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Investigations on sexual reproduction of jellyfish are essential to understanding mechanisms and pat-
terns of outbreaks formation. Pelagia noctiluca (Forskal, 1775) (Scyphozoa) is known as the predominant
jellyfish species with direct development in Western and Central Mediterranean Sea. In this paper we
used integrated morphometric, histological, and biochemical approaches to investigate the annual
reproductive biology of P. noctiluca from the Strait of Messina (South Thyrrenian Sea), a key proliferation
area for this species due to favourable temperatures and high productivity. From November 2011 to
September 2012, P. noctiluca sexual reproduction occurred throughout the year, with two seasonal peaks
(autumn, spring) of spawning and embryonic development. Gonads of female P. noctiluca were char-
acterized by a large amount of mature eggs of small size (diameter < 200 um) during high food avail-
ability, whereas fewer, larger eggs (diameter > 200 um) were detected during low availability of prey.
Two morphometric indexes were applied: the Gonad-Somatic Index (GSI, gonadal/somatic tissue dry
weight ratio) and Fecundity Index (FI, n° eggs mm2 * gonadal dry weight). The FI showed longer
spawning periods than the GSI, providing a better causal-mechanistic explanation for the year-round
occurrence of P. noctiluca in the Strait of Messina. Protein contents of the gonads changed seasonally,
with the highest concentrations during the pre-spawning periods. We suggest that investigations on
jellyfish sexual reproduction can provide biological information relevant for understanding mechanisms
of jellyfish blooms as well as for the management of coastal zones affected by outbreaks of gelatinous
species.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

seemingly abruptly each spring and summer (Hamner and Dawson,
20009).

In recent years, jellyfish blooms have attracted considerable
scientific interest for their potential impacts on human activities
and ecosystem functioning (Graham et al., 2014), with special
attention to jellyfish as predators and gelatinous biomass as a
carbon sink. The ability to form blooms is a natural feature of jel-
lyfish, which often occurs seasonally, sometime predictably, and yet
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Pelagia noctiluca (Forskdl, 1775) (Scyphozoa, Semaeostomeae,
Pelagiidae) is the most abundant jellyfish in the Mediterranean Sea
(Russell, 1970), perhaps because of its short generation times.
Fertilized eggs develop into planulae in three days (Delap, 1906),
which undergo metamorphosis in 92 h into the planktonic ephyrae
(Sandrini and Avian, 1983). At 8 mm in diameter, a juvenile stage is
characterized by the development of oral arms and marginal ten-
tacles (Russell, 1970), whereas adult specimens have usually a bell
diameter greater than 35 mm (Sandrini and Avian, 1991). This is an
outbreak-forming species (Arai, 2001, 1997; Malej, 1989; Mills,
2001; Purcell, 2005), often appearing in persistent large swarms
with densities over 100 medusae m > for periods of days to weeks
(Malej, 1989; Zavodnik, 1987). Massive populations of P. noctiluca in
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the Mediterranean Sea are commonly found from March to June
(Mariottini et al., 2008; Rosa et al., 2013). These medusae represent
an interfering plague for coastal human activities, with dramatic
socio-economic implications, and a serious problem for the
ecosystem because of their overall high predatory pressure in the
epipelagic food web (Canepa et al.,, 2014a; Rosa et al., 2013). They
also are important predators of fish eggs and larvae and potential
competitors with zooplanktivorous fishes (Purcell et al., 2014a,b;
Sabatés et al., 2010). Thus, clarifying the mechanisms that deter-
mine the sexual reproduction of P. noctiluca is fundamental to
predict its sudden outbreaks and to implement appropriate man-
agement and mitigation strategies.

