N

N

Dynamics and asexual reproduction of the jellyfish
Aurelia coerulea benthic life stage in the Thau lagoon
(northwestern Mediterranean)

Raquel M Marques, Audrey M. Darnaude, Agustin Schiariti, Yann Tremblay,
Juan-Carlos Molinero, Solenn Soriano, Elise Hatey, Sébastien Colantoni,

Delphine Bonnet

» To cite this version:

Raquel M Marques, Audrey M. Darnaude, Agustin Schiariti, Yann Tremblay, Juan-Carlos Molinero, et
al.. Dynamics and asexual reproduction of the jellyfish Aurelia coerulea benthic life stage in the Thau
lagoon (northwestern Mediterranean). Marine Biology, 2019, 166 (6), 10.1007/s00227-019-3522-4 .
hal-02371168

HAL Id: hal-02371168
https://hal.science/hal-02371168
Submitted on 3 Jul 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02371168
https://hal.archives-ouvertes.fr

Marine Biology

June 2019, Volume 166 Issue 6 Pages 74 (14p.)
https://doi.org/10.1007/s00227-019-3522-4
https://archimer.ifremer.fr/doc/00497/60902/

Dynamics and asexual reproduction of the jellyfish Aurelia
coerulea benthic life stage in the Thau lagoon (northwestern
Mediterranean)

Marques Raquel 5", Darnaude Audrey M. 5, Schiariti Agustin 2, Tremblay Yann 1,
Molinero Juan-Carlos 1, Soriano Solenn 2, Hatey Elise 5, Colantoni Sébastien 4, Bonnet Delphine 4

1 MARBEC, Univ. Montpellier, CNRS, Ifremer, IRD, Montpellier,France
2 INIDEP-1IMyC (CONICET), Mar del Plata, Argentina
3 Montpellier University, Montpellier,France

* Corresponding author : Raquel Marques, email address :
raquel.fonseca-da-silva-marques@etu.umontpellier.fr

Abstract :

For many jellyfish, the magnitude and timing of medusae blooms are recognized to result from the benthic
stage dynamics. However, information on the scyphistomae of jellyfish populations in the wild remains
scarce. Here, bi-mensual underwater photoquadrat surveys were combined with scyphistomae sampling
and observation to describe the annual (February 2017-January 2018) benthic stage dynamics and
asexual reproduction strategy of Aurelia coerulea in the Thau lagoon (43°25'31.1"N; 03°42'0.9"E). Our
results revealed unexpected seasonal patterns of variation: scyphistoma coverage peaked in the spring
(11.6 £ 3.7% on 21st April) and was minimal in the summer and autumn (1.4 £1.3% on 10th October).
The increase in scyphistoma coverage mainly resulted from an intense production of buds between
February and April during the spring rise in water temperature (peak of 12,800 buds m-2 on 21st April),
but scyphistoma coverage appeared to be negatively influenced by the interaction of high summer
temperatures and salinities. Strobilation was observed from November to April. It peaked on 17th
November, with 33.1% of the scyphistomae strobilating and an average production of
19,100 strobila disks m—2. However, the low scyphistoma coverage at this time of the year (<2%) likely
limited the intensity of ephyrae liberation and the subsequent medusae bloom. The final population size
of A. coerulea thus results from a complex interaction of abiotic and biotic factors. Our results bring into
guestion how the different populations of Aurelia spp. will respond to the predicted global warming
scenarios.
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Introduction

Seeming increases in the frequency of jellyfish blooms in some areas of the world
(Richardson et al. 2009; Brotz et al. 2012), together with their negative consequences on several
marine or littoral economic activities (Graham et al. 2014), have stimulated the scientific
interest on jellyfish ecology and bloom formation.

Climate change, overfishing, eutrophication, introduction of alien species and habitat
modifications have all been pointed out as factors that might boost jellyfish blooms (Purcell et
al. 2007; Richardson et al. 2009; Purcell 2012; Boero 2013). However, many blooming
jellyfish, mostly scyphozoans, have a complex life cycle, which complicates the identification
of the factors controlling the magnitude of their blooms. Previous studies suggested that ocean
warming might boost jellyfish benthic stage densities by increasing asexual reproduction and
scyphistoma survival, especially for temperate species (Purcell 2005, 2012; Purcell et al. 2007;
Richardson et al. 2009), which might originate larger and more frequent blooms.

Jellyfish from the Aurelia genus, are among the most common scyphozoans that form
blooms (Dawson and Martin 2001; Mills 2001). They are widely distributed in the
Mediterranean, where they occur mainly in coastal areas and semi-enclosed seas (Mills 2001).
Their life cycle comprises a sexual reproductive pelagic stage and an asexual reproductive
benthic stage (hereafter referred as pelagic and benthic populations, respectively). The adult
medusae reproduce sexually, releasing planulae which settle on natural and artificial hard
substrates (Holst and Jarms 2007; Hoover and Purcell 2009). After settlement, the planulae
metamorphose into scyphistomae which can display different asexual reproduction modes,
including different budding types (motile and non-motile) and podocysts (see Schiariti et al.
2014 for details). Under specific environmental conditions scyphistomae produce and release
great numbers of pelagic ephyrae, through the process of strobilation. These ephyrae grow in the
pelagic environment until they reach the adult medusa stage, ultimately causing pelagic
population pulses, that can sometimes result in outbreaks or the so-called jellyfish blooms
(Schiariti et al. 2014). The timing and magnitude of the Aurelia spp. blooms are therefore
dependent on the dynamics of their benthic populations and the environmental factors that
control it. Yet, this critical stage of the life cycle has been little investigated so far and very few
studies were performed on wild benthic populations of Aurelia spp. (Grondahl 1988; Willcox et
al. 2008; Purcell et al. 2009; Malej et al. 2012; Hocevar et al. 2018). Moreover, the Aurelia
genus comprises a complex of species, even within the Mediterranean (Dawson and Jacobs
2001; Dawson and Martin 2001; Scorrano et al. 2016). Among them, Aurelia coerulea has been
reported to occur in Japan, China, California, Australia, France and Italy (Dawson et al. 2005;
Scorrano et al. 2016). However, information on its wild populations is scarce (Watanabe and
Ishii 2001; Miyake et al. 2002; Ishii and Katsukoshi 2010; Makabe et al. 2014).
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The Thau lagoon (NW Mediterranean) presents the rare particularity to harbor a
complete resident population of Aurelia coerulea, seemingly isolated from the Mediterranean
Sea (Bonnet et al. 2012; Marques et al. 2015a). In this lagoon, ephyrae first appear in the early
winter, to give rise to adult individuals at the beginning of spring, when temperature increases
(Marques et al. 2015b). Medusae remain in the water column until the late spring, when they
reproduce sexually before disappearing from the system. The benthic scyphistomae of A.
coerulea are found mainly on biofouling organisms covering man-made hard substrates. Their
local spatial distribution and preferential habitats in the Thau lagoon have been described
thoroughly (Marques et al. 2015a). However, their local seasonal population dynamics and their
asexual reproduction strategy are still unexplored.

