polyps was
small. They were originally hatched from mature A. coerulea
medusae collected from the Jiaozhou Bay population using
artificial asexual reproduction methods (Feng et al., 2017a).

The polyps with a similar size, with 16 tentacles attached on
the plastic corrugated plate, were randomly detached carefully
with forceps, and every 2 polyps were placed in each well of the
6-well polycarbonate culture plates (growth area: 8.87 cm2,
volume: 5 ml). In order to let the polyp attach to the culture
plates, there were 10 days without any water exchange or feeding,
and the culture temperature was maintained at 20°C ± 1°C by a
thermostatic biological incubator (Jiangnan SPX) during that
period. Polyps were cultured under dark conditions during the
attaching period and the entire experiment duration to prevent
light from influencing asexual reproduction.

After 10 days of attaching, all the 6-well plates with
successfully attached polyps were randomly divided into 3
groups and placed into 3 thermostatic biological incubators
(Jiangnan SPX-288) to cool down to their respective
experimental temperatures with a speed of 1°C per day from
20°C until the culture temperature reached 2, 5, and 8°C. During
the cooling period, the polyps in the 6-well plate were provided
with newly hatched Artemia nauplii and then the water was
replaced with freshly prepared sand-filtered sea water at the same
temperature after 3 h. Feeding and water exchange were
conducted every 3 days. Any directly and stolonally budded
polyps produced before the start of the winter period were
removed using forceps after naturally separating from the
parent polyp.
Frontiers in Marine Science | www.frontiersin.org 3
2.3 Experimental Design
After the polyps cooled down to their respective experimental
temperatures, the beginning of the wintering period marked the
beginning of the experiment. The experiment was divided into 2
parts: a wintering period for 8 weeks and a spring warming period
for around 16 weeks until all the ephyrae have been released by
strobila. The experiment consisted of 3 orthogonal factors, and the
levels were based on the analysis of historical hydrological data of
Jiaozhou Bay: winter temperature (3 levels: 2, 5, and 8°C), warming
speed [3 levels: 1°C increment every 5 days (I), 1°C increment every
7.5 days (II), and 1°C increment every 10 days (III)], and feeding
frequency [3 levels: once per 3 days (3d), once per 6 days (6d), and
once per 9 days (9d)] (Figure 1). There were altogether 27
treatments (3*3*3), and every treatment consisted of 3 replicates,
which means three 6-well plates with 30–36 successfully attaching
polyps each treatment. Altogether, there were 869 [approximately
(30–36)*3*3*3] individuals initially in the experiments.

Experiment day was used to record time in this experiment,
which set the first day of the experiment (the first day of the
wintering period) as day 1. The experiment started on February
2, 2021 and ended on July 23, 2021, lasting 172 days.

2.3.1 Wintering Period
The factor “winter temperature” represented different winter
conditions in the history of Jiaozhou Bay. According to the
historical averages, 5°C was chosen to mimic the average winter
temperature. According to the historical extremes in winter, we
adjusted 3°C up or down to 8°C or 2°C to simulate a relatively
warmer and colder winter, in order to explore the effects of different
overwintering temperatures on the strobilation and reproduction of
A. coerulea polyps. According to previous reports, strobilation can be
induced after the storage at low temperature for more than 1 month
(Kawahara et al., 2006) and a 6- to 8-week overwintering period was
appropriate for the Aurelia aurita polyp to activate proteins
regulating strobilation (Loveridge et al., 2021). To approximately
simulate low-temperature duration in winter in offshore areas of
Jiaozhou Bay, the winter duration of this experiment was set as 8
weeks (56 days). After culturing at low temperatures, the 2°C and
5°C treatments were warmed up to 8°C at a speed of 1°C per day to
allow for spring warming from the same initial temperature.

2.3.2 Warming Period
The factor “warming speed” represented how fast the
temperature rises in spring. The polyps in each of the 3
overwintering group were redivided into 3 new groups and
placed into 3 incubators to start the spring warming period on
day 62. Each new warming group equally contains the polyps
from 3 overwintering temperatures. In the case of uniformly
rising water temperature from 8°C in spring, the factor “warming
speed” represented the duration of the optimal temperature for
strobilation of polyps in spring to some extent. When the
warming speed is high, the water temperature remains at the
optimal temperature range for a very short time, and soon warms
up to a higher summer temperature, which is no longer suitable
for polyps to strobilate, and vice versa. According to the
analysis of historical data of Jiaozhou Bay and the coastal
area of Qingdao, the average duration of suitable temperature
June 2022 | Volume 9 | Article 888656
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(8–18°C) for the polyp to strobilate and release the ephyrae was
70.24 days in spring, with a maximum of 85 days and a
minimum of 56 days in 25 years from 1996 to 2020. Therefore,
in this experiment we define a rise of 1°C increment every 5 days
as a sharp warming (I), a rise of 1°C increment every 7.5 days as
an ordinary spring warming (II), and a rise of 1°C increment
every 10 days as a slow warming (III). The warming period lasts
for 110 days until no more strobilation happens and all the
ephyrae were released when the slowest warming group reached
19°C. At that time, the other two groups were warmed up to 30
and 23°C, although no valuable data were collected when the
upper temperature of strobilation was exceeded.