The swarms of P. noctiluca, a voracious zooplanktivore, are
directly influenced by food availability and favourable environ-
mental conditions (Sandrini and Avian, 1991). Local-scale factors
related to high primary production may lead to increased abun-
dance of herbivorous crustacean prey and to higher P. noctiluca
individual growth and reproduction (Kogovsek et al., 2010) and
population blooms (Boero, 2013). Sexual reproduction requires a
large investment of energy for the development of gonadal tissues
and reproductive success directly depends on the amount of
ingested food or on previously stored reserves (Fernandez and
Camacho, 2005). Climatic drivers also contribute to seasonal pat-
terns in feeding, growth, reproduction and abundance of all marine
organisms (Gori et al., 2013), including jellyfish (Molinero et al.,
2005). Water temperature directly affects the life cycle and meta-
bolism of most aquatic organisms. In P. noctiluca, feeding and
metabolism are directly proportional to sea water temperature
(Malej et al., 1986; Morand et al., 1987). Lower temperatures lead to
slower swimming, reduced foraging ability, and higher prey
digestion times (Sandrini and Avian, 1989). In contrast, higher
temperatures result in faster metabolism and increased food
requirement (Lilley et al., 2014a). Thus, water temperature affects
oocyte development both by inducing metabolic changes and by
influencing the amount of ingested food (Avian et al., 1991). By
affecting the storage cycle, water temperature plays a key role in
gonadal development, growth, and gamete differentiation (Ansell,
1972; Carrasco et al., 2006).

Gonad maturation can be specifically monitored by the
biochemical changes occurring throughout gametogenesis, which
involves active mobilisation and synthesis of organic molecules
(Giese, 1959; Pillay and Nair, 1973). In particular, large amounts of
nucleic acids are needed to produce many sperm heads, whereas
proteins and especially lipids are highly mobilised and stored in
oocytes (Pillay and Nair, 1973). Indeed, lipids can store higher en-
ergy content per unit volume than proteins or carbohydrates
(Torreiro et al., 1998). Consequently, diet has a major effect on the
development of gonads and fecundity. For instance, lipids affect the
composition of fish eggs most among the dietary constituents of
brood stock (Watanabe et al., 1984). The quantity and quality of
brood stock nutritional reserves determine the fecundity of the
spawners and the quality of the gametes (Huang et al., 2010).

The spawning period of P. noctiluca is not clearly defined, due to
inconsistencies among different geographic areas. It occurs in
autumn in the Bay of Biscay (Atlantic Ocean) and the western side
of the English Channel (Kramp, 1924; Russell, 1970). Conversely, in
the Gulf of Naples, mature individuals were reported throughout
the year, whereas different larval stages were observed from
November to March (Lo Bianco, 1909). Along the Mediterranean
coast of France (Franqueville, 1971; Lilley et al., 2014a; Morand
et al., 1992) described a summer-autumn reproductive period.
However, both Lo Bianco (1909) and Kramp (1924) hypothesized
that P. noctiluca might have a longer reproductive period in the
Mediterranean Sea than in the Atlantic ocean (Kramp, 1924; Lo
Bianco, 1909). A longer period was found also by in the North

Adriatic, where P. noctiluca gonad maturity was observed more or
less all year round (Sandrini and Avian, 1991).

Here, for the first time, we examined the spawning periods of
P. noctiluca over one year by combining different approaches: a)
histological analysis of mature female gonads to assess differences
in the number of oocytes and their size class distributions, b)
evaluation of gonad-somatic and fecundity indices among female
P. noctiluca specimens, c) analysis of the biochemical variations in
contents of organic matter, proteins, carbohydrates, and lipids.

2. Materials and methods
2.1. Study area

The study was carried out in the Strait of Messina (Sicily, Italy).
This site is strongly influenced by the peculiar hydrodynamic
regime of the strait, characterized by a six-hour alternation of
northward (from the lonian to Tyrrhenian seas) and southward
(from the Tyrrhenian to Ionian seas) tidal currents, with upwelling
and down-welling water masses reaching up to 200 cm s~ ! speed
(for further details see (Rosa et al., 2013)). The hydrodynamic
complexity of the strait ecosystem has a major influence on the
spatial and vertical distribution of the organisms, especially on
zooplankton communities (Zagami et al., 1996). The regular alter-
nation of water masses prevents stratification of the water column
and the formation of a summer thermocline. For this reason, the
Strait of Messina is characterized by higher productivity than other
Mediterranean coastal areas (Azzaro et al., 2007). Probably due to
the particular current regime, P. noctiluca can be sampled in this
area all year round.