Changes in jellyfish scyphistoma population size are regulated by the balance between
population growth (i.e. the increase in scyphistoma coverage and/or density) and mortality.
Population growth might result from the benthic recruitment of planulae, the excystment of
podocysts, the production of new scyphistomae by asexual reproduction and the dispersion of
detached scyphistomae or motile bud-like tissue particles (Lucas et al. 2012; Schiariti et al.
2015). Scyphistomae mortality might be induced by predation, inter- and intra-specific
interactions and physiological stress (Lucas et al. 2012). The influences of varied environmental
factors on planulae settlement and scyphistomae asexual reproduction have been studied for
several species of the Aurelia genus, mainly in laboratory experiments (e.g. Han and Uye 2010;
Purcell et al. 2012; Schiariti et al. 2014; Sokotowski et al. 2016; Hubot et al. 2017). The latter
studies suggest that temperature and food availability are likely critical factors controlling
benthic population dynamics in Aurelia spp., through an influence on the intensity of
scyphistoma asexual reproduction. However, the impacts of biotic and abiotic factors on the
wild benthic population dynamics of these jellyfish are complex and still poorly known
(Willcox et al. 2008; Malej et al. 2012; Hocevar et al. 2018). Density dependent factors,
predation and interspecific space competition were also stressed as important potential drivers
of scyphistoma densities, both from in situ (Miyake et al. 2002; Willcox et al. 2008; Feng et al.
2017; Dong et al. 2018) and laboratory studies (Hoover et al. 2012; Takao et al. 2014).

In this context, the present study aimed to (1) describe the seasonal dynamics of the
benthic population of A. coerulea and its annual asexual reproduction strategy in the Thau
lagoon and (2) link it with the annual variation of the main biotic and abiotic factors known to
affect jellyfish scyphistoma densities and physiology. This would allow identifying the main
drivers of A. coerulea scyphistoma population size in this lagoon and the importance of its

benthic population dynamics on the timming and intensity of its local pelagic medusae blooms.

Material and Methods
Study site and sampling
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The Thau lagoon is a semi-enclosed, marine coastal lagoon which covers an area of 75
km? and is connected to the Mediterranean Sea by three narrow channels (Fig. 1). It is relatively
shallow, with mean and maximum depths of 4 and 10 m, respectively (with the exception of a
localized depression of 24 m). The monitoring area chosen for this study (43°25'31.1"N;
03°42'0.9"E) is among those with the biggest shaded continuous surfaces (underside surface of a
half-submerged fiberglass boat) and, therefore, highest coverage of A. coerulea scyphistomae in
Thau (Marques et al. 2015a). It is located in the eastern part of the lagoon, where the maximum
depth is of 7 m. Seasonal changes in the dynamics and asexual reproduction strategy of the
scyphistomae of Aurelia coerulea were studied there over one entire year, by 23 SCUBA diving

surveys, scheduled every two weeks from February 2017 to January 2018.

Environmental parameters

For each sampling date, environmental parameters (temperature, salinity, chlorophyll a
concentration and mesozooplankton abundance) were monitored. Temperature and salinity were
measured with a probe (EC 300 VWR international/ WTW model 350i), right above the
scyphistoma monitoring site, at about 0.5 m depth. Chlorophyll a concentration and
mesozooplankton abundance were determined from samples collected at a nearby site
(43°23°59.1°°N; 03°36°37.2°’E, Fig. 1). Chlorophyll a concentration was measured from 150 ml
water samples, collected in triplicate. Water was filtered on Whatman GF/F filters and stored at
-30°C until pigment extraction in acetone and chlorophyll a concentration measurement by
spectrofluorimetry (LS 50B Perkin Elmer). Mesozooplankton samples were collected near the
surface, by horizontal towing, using a modified WP2 plankton net (1.2 m long, 50 cm opening
area and 200-pum mesh). Samples were immediately preserved in 4% buffered formaldehyde
until further analysis in the laboratory. Mesozooplankton abundance was determined by visual

counting of organisms under dissecting microscope (Olympus SZX7 — ILLT).