2.3.3 Feeding Frequency and Polyp Maintenance
Three levels [once per 3 days (3d), once per 6 days (6d), and once
per 9 days (9d)] of feeding frequency were designed to investigate
the food effect combined with a different temperature regime.

During the wintering and warming periods, the polyps in the
6-well plate were supplied with non-limiting quantities of newly
hatched Artemia nauplii for 3 h each time according to the
feeding frequency and then water was replaced with freshly
prepared sand-filtered sea water at the same temperature. After
feeding, the presence of residual Artemia nauplii in the well of
the 6-well plates and redness in the gut of the polyps indicated
that the feeding was sufficient and ensured non-limiting feeding.
Water exchanges were also made every 3 days if the group was
not fed. The 6-well plates were quickly returned into the
incubator after feeding and changing the water.

2.4 Data Collection and
Statistical Calculation
Records were taken every week during the wintering period and
every 3 days during the warming period. During both wintering
Frontiers in Marine Science | www.frontiersin.org 4
and warming periods, the number of newly strobilated polyps
was recorded with the date, and ephyrae released by each strobila
were collected with a pipette and counted. New buds were
removed carefully with forceps under a dissecting microscope
(Olympus SZ61), and the number of buds was recorded until the
strobilation started. Microscopic observations and record taking
took less than 10 min for each treatment, and the 6-well plates
were immediately returned to the incubator after the operation.

For each treatment in the orthogonal experiment, the following
parameters were calculated or recorded: (a) strobilation frequency,
which represented the mean number of times that the polyp
strobilated in that group during the whole experiment; (b) first
strobilation percentage and second strobilation percentage, which
represent the percentage of first strobilated polyps or second
strobilated polyps in all the polyps in that group; (c) strobilation
percentage, which was calculated from the number of strobilae
divided by polyp numbers; (d) days to first ephyra release, which
represents the experiment date that the first ephyra was found to be
released; (e) cumulative numbers of ephyrae (ind·polyp−1), which
was calculated from the number of cumulative ephyrae divided by
initial polyp numbers in the group; (f) ephyrae released
(ind·polyp−1), which was calculated from the number of ephyrae
released divided by polyp numbers; and (g) bud produced by each
polyp before strobilation, which means the average number of buds
produced by each polyp in one group before strobilation because the
polyp did not produce buds during strobilation and the recovery
period. Mean trait values were obtained per experimental unit (a 6-
well plate) and used in subsequent statistical analysis. The average
value of 3 units in the group was taken to calculate the parameters.
Figures were made by Origin 2019b, and the statistical analysis was
performed using SPSS 25. Data were checked for independence,
normality (Shapiro–Wilk test), outliers, homogeneity, and
collinearity before applying statistical models. If the date meets
FIGURE 1 | Experimental design. These polyps were first stored at 3 winter temperatures (2°C, 5°C, and 8°C) for 8 weeks, and then experienced the culture of 3
warming speeds (1°C increment every 5 days, 7.5 days, and 10 days). During the whole experiment, the polyps were fed with adequate Artemia nauplii under 3
feeding frequencies (once per 9 days, once per 6 days, and once per 3 days).
June 2022 | Volume 9 | Article 888656
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the precondition, three-way ANOVA was used to test the effect of 3
factors (winter temperature, warming speed, and feeding
frequency). If the overall ANOVA results were significant, post-
hoc test was conducted using the LSD pairwise comparison method
to test the differences between experimental combinations. If they
did not meet the precondition, the variance was firstly
mathematically transformed, but if the transformation did not
work, non-parametric analysis (Kruskal–Wallis and Kendall’s W
method) was used and Tukey contrasts were used to compare the
pairwise comparisons. Generalized linear models (GLMs) were used
to analyze the relationship between budding and ephyrae release in
order to explore the potential developed tendency of polyp
population. Experimental data were expressed as mean ±
standard error (SE).
3 RESULTS

3.1 Strobilation Percentage and
Strobilation Frequency
Strobilation occurred in all 27 treatments; however, polyps
strobilated no more than twice during the whole experiment.
The average frequency of strobilation per polyp difiered
significantly among winter temperature, feeding frequency, and
warming speed (Table 1). The total strobilation frequency was
higher at warmer winter temperatures (Figure 2A), slow
warming process (Figure 2B), and high feeding frequency
(Figure 2C). The maximal average frequency was 1.29 ± 0.07
at the warmest winter temperature (8°C), the slowest warming
speed (1°C rise per 10 days), and the highest feeding frequency
(once per 3 days) (Figure 2D).