Dynamics of the benthic stage

The temporal dynamics of the benthic stage of A. coerulea on the study site was
estimated at a depth of 2 — 4 m, by measuring the scyphistoma coverage (%) using an
underwater photoquadrat method. For this, four distinct zones of 15 x 15 cm (herafter called
photoquadrats) were selected on the surface of the wreck, according to four criteria: a minimum
distance of 2 m between photoquadrats and, within each of them, a flat surface area, the absence
of large biofouling organisms (e.g. mussels, oysters, sponges, etc.) and the presence of at least a
small patch of A. coerulea scyphistomae. Their respective positions were identified by
scratching the surface of the wreck. Underwater photographs of all four zones were taken at
each survey date using a Canon PowerShot G16 camera with Ikelite Canon G16 Compact

Housing non-TTL case and a Riff TL-WW light. For this, a PVC structure forming a square of
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15 x 15 cm was adapted to the camera case in order to keep a constant distance between the
camera and the analysed surface. Only the same central square area of 11 x 11 cm (121 cm?)
was analysed in each photoquadrat to avoid shaded areas. Photographs were pre-treated with
Gimp 2.8.22 to improve contrast and analysed using a purpose-built image analysis software in
MATLARB (1ZS: Image Zone Selector, Tremblay, unpublished). The IZS uses the different
colour channels of the images in order to identify, select and determine the percent coverage of
the scyphistomae (Fig. 2). All images were also visually inspected and corrections were made
when necessary. To avoid the bias linked to software limitations in individual scyphistomae
identification, six photographs per photoquadrat, from different times of the year (embracing
minimum, maximum and intermediate values of scyphistoma coverage), were re-analysed and
scyphistomae were visually counted. The number of scyphistomae in the photographs were
plotted against the corresponding value for scyphistoma coverage and a linear regression line
was fitted (Fig. 3). The regression equation was used to estimate the number of scyphistomae in
all photographs. Scyphistoma densities (in ind cm) in each photoquadrat (121 cm?), were then

estimated over the entire study period following the equation

88.5 + 6542.1 * Scyphistoma coverage (%) * 1001
121

Where 88.5 and 6542.1 are the y-intercept and slope of the regression line, respectevely.

(eq.1) Density =

When determining scyphistoma coverage by image analysis, one biofouling species, the
red algae Peyssonnelia sp., was identified as an important substrate for scyphistoma fixation,
with potential influence on the dynamics of the benthic population of A. coerulea. Therefore,
the 1ZS was also used to assess its coverage (%), by changing the values of the colour channels.

All images were visually inspected and corrected when necessary.

Asexual reproduction strategies

To investigate the reproductive activity of the benthic population of A. coerulea at each
survey date, three samples of scyphistomae, attached to the underside surface of oyster or
mussel shells, were collected in the monitoring site. Sampling was done on the same half-
submerged fiberglass boat, at depths between 2 and 6 m, at few meters away from the
photoquadrats. Scyphistomae were brought alive to the laboratory and counted under a
dissecting microscope (Olympus SZ40; Olympus KL 1500 LCD), using a small mesh net (mesh
0.65 cm?) as a counting grid. Since density dependent effects were previously demonstrated to
influence population growth of Aurelia scyphistomae (e.g. Melica et al. 2014; Schiariti et al.
2015), the effect of density was reduced by selecting only the most dense area of each sample
for asexual reproduction assessment (i.e. 3 to 22 sections of the counting grid with a mean
density of 44.4 + 16.6 scyphistomae cm2, to obtain a minimum of 100 scyphistomae per

sample). Asexual reproduction modes were identified after Schiariti et al. (2014), using needles
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to inspect each individual scyphistoma and recording the following data for each sample: the
total number of scyphistomae, their density (ind cm), the percentage of non-reproductive
scyphistomae, the percentage of scyphistomae producing non-motile buds (NMB, specifying the
percentage of scyphistomae producing 1, 2 or more buds), the number of podocysts per
scyphistoma, the percentage of strobilae and the number of disks per strobila. The percentage of
scyphistomae producing non-motile buds (NMB) comprises three reproductive modes: typical
lateral budding, lateral budding by means of stolons and reproduction from parts of
stolons/stalks (see Schiariti et al. 2014 for details). We pooled them since their distinction is
often difficult in wild samples and they have an equivalent impact on scyphistomae population
dynamics (Schiariti et al. 2014), as they all produce sessile buds right beside the mother

scyphistoma and appear to respond to the same environmental clues (Schiariti et al. 2015).

Asexual reproduction effort
The asexual production (AP) of buds or strobila disks per surface area (m?) was

estimated for each sampling date (t;) as:

p *n *d*103
100

(eq.2) AP(t;) =
Where p is the percentage of the scyphistomae exhibiting each asexual reproduction

strategy (i.e. production of NMB or strobilation), n is the mean number of reproductive outputs

(i.e. buds or strobila disks) produced per scyphistoma and d is the mean density of scyphistomae

estimated from the four photoquadrats (eq.1). The total number of ephyrae released (ind m2)

from the study site during the whole study period (assuming a continuous strobilation period

between November and April), was estimated based on Ishii and Katsukoshi (2010) and

Makabe et al. (2014). The ephyrae liberation at each sampling date (EL,,, ind m?) was

calculated as:

(eq.3) EL;, = AP(t;) *R™!

Where R is the residence time of ephyrae (days). R is dependent on temperature (T) and was

estimated based on in situ temperatures in Thau, using the equation obtained by laboratory

experiments on A. coerulea from Japan, performed by Makabe et al. (2014), as:

(eq.4) R =109 x ¢~ 0-221+T

The number of ephyrae released (ind m) from the study site between toand t; was then

estimated as:

(Eq.5) ELy = (ELyy + EL¢p) * (t — to) * 277
And that during the whole study period was estimated as:
(Eq.6) TEL=EL;+ EL, + -+ EL,