All the replicates performed first strobilation while only
replicates in warm speed II and III performed second
strobilation. During the first strobilation, the percentage of
strobilated polyps differed significantly among winter
temperatures and marginally significantly among warming
speeds (Table 1). First strobilation percentages increased with
the increase of winter temperature and increase of warming speed
(Figure 2E). The lowest value was 65.0 ± 12.9% at the coldest
winter temperature (2°C) combined with the slowest warming
speed (1°C rise per 10 days), while the maximal mean first
strobilation percentage was 91.6 ± 12.6% at the warmest winter
temperature (8°C) combined with the fastest warming speed (1°C
rise per 5 days) (Figure 2E). The second strobilation percentages
differed significantly among feeding frequencies and warming
speeds rather than among winter temperatures (Table 1).
Second strobilation did not happen in the fastest warming
speed, warming speed I. In other warming speed treatments,
second strobilation percentage increased with the decrease of
warming speed and the increase of feeding frequency
(Figure 2F). The maximal mean second strobilation percentage
was 39.2 ± 6.8% at the warmest winter temperature (8°C) and the
slowest warming speed (1°C rise per 10 days) (Figure 2F).
Secondary strobilation reached 35.09% of the total strobilation
frequency in the group with the slowest warming speed, and it was
12.96% in the group with the medium warming speed.
Frontiers in Marine Science | www.frontiersin.org 5
3.2 Strobilation Process Under Different
Overwintering Conditions
The beginning of strobilation was significantly influenced by
winter temperature in that the warmer the winter, the earlier the
polyps strobilated (Table 1). The peak of strobilation came also
earlier under warmer winter conditions (Figures 3A–C).

Strobilation occurred faster in cold winter, but most occurred
in warm winter. Polyps in the cold winter treatments strobilated
more intensively in a short time when temperature started to rise,
while a long period was needed to allow most of the polyps to
strobilate subsequently at 5°C and 8°C (Figure 3D).

3.3 Ephyra Production
The number of newly liberated ephyrae was significantly influenced
by winter temperature, warming speed, and feeding frequency
(Table 1). The group that released the most ephyrae was that
treated with the combination of the warmest winter temperature
(8°C), the slowest warming speed, and the highest feeding
frequency, with a maximum of 18.14 ± 0.55 ephyrae per polyp
(Figure 4). When the warming speed was high (I), polyps at the low
feeding frequency (9d) significantly produced less ephyrae than that
at medium and high feeding frequencies (ANOVA, p < 0.01). When
the warming speed was slow (III), polyps at the high feeding
frequency (3d) significantly produced more ephyrae than that at
medium and low feeding frequencies (ANOVA, p < 0.01).

3.4 Effects of Overwintering Temperature
and Feed Frequency on the Ephyra
Release Process
The higher the wintering temperature, the earlier the polyps released
the ephyrae (Table 1) (Figure 5A). There was no significant
difference in the speed when they started to release ephyrae
(ANOVA, p > 0.05), but the total number of ephyrae released
was significantly different (Table 1) among different wintering
temperatures (8.07 ± 0.50 ephyrae polyp−1 at 2°C, 9.99 ± 0.73
ephyrae polyp−1 at 5°C, and 12.31 ± 0.64 ephyrae polyp−1 at 8°C)
(Figure 5B). The number of ephyrae released in 8°C and 5°C
overwintering polyps was 152.99% and 123.73% of that in 2°C
overwintering polyps, respectively.

The total number of ephyrae increased significantly as the
feeding frequency increased (Table 1). There was no significant
difference in the first 52 days of releasing the ephyrae under different
feeding frequencies (ANOVA, p > 0.05), but from day 55, the polyps
in the higher feeding frequency treatment continued to release more
ephyrae, while those in the lower feeding frequency treatment
gradually stopped releasing ephyrae (Figure 5C). The number of
ephyrae released by polyps fed every 3 days and every 6 days was
178.87% and 132.28% of those fed every 9 days, respectively.