Statistical analysis
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For biological variables (scyphistoma coverage, percentage of scyphistomae adopting
each reproductive strategy, number of buds and disks produced per scyphistoma and number of
podocysts per scyphistoma) differences among sampling months and photoquadrats (for
scyphistoma coverage) were tested by one-way ANOVAS, when variables presented normal
distribution and homogeneity of variances (tested by Shapiro and Bartlett tests). Otherwise,
Kruskal-Wallis tests were used and post hoc tests were carried out using Dunn’s test for
multiple comparisons. Temporal and spatial autocorrelations were tested by examination of
ACF plots and by Mantel tests from ade4 package (Dray and Dufour 2007). Although
scyphistoma coverage of A. coerulea differed significantly between the four photoquadrats
(ANOVA, F (3, 83) =5.33, P =0.002), temporal or spatial autocorrelations were not detected
so the data from all photoquadrats was grouped for temporal trend analyses. Generalized linear
models (GLM, using linear and logistic regressions) were employed to assess the contribution
of temperature, salinity, chlorophyll a concentration and mesozooplankton abundance
(explanatory variables) on the scyphistoma coverage, NMB and podocysts per scyphistoma
(response variables). The minimal adequate model was achieved by a stepwise deletion of the
least significant terms from the maximal model, with interactions included. For each fitted
model, we calculated AIC and selected the model presenting the lowest AIC. The final models
were validated by examination of plots of residuals versus fitted values for the entire model
(Harrison et al. 2018). The influence of the environmental parameters on the strobilation activity
was assessed by Hurdle models from pscl package (Zeileis et al. 2008), due to the presence of
many zeros in the dataset. Spearman correlations tests were used to investigate the relationship
between the scyphistoma percent coverage with the NMB and the number of podocysts per
scyphistoma. The presence of the red algae was observed in photoquadrats 1, 2 and 3. The
relationship between scyphistoma and red algae coverages in these three photoquadrats was
studied by Pearson correlation test. All statistical analyses were performed using the software R
Studio Version 1.0.143 (R Core Team 2017) and taking o < 0.05 as the limit for statistical

significance.

Results
Environmental conditions in the Thau lagoon

The annual pattern of temperature variation in Thau followed the normal trend in
temperate regions, with lower values in the winter and higher values in the summer (Fig. 4).
During the study period, temperature at the study site ranged from 7.6 °C (on December 13"
2017 and January 29" 2018) to 25.8 °C on June 27" 2017. Salinity varied between 35.0 (on
February 24" 2017) to 39.6 (on November 09" 2017), with a drastic decrease at the end of the
study period, where salinity droped to 33.9 (on January 29" 2018). The concentration of

chlorophyll a and the abundance of mesozooplankton were highly variable over the year.
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Chlorophyll a concentration ranged from 0.5 pg L (on January 10" 2018) to 2.8 ug L (on
February 24" 2017) without any clear seasonal pattern, while mesozooplankton abundance
varied between 94 and 166 607 ind m (on April 215 2017 and June 27" 2017, respectively),
with an intermediate peak of abundance at 10 524 ind m= (on March 10" 2017). Due to logistic
constraints, chlorophyll a concentration and mesozooplankton abundance were not measured in
August 2017.

Dynamics of the benthic stage

Scyphistoma coverage in the photoquadrats varied between a minimum of 0.3% and a
maximum of 18% of the photographed area (both observed in photoquadrat 2, Fig. 5), which
corresponds to a range in density of 0.25 to 10.3 scyphistomae cm. The overall mean of
scyphistoma coverage on the study site fluctuated significantly during the study period
(ANOVA, F (1, 21) =11.2, P = 0.003), with a minimum avarege value (1.4 = 1.3%, n = 4) on
October 10" 2017 and a maximum one (11.6 + 3.7%, n = 4) on April 215t 2017. Temporal
variations differed slightly among photoquadrats: scyphistoma coverage peaked in April in
photoquadrats 1, 3 and 4 and in May — June in photoquadrat 2. However, all photoquadrats
presented low scyphistoma coverage between September and November. Scyphistoma coverage
for this period was below 1%, with the exception of photoquadrat 4, where it remained above
3% during all the study period.

Asexual reproduction strategy

During the whole study period, the mean percentage of scyphistoma reproducing
asexually varied between 2.2 + 1.5 t0 33.5 + 4.9 % (n=3, per sampling date) (Fig. 6).
Scyphistoma-to-scyphistoma reproduction (NMB) was the most important asexual reproduction
mode observed. The percentage of scyphistomae producing buds varied between sampling
dates (Kruskal-Wallis test, H24 = 53.5, P < 0.001). It was maximum between March and May
2017, when 15.0 £ 6.7 t0 19.4 £ 5.2 % (n = 3, per sampling date) of the scyphistomae were
producing buds. The asexual production (APy) of buds was higher in this period, with a peak on
the April 215 when 12 800 buds m2 were produced (Fig. 7). The percentage of scyphistomae
producing buds was then highly variable until November (4.6 £ 1.1t0 25.2 + 7.3 %, n = 3, per
sampling date), with noticeable peaks above 19% in July, September and October (Fig. 6).
During the study period, most of the budding scyphistomae (92.8 £ 17.3%, n = 69) produced
just one bud at a time, but simultaneous production of several buds per scyphistoma was
observed all year round (except in January 2018). The maximum number of buds observed for a
given scyhistoma (4), was registered in September. However, the production of buds observed
per scyphistoma was highest in October: among the budding scyphistoma, 13.7 £ 5.3% (n = 3,
per sampling date) produced two buds and 4.2 + 4.5% (n = 3, per sampling date) produced 3 or
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more buds. In November, the percentage of scyphistomae producing buds decreased sharply and
reached its lowest value (0.4 + 0.7%, n = 3) on November 17", when the production of buds
was also minimum (70 ind m, Fig. 7). This percentage remained low (< 9%) until the end of
the study period (in January 2018).

The average number of podocysts per scyphistoma ranged from 0 to 0.5+ 0.4 (n = 3,
per sampling date), showing high variability between samples from the same date. No
significant difference was observed among sampling dates for this reproduction mode (Kruskal-
Wallis test, H22 = 24.8, P = 0.3).

Strobilation was observed from February to April 2017 and from November 2017 to
January 2018 suggesting that, ephyrae production by A. coerulea scyphistoma likely occurs
from late autumn to early spring in the Thau lagoon (Fig. 6). During this period, the percentage
of scyphistomae strobilating varied significantly between sampling dates (Kruskal-Wallis test,
H24 = 56.7, P < 0.001): less than 5.5% of the population strobilated irrespective of the month,
except in November when this percentage increased to 33.1 + 4.2% (n= 3, on November 17%).
During the strobilation period, the maximum number of disks produced per strobila was of 11,
with a general mean of 3.7 + 1.4 (n= 16) disks per scyphistoma. No significant differences
between sampling dates were recorded in the number of disks formed per scyphistoma
(Kruskal-Wallis test, H7= 9.9, P = 0.2). As a result, the estimated asexual production (APy) of
strobila disks presented a short but conspicuous peak in November 17" 2017 (19 100 disks m),
but was also high in spring, due to high scyphistoma density (Fig. 7). During this season, it
peaked at 11 800 disks m on February 24" 2017 and decreased afterwards to 1 500 disks m
on April 7" 2017, in parallel with an increase of buds production. Assuming a continuous
strobilation period between November and April, the total number of ephyrae liberated (TEL)
from the study site during the whole study period was estimated at 82 301 ind m™.

Drivers of the dynamics and asexual reproduction

Scyphistoma coverage was positively influenced by temperature (GLM, P = 0.03) but
responded negatively to joint increases in temperature and salinity (GLM, P = 0.03) (Table 1).
No significant correlation was found with the other environmental variables tested. The
coverage of A. coerulea scyphistomae and that of the red algae (Peyssonnelia sp.) were
positively correlated (Pearson correlation, t 19 = 5.06, P < 0.01).

With regards asexual reproduction modes, scyphistoma coverage was significantly
correlated only with the number of podocysts per scyphistoma (Spearman correlation, S =
853.7, P =0.004), which was similarly affected by temperature (positive correlation, GLM, P =
0.02) and by the interaction of temperature and salinity (negative correlation, GLM, P = 0.02)
(Table 1). Although NMB was the highest before April, i.e. before the peak of scyphistoma

coverage, it was not correlated with the latter variable (Spearman correlation, S = 1746, P =

10
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0.53). Indeed, scyphistoma coverage dropped from spring to summer, while NMB remained
high and even peaked when scyphistoma coverage was at its minimum. Moreover, none of the
environmental variables tested was significantly correlated with the variability in NMB.

Strobilation intensity was found to be affected only by temperature (Zero Hurdle model,
P = 0.046), with the probability of a scyphistoma to strobilate increasing by 0.75 times for each
decreasing °C (Table 2). Indeed, the high peak of strobilation observed in November followed a
sharp decrease in temperature (of 8.3 °C) from October 20" to November 17" (Fig. 4).

Discussion

Dynamics of the Aurelia coerulea benthic stage

Extensive patches of Aurelia coerulea scyphistomae cover a variety of anthropogenic
submerged substrates in the Thau lagoon (Marques et al. 2015a), which allowed in situ
evaluation of the intra-annual dynamics of its population at the benthic stage. Estimated
densities in this study varied between 0.25 to 10.3 scyphistomae per cm2, in accordance with
previous estimations for the same species in Japan, of 0.005 to 18 scyphistomae per cm™
(Miyake et al. 2002; Ishii and Katsukoshi 2010), but also for other species of the Aurelia genus,
for which mean densities of 7.3 + 0.6 and 31.3 + 1.3 scyphistomae cm™ were registered in two
sites in Tasmania (Willcox et al. 2008), and of 6 to 27 scyphistomae cm in the Adriatic Sea
(Malgj et al. 2012; Hocevar et al. 2018). Nonetheless, comparisons among sites are to be
considered with caution, because scyphistomae are usually distributed in patches, so the density
value changes according to the total area assessed (Miyake et al. 2002) and the substrate type
considered. In this study, for instance, scyphistoma density estimates from the photoquadrat
survey were much lower than those in the samples used to assess asexual reproduction strategies
(9.9 to 78.8 scyphistomae cm). Still, these latter values are in accordance with those (88
scyphistomae cm?) reported by studies assessing the micro-distribution of scyphistomae on
bivalve shells (Miyake et al. 2002).

The intra-annual pattern of demographic variation for A. coerulea scyphistomae in Thau
is characterized by a peak in coverage in spring, followed by a decrease until minimum values
are reached in the summer and autumn and a progressive recovery over the winter. This trend is
not in agreement with previous observations made for A. coerulea (Ishii and Katsukoshi 2010;
Makabe et al. 2014) and other Aurelia spp. (e.g. Grondahl 1988; Willcox et al. 2008; Malej et
al. 2012; Hocevar et al. 2018): scyphistomae densities in the Aurelia genus usually peak from
spring to summer and are at their lowest in both the autumn and winter months. These
differences are surprising because temperature appeared to positively affect the population size
of scyphistoma in the wild (Willcox et al. 2008; Hocevar et al. 2018) and this study was
conducted in an enclosed coastal habitat with a temperature range (7.6 to 25.8°C) similar to