3.5 Ephyra Releasing Process Under
Different Warming Speed Conditions
Fast warming in spring prompted polyps to release ephyrae more
quickly in the early stages, but slow warming could offer plenty of
time for the polyps to release more ephyrae, and even to develop a
second strobilation that eventually released a significantly larger
amount of ephyrae (Figures 6A, B) (Table 1). The intensive release
June 2022 | Volume 9 | Article 888656
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of the ephyrae was earlier at faster warming speed with a higher
temperature (day 91 at warming speed I with 14–15°C, Figure 6C),
while the peak was later in the treatment at slower warming speed
with a lower temperature (day 93 at warming speed II with 13°C,
Figure 6D, and day 97 at warming speed III with 12°C, Figure 6E),
followed by the second peak of release.

3.6 Total Bud Production
Polyp asexual reproduction includes direct budding, stolonic
budding, longitudinal fission, planuloid budding, and podocyst
Frontiers in Marine Science | www.frontiersin.org 6
formation (Kakinuma, 1975). In our experiment, products of
direct budding and stolonic budding were observed and recorded
together as buds. Only very few podocysts were found in the group
with the fastest warming speed, but the number of podocysts was too
small to be statistically analyzed so it was not included in the results
for discussion. The number of new produced buds were significantly
influenced by winter temperature and feeding frequency, while
warming speed had a limited influence on budding (Table 1). The
group that produced most buds were those treated with the
combination of the warmest winter temperature, medium
TABLE 1 | Summary of nonparametric analysis and three-way ANOVA results among winter temperature, warming speed, and feeding frequency on the start of
strobilation, strobilation frequency, first and second strobilation percentage, start of ephyra production, ephyra production, and bud production.

Nonparametric Analysis df c2 p-value Method

Start of strobilation
Winter temperature 2 52.097 0.000** Kruskal–Wallis
Feeding frequency 2 1.300 0.522 Kendall’s W
Warming speed 2 2.759 0.252 Kruskal–Wallis

Strobilation frequency
Winter temperature 2 10.105 0.006** Kruskal–Wallis
Feeding frequency 2 7.322 0.026* Kruskal–Wallis
Warming speed 2 13.306 0.001 ** Kendall’s W

First strobilation percentage
Winter temperature 2 11.354 0.003** Kruskal–Wallis
Feeding frequency 2 1.553 0.460 Kruskal–Wallis
Warming speed 2 5.784 0.055 Kendall’s W

Second strobilation percentage
Winter temperature 2 5.826 0.054 Kendall’s W
Feeding frequency 2 11.016 0.004** Kendall’s W
Warming speed 2 45.882 0.000** Kruskal–Wallis

Three-way ANOVA SS df MS F p-value

Start of ephyra production
Winter temperature 5,755.136 2 2,877.568 86.680 0.000**
Feeding frequency 196.765 2 98.383 2.964 0.060
Warming speed 86.617 2 43.309 1.305 0.280
Winter temperature × Feeding frequency 290.420 4 72.605 2.187 0.083
Winter temperature × Warming speed 117.457 4 29.364 0.885 0.479
Warming speed × Feeding frequency 116.049 4 29.012 0.874 0.486
Winter temperature × Warming speed × Feeding frequency 220.543 8 27.568 0.830 0.580
Error 1,792.667 54 33.198
Total 73,544.000 81

Ephyra production
Winter temperature 242.379 2 121.189 34.410 0.000**
Feeding frequency 451.299 2 225.649 64.070 0.000**
Warming speed 48.736 2 24.368 6.919 0.002**
Winter temperature × Feeding frequency 15.999 4 4.000 1.136 0.350
Winter temperature × Warming speed 7.677 4 1.919 0.545 0.703
Warming speed × Feeding frequency 73.046 4 18.262 5.185 0.001**
Winter temperature × Warming speed × Feeding frequency 18.429 8 2.304 0.654 0.729
Error 190.184 54 3.522
Total 9,348.775 81

Bud production
Winter temperature 1,584.393 2 792.196 91.184 0.000**
Feeding frequency 1,442.558 2 721.279 83.021 0.000**
Warming speed 47.707 2 23.854 2.746 0.073
Winter temperature × Feeding frequency 295.415 4 73.854 8.501 0.000**
Winter temperature × Warming speed 57.685 4 14.421 1.660 0.173
Warming speed × Feeding frequency 7.163 4 1.791 0.206 0.934
Winter temperature × Warming speed × Feeding frequency 66.732 8 8.342 0.960 0.477
Error 469.146 54 8.688
Total 21,541.252 81
June 2
022 | Volume 9 | Article
After testing the normality and independence of samples, Kruskal–Wallis test and Kendall’s W test of non-parametric test were used to test the significance of differences related to
strobilation, and three-way ANOVA analysis was used to test the significance of differences of other indicators. “*” means the p-value <0.05, “**” means the p-value <0.01.
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warming speed, and the highest feeding frequency, with a maximum
of 30.77 buds per polyp in 121 days (Figure 7A). Using simple linear
regression, we found that the bud variation in the winter warming
effects was likely infiuenced by feeding frequency (Figure 7B). The
more sufficient the feed, the greater the promoting effect of winter
warming on the production of buds.