those where investigations were made for A. coerulea in Japan (9°C to 29°C, Ishii and
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Katsukoshi 2010; Makabe et al. 2014) or, for example, for A. aurita in the Adriatic (6.3 °C to
27.4°C, Hocevar et al. 2018). Athough scyphistoma coverage was positively correlated with
temperature in Thau, the interaction of high temperatures with high salinities appeared to be
detrimental to A. coerulea scyphistoma. Indeed, the salinity range observed in our study site
(35.0 to 39.6) was above that reported for the studies conducted in Japan (up to 33, Ishii and
Katsukoshi 2010; Makabe et al. 2014), but similar to that reported in the Adriatic (32.8 to ca.
38, Hocevar et al. 2018), where the negative influence of salinity on scyphistoma density was
also pointed out. So far, no clear negative effect of salinity was ever found on Aurelia spp.
scyphistoma survival (Willcox et al. 2007; Holst and Jarms 2010; Widmer et al. 2016) nor
somatic growth (Willcox et al. 2007; Hubot et al. 2017), except when reaching freshwater
conditions (Holst and Jarms 2010). However, most laboratory studies so far, focused on the
influence of fresh water inputs (e.g. Holst and Jarms 2010; Amorim et al. 2018) and were
therefore performed at low salinities (<37) i.e. lower than the values registered in our study,
especially in the summer (ca. 39). Still, Hubot et al. (2017) assessed the influence of relatively
high salinities on the asexual reproduction and somatic growth of Aurelia coerulea from the
Adriatic Sea and reported a decrease in physiological performances between 24 and 37 in
salinity. To our knowledge, laboratory experiments on the effect of salinities > 37 have never
been performed with A. coerulea but our results suggest that high summer salinity associated
with high temperature conditions might be detrimental to its scyphistomae, contributing to the
benthic population dynamics observed in the Thau lagoon.

Food availability is often pointed as one of the most important drivers of jellyfish
population growth, boosting the production of new scyphistomae (Han and Uye 2010; Schiariti
et al. 2014; Ikeda et al. 2017). During this study however, mesozooplankton abundance did not
statistically influenced scyphistoma coverage nor NMB. The few existing studies so far on the
diet of Aurelia spp. scyphistomae suggested that they feed on microzooplankton (Kamiyama
2011, 2013) and small mesozooplankton species (e.g. copepods, cladocerans, gelatinous
zooplankton; Ostman 1997) . Therefore, only a portion of the potential prey of A. coerulea
scyphistomae was surveyed in the present work. To improve our understanding of the influence
of food availability on the in situ dynamics of the benthic stage of this species, further
investigations on scyphistoma diet associated with micro-, mesozooplankton and epibenthic
prey abundance in situ are still required.

Apart from the already discussed impact of temperature and salinity on scyphistoma
coverage, other interspecific interactions, such as predation and room for expansion, can also
play an important role in reducing the density of jellyfish benthic populations (e.g. Willcox et
al. 2008; Takao et al. 2014; Feng et al. 2017). Different species of benthic organisms are able to
feed on Aurelia spp. scyphistomae. Some of these predators might even consume more than 600

scyphistomae per day (e.g. the crab Hyastenus diacanthus) (Takao et al. 2014). In Thau, several
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potential predators were identified in the photoquadrats (sea stars of the genus Asterina,
gasteropods: Ocenebra erinaceus and Hexaplex trunculus, nudibranchs: Felimare villafranca
and sea urchins: Paracentrotus lividus), but the consumption of scyphistomae by these
organisms has never been reported so far. Fishes feeding on benthic prey might also consume A.
coerulea scyphistomae, through direct or indirect predation (i.e. targeting their fixation
substrate, like bivalves). Their predation pressure might be high enough to significantly affect
scyphistomae coverage, as shown in predation experiments involving the sparid Sparus aurata
(Marques et al. 2016). The exact importance of predation in controlling the population of A.
coerulea scyphistomae in the Thau lagoon however remains to be assessed.

Biofouling organisms compete for space with jellyfish scyphistomae, so their densities
frequently have negative effects on scyphistoma population growth (Watanabe and Ishii 2001;
Willcox et al. 2008; Makabe et al. 2014; Feng et al. 2017). Neverthless, Aurelia spp. appear to
be more resilient than other scyphozoans, mainly due to their asexual reproduction modes (Feng
et al. 2017, 2018): their scyphistomae can adherate to the surface of different organisms by
producing different types of budding, stolons, and can even detach themselves from the
substrate and drift to another one (Schiariti et al. 2015). Colonization of other benthic organisms
by jellyfish scyphistomae is frequent (Miyake et al. 2002; Willcox et al. 2008; Toyokawa et al.
2011) and even suggested as a promoter of settlement and proliferation for A. coerulea
scyphistomae in China (Dong et al. 2018). In Thau, scyphistomae of A. coerulea were
recurrently found attached to red algae (Peyssonnelia sp.): in three out of the four photoquadrats
surveyed in the present work but also in surrounding areas where scyphistomae were
particularly abundant (Marques R., personal observation). The decline of this algae observed in
the study site in the summer might have contributed to the concomitant reduction of the benthic
population of A. coerulea. These results corroborate the importance of interspecific interactions
and settling substrates availability in the population dynamics of Aurelia spp.. Future studies on
the in situ demography of the benthic stage of jellyfish should, therefore, be designed to
embrace the variability of their settling substrates and the potential role on the population
dynamics of certain biofouling organisms that provide adhequate fixation substrate for their

scyphistomae.

Contribution of the asexual reproduction

The growth of jellyfish benthic population, results from both the production of new
scyphistomae by asexual reproduction (e.g. via the production of non-motile buds or the
excystment of podocysts) and the recruitment of pelagic planulae to the sea floor (Schiariti et al.
2015).

In the Thau lagoon, A. coerulea planulae are usually produced between May and June

(Bonnet et al. 2012), when they swim to the bottom and settle on the substrate. Pelagic life
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duration before settlement is usually short (typically less than 4 days, Lucas et al. 2012),
probably to decrease planulae vulnerability to predation in the pelagic environment (Lucas et al.
2012). Thus, we expected an increase of scyphistoma coverage after planulae release in 2017,
which was not detected. Instead, scyphistoma coverage started to decrease in May 2017, when
the first medusae with planulae about to be released were spotted in the lagoon (Marques R.,
personal observation). Therefore, the recruitment of new scyphistomae by planulae fixation
does not contribute most to the observed benthic population dynamics, at least at our study site.
In Aurelia spp., planulae are thought to play an important role in the expansion of populations
to new habitats through pelagic dispersion (Holst and Jarms 2007; Lucas et al. 2012). This is
probably the case in Thau, where the presence of A. coerulea scyphistomae over the entire
lagoon area might result from the dissimination of planulae, together with the widespread
availability of suitable settling substrates and favourable hydrographic caracteristics in the
lagoon (Marques et al. 2015a).

Although podocysts excystment was suggested to play an important role in bloom
formation for some jellyfish species (e.g. Nemopilema nomurai; Kawahara et al. 2013), its
impact on scyphistoma density was very limited in the population of A. coerulea investigated so
far (e.g. Thein et al. 2012). In this species, podocysts appear to lie in ensuring the survival of
the benthic population under unfavourable conditions and providing protection from predators
(Arai 2009; Thein et al. 2012; Hubot et al. 2017). In our study, the number of podocysts per
scyphistoma was significantly correlated with scyphistoma coverage and it appears to follow the
same environmental forcing, which may suggest a significant contribution of podocysts for the
increasing of the benthic stage. Nevertheless, until the exact production, excystment and
residency time are assessed for the species in the wild, it is impossible to tell wether there were
more scyphistomae at our study site because more podocysts were produced or vice-versa. For
this reason, the significance of the contribution of podocysts excystment to the increase of
scyphistoma coverage of A. coerulea in Thau remains elusive.

The production of NMB, on the contrary, could be the main responsible for local
increases of scyphistoma coverage. Although the temporal trend of NMB and scyphistoma
coverage were not significantly correlated (with a mismatch during the summer), a high
percentage of scyphistomae produced buds in March and April. Estimates for bud production
intensity on the study site matched the peak of scyphistoma coverage, supporting the hypothesis
that the bud production is the main asexual mode responsible for benthic population increases in
Thau. During the end of spring and beginning of summer, both NMB and scyphistoma coverage
decrease, but more than 10% of the scyphistomae produced continuously at least one bud per
scyphistoma, and it even peaked in September, when scyphistoma coverage was very low.
Although in laboratory experiments, the production of buds is boosted by high temperatures and
food availability (e.g. Han and Uye 2010; Schiariti et al. 2014; Hubot et al. 2017; lkeda et al.
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2017), none of the environmental variables tested were significantly correlated with NMB at our
study site. Still, we suspect that high salinities in Thau lagoon during the summer might be
unfavourable to the production of buds, as demonstrated by Purcell (2007) and Hubot et al.
(2017). However, additional information on the intraannual availability of scyphistoma prey in
the lagoon, together with a long-term survey, is needed to reach a more complete understanding
of the drivers of this asexual reproduction mode followed by A. coerulea in the Thau lagoon.

Strobilation

In Thau, the strobilation period for A. coerulea appears to span from the end of the
autumn (November) and the beginning of the spring (April), with a peak in November (33% of
the population strobilated in November 2017). This result is in accordance with the previously
reported period for ephyrae presence in the lagoon, from early winter to early spring (Marques
et al. 2015b), and with the strobilation periods described so far in other areas for A. coerulea
(Toyokawa et al. 2000; Watanabe and Ishii 2001; Miyake et al. 2002; Uye and Shimauchi 2005)
and for A. aurita (Hocevar et al. 2018). As previously suggested by Holst (2012), the
strobilation onset in our study seems to have been triggered by a sharp drop (of 8.3°C) in water
temperature, as temperatures in Thau fell to 10°C over a few days in November 2017. Water
temperatures below 15°C have been shown to induce physiological changes in the scyphistomae
of A. coerulea, probably to prepare them for metamorphosis (Han and Uye 2010; Feng et al.
2018). This is possibly what happened in the A. coerulea scyphistomae of Thau in November
2017.

The magnitude of most jellyfish blooms is tightly reliant on the density of
scyphistomae, but also on their strobilation strategy as this later directly determines the
magnitude of the initial production of the pelagic individuals responsible for the blooms. The
number of ephyrae released depends on the number of disks produced per strobila combined
with the number of strobilating scyphistomae. In Thau, an average of 3.7 + 1.4 disks per
scyphistoma were produced by A. coerulea over the strobilation period, which is in accordance
with previous observations (3.2 — 7.7 disks per scyphistoma) made for Aurelia spp. (Holst 2012;
Makabe et al. 2014; Feng et al. 2018). Despite the low percentage of scyphistomae strobilating
in February (< 5.5%) the estimated production of disks was relatively high (11 800 disks per
m?), due to the high density of scyphistomae at this time of the year (> 30 000 ind per m?).
However, the main period of A. coerulea strobilation was observed in November with a
production of circa 19 100 disks per m2. If our study was representative of a complete
strobilation season (i.e. from November to April in the same year), the number of ephyrae
released (of 82 301 ephyrae per m?), at our study site would be much higher than previous
estimations for A. coerulea in Japan (131 ephyrae per m?) by Ishii and Katsukoshi (2010), but
close to that (86 806 ephyrae m) from Makabe et al. (2014). This production, though, was
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limited by the low densities of scyphistomae in this season, especially in November. Therefore,
the magnitude of A. coerulea blooms in Thau is limited, not only by the mortality of ephyrae
during the winter (Fu et al. 2014), but also by the important mortality of scyphistomae over the

summer.

Conclusion

While climate change and the consequent ocean warming are currently expected to
cause larger and more frequent jellyfish blooms, our results prompt the question if all
populations of one of the most blooming genus, the Aurelia, will respond likewise. In this
temperate lagoon the seasonal dynamics of the benthic stage of A. coerulea in 2017 contrasted
those previously described for Aurelia genus, mainly because of a combination of high
temperatures and salinities in the summer that appear to be detrimental to scyphistomae of A.
coerulea. The resulting decrease in scyphistomae density undoubtedly reduced the outcome of
the late-autumn strobilation peak in Thau, thereby limiting the intensity of the subsequent
pelagic bloom of A. coerulea. Because warm and dry summers are expected to be more
frequent in the coming decades in the Mediterranean area (IPCC 2014), we may assist to a
decrease in the benthic population size and in the intensity of the blooms of this jellyfish, at
least in Thau. However, the short-term of this study hampers substantiated conclusions and
further investigations, based on long-term studies, are still required to corroborate such
suspicion.