3.7 Bud Releasing Process Under
Different Overwintering Conditions and
Feeding Frequencies
During the wintering period, polyps at 2°C wintering produced
almost no buds while polyps at 8°C produced more buds than
those at 5°C. When temperature started to elevate, there was no
significant difference in the speed of bud production (ANOVA,
p > 0.05) (Figure 8A).
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The polyps in the highest feeding frequency treatment
produced buds faster than the other treatment and finally
released more buds until strobilation (Figure 8B). The number
of buds released by polyps fed every 3 days and every 6 days was
190.0% and 179.6% of those fed every 9 days, respectively.
4 DISCUSSION

4.1 The Effect of Wintering Temperature
on Asexual Reproduction
In our experiment, the warm winter temperature significantly
promoted strobilation, budding, and ephyrae release. Most
studies focusing on temperature effects on scyphozoan jellyfish
have found that the increase in temperature generally correlates
A

B

C

D

E

F

FIGURE 2 | Mean strobilation frequency at 3 winter temperatures (A), 3 warming speeds (B), and 3 feeding frequencies (C). Strobilation frequency in all 27
treatments (D). First strobilation percentage at 3 winter temperatures and 3 warming speeds (E). Second strobilation percentage at 3 warming speeds and 3 feeding
frequencies (F). The solid line in each box represents the median and the hollow circle represents the mean. The extremities of the box denote the first and the third
quartile and the ends of vertical lines denote the range. Any points beyond the ends of vertical line are outliers.
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positively with the abundance of jellyfish (Purcell, 2005) and
improves the asexual reproduction rates (Purcell et al., 2012).
Holst (2012) reported that a warmer winter temperature had
several positive effects on strobilation, including longer
strobilation period, higher strobilation percentage, and higher
ephyra production per polyp in A. aurita. With global warming,
rising water temperatures may cause jellyfish populations to
shift more from polyps on the seafloor to plankton jellyfish in
the water column, causing jellyfish outbreaks. One reason for
this positive relationship may be that the wintering period is the
preparation period when polyps obtain energy for strobilation
and ephyrae release (Wang et al., 2015), and a relatively high
winter temperature may be beneficial for polyps to gain more
energy with high physiological activity. A previous study found
that the efficiency of predation was reduced due to the weaker
mobility of polyp’s tentacles at the colder temperature, which
would lead to relatively less energy intake (Wang et al., 2018). At
very low winter temperatures, polyps’ physiological activities are
limited (Höhn et al., 2017). Rising water temperatures can boost
jellyfish growth, metabolism, and reproduction (Rosa et al.,
2013). At higher temperatures, polyps had shorter digest time
(Wang et al., 2021), which indicated that when there was plenty
of prey in the surrounding waters, polyps could digest more prey
per unit time when water temperature is high.

Our experiment showed that polyps in warmer winter
conditions started strobilation earlier. In a previous study,
Purcell et al. (2009) found that there was a close relationship
between high temperature in winter and strobilation time. In
Southampton Water, UK, ephyrae appeared 2 months earlier
when minimum winter temperature was warm (6.5°C) than
when temperature was normal (5°C) (Lucas, 2001). In
Washington, USA, the preparation period of strobilation of
Aurelia labiata polyps was halved between 7 and 15°C (Purcell
et al., 2007). In Tasmania, Australia, when winter water
temperatures were 1°C cooler than the previous year,
strobilation started later and ended sooner, and fewer polyps
strobilated (Willcox et al., 2008). In the northwestern
Mediterranean, Rhizostoma pulmo started to produce ephyra
more quickly at 28°C than at 21°C (Purcell et al., 2012).

However, polyps treated at 2°C wintering developed an
intensive strobilation when temperature started to rise while
A

B

C

D

FIGURE 3 | Strobilation percentage with time at different winter temperatures
[2°C (A), 5°C (B), and 8°C (C)] and change in strobilation frequency at 3
winter temperatures (D). During the winter period, records were made every 7
days, and during the warming period, records were made every 3 days.
FIGURE 4 | Cumulative numbers of ephyrae per polyp in 27 treatments.
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polyps at 8°C carried out a milder and slower strobilation process
with longer time. It may be because polyps at 2°C overwintering
are stimulated enough by low overwintering temperatures, and
fully reached the threshold of transcriptional expression of genes
controlling strobilation. A long enough wintering period or a low
enough wintering temperature can help the polyp shift to the
strobilation state (Loveridge et al., 2021), and help the polyp
reach the critical low threshold needed to induce upregulation of
Frontiers in Marine Science | www.frontiersin.org 9
the CL390 transcript, which are secreted proteins that are
strongly upregulated prior to metamorphosis in response to
the seasonal temperature changes (Fuchs et al., 2014). For our
experiment, 8 weeks of overwintering at 8°C was sufficient to
reach the threshold for triggering strobilation of polyps.
Meanwhile, the analysis of the historical data of Jiaozhou Bay
showed that the water temperature of Jiaozhou Bay can be kept
below 10°C for 3–4 months, which has already reached the
overwintering condition of local population polyp strobilation;
thus, there are no insufficient overwintering problems to limit
the strobilation of polyps in the local wild environment or in a
laboratory experiment. Combined with the experimental results,
it is speculated that after a relatively lower temperature
overwintering stimulation, the concentrated and explosive
strobilation of polyps in the wild environment may lead to the
release of a large number of ephyrae in a short time, quickly
gaining a competitive advantage in the plankton ecosystem when
developing into a jellyfish population, which is perhaps one of
the causes of jellyfish outbreak.

The budding of a polyp can supplement the population size of
the polyp itself and, under appropriate conditions, release a large
number of ephyrae. Before strobilation, polyps at warmer wintering
temperatures produced more buds than those at colder
temperatures. Polyps produced nearly no buds at 2°C wintering
while polyps at 8°C produced more buds than those at 5°C.
However, when the temperature started to rise, the speed of bud
production had no significant difference among 3 winter
temperatures. Water temperature and energy acquisition in winter
only controlled the amount of budding in that winter and had
limited effect on budding quantity in the following seasons, which
may indicate that budding is an asexual reproduction process that is
sensitive to marine environment and responds rapidly to changes in
temperature and feed conditions.

4.2 The Effect of Spring Warming Speed
on Asexual Reproduction
In addition to increased temperature, annual prolongation of
favorable duration in warm years may be a crucial driver of
recent jellyfish blooms (Feng et al., 2015b). Our experiments
showed that plenty of polyps in slower warming treatments had
secondary strobilation, resulting in significant high strobilation
frequency and more ephyrae. In the wild waters of Jiaozhou Bay,
polyps of A. coerulea were found to strobilate on February 25 when
sea water temperature was 3.9°C, and persisted for 105 days until
June 9 when sea water temperature was 18.1°C (Feng et al., 2018). In
our experiments, the upper temperature limit of the polyp’s
strobilation still did not exceed 18°C. For a uniform temperature
rise under simulation starting from 8°C, the more slowly the water
warms in spring, the longer it stays in the range of 8–18°C. A mild
spring warming gives the polyps more time to finish strobilation
and release ephyrae rather than quickly during summer, which is no
longer suitable for strobilation and ephyrae release. A previous study
also found that strobilation can occur continuously with the culture
temperature held constant within temperature ranges that favor
strobilation (Wang et al., 2018), and an intermediate temperature
allows polyps to perform at their optimum, with high survival and
A

B

C

FIGURE 5 | The days to first ephyra released (A) and change in cumulative
number of ephyrae at 3 winter temperatures (B) and 3 feeding frequencies
(C). The solid line in each box represents the median and the hollow circle
represents the mean. The extremities of the box denote the first and the third
quartiles and the ends of vertical lines denote the range. Any points beyond
the ends of vertical line are outliers.
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propagation rates (Chi et al., 2019). Similar to A. coerulea,
Nemopilema nomurai, with frequent outbreaks in the coastal
waters of China, also has a benthic life history stage. For the N.
nomurai, medusae were more likely to bloom if the duration at
relatively cool temperatures (10–16°C) was prolonged in spring
(Feng et al., 2020). The ecological model simulations also showed
that along the coasts of the Yellow Sea, including the Changjiang
Estuary, Jiangsu coast, and Haizhou Bay, the duration in which
bottom seawater temperature ranges between 10 and 18°C in spring
was shown to strongly correspond to the blooms of N. nomurai
from 2006 to 2013; in contrast, the duration was much shorter in
non-bloomed years (Zhao et al., 2016).

When water temperatures rose more rapidly in spring, the
average percentage of first strobilation was higher, possibly due
to the fact that polyps were more stimulated by the quick rising
temperature. Studies have also shown that changing temperature
is a critical factor in initiating strobilation or determining the
reproductive seasons of most scyphomedusa species (Lucas and
Lawes, 1998; Purcell et al., 1999).