Consequently, there is an urgent need for widespread in situ studies on the benthic
population dynamics of scyphozoans and their local environmental drivers. In jellyfish, benthic
population dynamics is an outcome of complex biotic and abiotic interactions which apparently
act differently in each ecosystem. Our results show that predicting it needs comprehensive
understanding of the interspecific relationships that might regulate scyphistoma abundance.
Long-term in situ studies, involving different species of jellyfish and encompassing diverse
localities and habitats are crucial if we want to understand the formation of jellyfish blooms and

their fate in the face of the predicted climate change.
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Fig. 1 Map of the Thau lagoon showing the location of the benthic (star) and pelagic (circle)

742 sampling sites for this study. Shaded areas represent urban areas
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Fig. 2 Example of the photoquadrats (top) and the respective 1ZS output (bottom). a)

photoquadrat 1 (6.10 % coverage), b) photoquadrat 2 (16.1 % coverage), ¢) photoquadrat 3
(6.64 % coverage), ¢) photoquadrat 4 (9.93 % coverage).
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Fig. 3 Relationship between number of scyphistomae and scyphistoma coverage (%) in the
photoquadrats (121 cm). The resulting equation was used to estimate scyphistoma density in
the study site (eq. 1)
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Fig. 4 Variation of the environmental variables in the Thau lagoon, during the study period: a)

temperature, b) salinity, c) chlorophyll a concentration and d) mesozooplankton abundance
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Fig. 6 Annual asexual reproduction strategy of A. coerulea scyphistoma in the Thau lagoon over
the study period. Each bar represents the percentage of the population producing non-motile
buds (grey) and strobilating (black) at each sampling time
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Fig. 7 Asexual Production (APy) in the Thau lagoon over the study period. Each bar represents
the estimated production of non-motile buds (grey) and strobila disks (black) by the population
of A. coerulea scyphistoma, at each sampling time (t;), at the study site
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Tables

Table 1 Parameters of the final General Linear Models used to assess correlations between each

of the biological variables (scyphistoma coverage, percentage of scyphistomae producing non-

motile buds (NMB) and podocysts per scyphistoma) and environmental variables in the lagoon.

Temp: temperature (°C), Sal: salinity; Chla: chlorophyll a concentration (ug L™?), logZAb:
mesozooplankton abundance (In (x + 1) ind m3). Significant correlations (P < 0.05) are

indicated in bold.

Scyphistoma coverage (%) Estimate Std. Error t value P
(Intercept) -1.78 1.22 -1.46 0.17
Temp 0.23 0.09 2.47 0.03
Sal 0.05 0.03 1.50 0.16
logZAb 0.21 0.19 1.09 0.29
Temp:Sal -0.01 0.00 -2.43 0.03
Temp:logZAb -0.02 0.01 -1.62 0.13
Sal:logZAb -0.01 0.01 -1.12 0.28
Temp:Sal:logZAb 0.00 0.00 1.62 0.13
NMB (%)

(Intercept) 179.57 221.44 0.81 0.42
Temp -12.97 14.69 -0.88 0.38
Sal -5.32 5.80 -0.92 0.36
MChla -231.26 240.37 -0.96 0.34
logZAb -20.53 28.22 -0.73 0.47
Temp:Sal 0.37 0.38 0.96 0.34
Temp:MChla 13.17 15.31 0.86 0.39
Sal:MChla 6.63 6.35 1.04 0.30
Temp:logZAb 1.46 1.88 0.78 0.44
Sal:logZAb 0.61 0.74 0.83 0.41
MChla:logZAb 28.57 31.26 0.91 0.36
Temp:Sal:MChla -0.37 0.40 -0.92 0.36
Temp:Sal:logZAb -0.04 0.05 -0.86 0.39
Temp:MChla:logZAb -1.53 1.99 -0.77 0.44
Sal:MChla:logZAb -0.83 0.83 -1.00 0.32
Temp:Sal:MChla:logZAb 0.04 0.05 0.83 0.41
Podocysts per scyphistoma

(Intercept) -2.56 1.47 -1.75 0.10
Temp 0.29 0.11 2.61 0.02
Sal 0.07 0.04 1.76 0.09
Temp:Sal -0.01 0.00 -2.54 0.02
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Table 2 Hurdle model coefficients used to assess the influence of environmental variables on

strobilation intensity. Temp: temperature (°C), Sal: salinity; Chla: chlorophyll a concentration

(Mg L), logZAb: mesozooplankton abundance (In (x + 1) ind m™®). Significant correlations (P <

0.05) are indicated in bold.

Count model coefficients

(truncated neghbin with log link): Estimate Std. Error z value P
(Intercept) -1.79 11.73 -0.15 0.88
Temp 0.27 0.47 0.57 0.57
Sal 0.19 0.30 0.64 0.52
Chla 0.10 0.60 0.17 0.87
logZAb -0.62 0.89 -0.71 0.48
Log(theta) -0.19 0.60 -0.31 0.76
Zero hurdle model coefficients

(binomial with logit link):

(Intercept) -2.23 12.40 -0.18 0.86
Temp -0.29 0.15 -2.00 0.05
Sal 0.08 0.31 0.24 0.81
Chla 0.83 0.90 0.92 0.36
logZAb 0.23 0.45 0.52 0.60
Exponentiated coefficients Count model Zero hurdle model
(Intercept) 0.17 0.11
Temp 131 0.75
Sal 1.21 1.08
Chla 1.11 2.29
logZAb 0.54 1.26
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