4.3 The Effect of Food Supply on
Asexual Reproduction
In our experiment, the amount of food the polyps consumed was
controlled by different feeding frequencies. Feeding frequency
Frontiers in Marine Science | www.frontiersin.org 10
had a significant influence on strobilation frequency, second
strobilation percentage, ephyra production, and bud production.
On the premise that the polyp is fully fed in each feeding, the
higher the feeding frequency, the more active the polyp buds and
releases ephyrae. This phenomenon was also reported for
scyphozoan and hydrozoan jellyfish (Lucas and Lawes, 1998;
Purcell et al., 1999; Ma and Purcell, 2005). Wangnan et al. (2015)
found that at a high nutrition level, more ephyrae and buds were
produced per polyp. Han and Uye (2010) found that production
of new polyps by directly budding from the parent stalk and
polyps budded from the parent pedal stolon was significantly
increased with the increase in food. Purcell stated that with the
increase of zooplanktons and protozoans resulting from
eutrophication in the field, polyps could obtain more food and
grow better, and in turn enhance the strobilation percentage, and
ephyra and podocyst production (Purcell et al., 2007; Purcell
et al., 2012).

Moreover, our study found that sufficient food supply could
significantly enhance the second strobilation, resulting in more
ephyrae. Polyps fed once every 9 days produced a lower
percentage of secondary strobilation than those fed once every
6 or 3 days. A previous study also found that with enough food,
polyps can store energy and strobilate twice, release more
ephyrae, and produce more buds, instead of strobilate once
A

B

C

D

E

FIGURE 6 | Changes in cumulative numbers of ephyrae at 3 warming speeds (A), the total numbers of ephyrae released per polyp at 3 warming speeds (B), and
the numbers of ephyrae released as temperature changes at different warming speeds [warming speed I (C), warming speed II (D), and warming speed III (E)]. The
solid line in each box in Figure 6B represents the median and the hollow circle represents the mean. The extremities of the box denote the first and the third quartile
and the ends of vertical lines denote the range. Any points beyond the ends of vertical line are outliers. Gauss function was used to make the curves in the bar chart
(C–E) (parameters: t-test, p < 0.01. model: ANOVA, p < 0.01), and the red box on the horizontal axis of the bar chart indicates the peak temperature of the
concentrated release ephyrae.
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and produce less buds under poor food conditions (Wang et al.,
2015; Wang et al., 2018).

Food can alter the polyp’s tolerance to uncomfortable
temperatures and its reproduction at different temperatures. In
our experiment, food can enhance the warming effect on polyp
reproduction through budding and ephyrae release. When the
warming speed was high (I), polyps at the low feeding frequency
(9d) significantly produced less ephyrae than that at medium and
high feeding frequencies. This may be due to the fact that when
the warming speed was high, polyps needed a lot of energy to
reproduce asexually and release ephyrae in a short time, and the
lack of food became a limiting factor. On the other hand, when
the warming speed was slow (III), polyps at the high feeding
frequency (3d) significantly produced more ephyrae than that at
medium and low feeding frequencies, which may be explained by
the greater frequency of feeding acting as a contributing factor
that could help polyps carry out a second strobilation and
produce more ephyrae. Sun (2012) reported that under high-
temperature conditions, the polyp’s metabolism is active with a
large amount of energy required, and the food level has an
obvious influence on the growth and reproduction of polyps. Chi
et al. (2019) also found that food conditions can significantly
alter the temperature tolerance curve of polyps. The ability to
adjust ephyra release based on seawater temperature may help
ensure that Aurelia offspring are most prevalent with
sufficient food.
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4.4 The Potential Combined Effect of
Winter Temperature, Warming Speed, and
Feeding Frequency on the Jellyfish Bloom
in the Natural Field of Jiaozhou Bay
The results of our experiment showed that the overwintering
temperature and the spring warming speed significantly
affected the amount, concentration, and timing of asexual
reproduction of polyps, which may have a great significance
to the early development of jellyfish population in that year.
Firstly, we determined that a warm winter had a positive effect
on the total amount of asexual reproduction of polyps, with
more ephyrae release and budding. However, a colder winter
gave polyps a stronger low-temperature stimulation, which may
stimulate the expression of relevant molecules in polyps,
leading to more intensive strobilations. Secondly, a spring
with slower warming and longer duration of lower
temperatures gave polyps enough time to strobilate and
release ephyra at the suitable temperature range, so that more
ephyrae were released. A rapidly warming spring, however,
would result in a concentration of strobilations in polyps. We
found that the most ephyrae release and the highest strobilation
frequency happened in the treatment with the highest winter
temperature and the slowest warming speed, and the highest
first strobilation percentage happened in the treatment with the
highest winter temperature and the fastest warming speed.
Third, preys also played an important role in the whole
A

B

FIGURE 7 | Cumulative numbers of buds released per polyp in 27 treatments (A) and relationship of winter warming effects on cumulative number of buds
produced per polyp at different feeding frequencies (B).
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process. When polyps rapidly and intensively strobilated under
temperature control, a large amount of prey was required in a
short period of time, and the lack of food became a limiting
factor. At the same time, when polyps strobilated multiple
times over a longer period of time, more prey acted as a
promoter, providing continuous energy for the asexual
reproduction of polyps.

Whether jellyfish can reach a level of outbreak depends on a
number of factors: (1) how large is the population size of the
polyp itself; (2) whether there are enough polyps to strobilate; (3)
whether enough ephyrae are released; (4) whether there is
sufficient food support for the growth and development of the
polyps, ephyrae, and jellyfish; (5) whether there are enough
unpreyed ephyrae and juvenile jellyfish to survive; and (6)
whether the adult jellyfish population can be harmed on a
large scale in a short period of time (Sun, 2012; Sun et al.,
2012b), which means that whether the jellyfish will reach a level
of outbreak is not only determined by the physical environment,
but also affected by the biological environment. Because other
organisms living in the habitat of a polyp in situ directly
determine whether and to what extent the polyp and the
ephyrae are threatened, it is necessary to continue to
investigate whether environmental conditions are favorable for
the polyp, as well as for its predators and competitors, and how
stress changes for the polyp in more complex ecosystems in the
wild. Only when jellyfish rapidly gain a competitive advantage in
the marine ecosystem during the early stage of population
development in spring and successfully develop into large
Frontiers in Marine Science | www.frontiersin.org 12
numbers of adult jellyfish can they reach the scale of outbreak
in summer.

A rapid and large number of first strobilation helps the
ephyra appear in large numbers in early spring and take
advantage of the first position, which may lead to the
outbreak of je l lyfish in that year i f the prey and
environmental conditions are suitable. The competitive
advantage of a rapid increase in jellyfish populations in early
spring can come from many sources. For example, fish and
jellyfish compete for resources and may prey on each other,
especially in their juvenile and planktonic life stages (Angel
et al., 2016). There is a strong negative correlation between
jellyfish population and fish amount according to studies from
all over the world (Purcell and Arai, 2001; Purcell and
Sturdevant, 2001; Lynam et al., 2011). The blooming season
of jellyfish coincides with the growth, reproduction, and
replenishment period of fish population, which will produce
huge feeding pressure on fish eggs and larvae (Purcell, 1997). In
addition, jellyfish outbreaks need large amounts of prey to
support them. The massive consumption of other plankton in
the ocean by jellyfish results in a significant decline in
zooplankton populations, which inhibits the development of
other organisms at the same trophic level, thus gaining a
competitive advantage (Schneider and Behrends, 1994; Uye,
2011; Wang et al., 2020a).

In Jiaozhou Bay, the temperature fluctuation increased in the
past century, and the temperature increased significantly in
winter. In the past 40 years, the seasonal water temperature
A

B

FIGURE 8 | Change in cumulative number of buds at 3 winter temperatures (A) and 3 feeding frequencies (B).
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has also increased, especially in winter (Sun et al., 2011). In
spring, the date that the daily mean temperature reached 15°C
tended to advance in the past 20 years (W. Zang, unpublished
data). According to the limited field survey data, it was difficult to
find a significant correlation between the winter and spring
hydrological records and the outbreak of jellyfish population
during summer in Jiaozhou Bay. However, in recent decades, the
number of jellyfish in Jiaozhou Bay has been increasing,
especially small jellyfish (Sun et al., 2012a). The relationship
between jellyfish and copepods and other zooplankton is
complex, and at the polyp stage, jellyfish are also affected by
the benthic ecosystem. In Jiaozhou Bay, the main species of
biofouling living in the same habitat with polyps are Bryozoa,
Pyrosomella verticilliata, Mytilidae, Ostrea gigas Thunberg,
Reniclona sp., Balanus, Hydra, sea anemone, Ulva lactuca, and
lime bug (MA et al., 2015). A study showed that these biofouling
communities could control the number of polyps and the
amount of ephyrae by occupying, covering, predation, and
food competition (Feng et al., 2017b).

This study focused on the specific season in which polyps
reproduce asexually, and studied the effects of temperature
changes throughout winter and spring on polyps, rather than
the simple response of polyps to short-term laboratory
temperature changes. Although mass asexual reproduction of
polyps does not necessarily mean jellyfish outbreaks are
inevitable, this study still provides a basis for further field
studies of communities and ecosystems.
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Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R.
Matthews, T. K. Maycock, T. Waterfield, O. Yelekçi, R. Yu and B. Zhou.
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