2.2. Sampling

Sea surface water temperature (SST) was measured monthly
with a bucket thermometer and supplemented with daily time-
series sea surface temperature downloaded from www.
mareografico.it (ISPRA).

Thirty to fifty specimens of P. noctiluca were collected every
month from November 2011 to September 2012 with a 1-cm mesh
hand net from a boat, two hours after the sunrise. In January and
March 2012, the sampling was not performed due to adverse
weather conditions and the near absence of specimens in surface
waters. On board, all specimens were kept in a 50-L tank with a
continuous flow of seawater. Immediately after sampling, jellyfish
were brought into the laboratory, where were measured their bell
diameters (exumbrellar side up on a flat surface) to the nearest
millimetre with a calliper, and their genders were identified by
visual analysis (Milisenda et al., 2014). Male gonads were dark
purple and composed of series of small cylindrical follicles stacked
together. Female gonads were pink to red, with easily distin-
guishable eggs. For specimens whose gender determination was
uncertain visually, a small piece of gonad tissue was removed and
examined with a stereomicroscope. For each sampling event, ten
female jellyfish (diameter range 6—8 cm) were randomly selected
for histological analysis to confirm their level of maturation and for
subsequent analyses.

2.3. Cohort identification

Diameter-frequency histograms were constructed from 336
jellyfish sampled in different months. Potential cohorts were
identified from the histograms by use of the modal progression
routine of FiSAT Il (Food and Agriculture Organization—Interna-
tional Center for Living Aquatic Resources Management stock
assessment tools (Gayanilo et al., 2002)). This program uses
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Bhattacharya's (Bhattacharya, 1967) method to fit normal compo-
nents to mode means in the diameter-frequency histograms and
then employs NORMSEP (Hasselblad, 1966) to refine parameter
estimates. The latter method applies an iterative process of the
maximum likelihood concept to decompose complex size-
frequency distributions into a series of normal curves represent-
ing each cohort within the data set. Modes were accepted as
distinct cohorts only when differentiated by a separation index
above the critical value of 2 (Gayanilo et al., 2002).

2.4. Gonad-somatic index

To assess the seasonality of the reproductive cycle, the Gonad-
Somatic Index (GSI) (Byrne, 1990) was calculated for five of the
ten collected jellyfish. Gonads of P. noctiluca are situated on the
floor of the gastric cavity peripheral to the gastric cirri. To avoid loss
of gonadal tissue or accidental inclusion of subumbrellar or
exumbrellar tissues, gonads were carefully dissected with micro-
scissors with magnification of a stereomicroscope. Gonads and
the remaining part of the body (soma) were frozen in liquid ni-
trogen, temporarily stored at —20 °C, and transferred to —80 °C one
hour before lyophilisation to facilitate the freeze-drying process
(48 h). Once dried, the components were weighed and GSI
(mean =+ standard errors) of 45 specimens was determined as fol-
lows (Byrne, 1990):

gonad dry wt

GSI = Total dry body wt x

100

2.5. Histological analysis

Female gonadal tissues (5 from each month sampled) were fixed
in 10% formaldehyde/water solution and preserved prior to histo-
logical examination for study of gametogenesis and to establish the
maturity stages of female gonads during the annual cycle. To pre-
vent damage to the delicate jellyfish gonadal material and mini-
mize tissue shrinkage, samples were prepared according to a
special methodology (Johansen, 1940). Selected portions of gonadal
tissue were dehydrated in an ascending series of tertiary butyl
alcohol (TBA)/ethanol (Johansen series) and embedded in paraffin
wax Paraplast® Plus (SIGMA). Histological sections of 7 um thick-
ness were mounted and stained following Ramén y Cajal's Triple
Stain (Gabe, 1968). Sections were examined with a Leica DM IRB
light microscope at 50x magnification and two different parts of
each gonad were photographed for each of 50 adjacent sections
with a Nikon Coolpix 990 digital camera. Each photograph pre-
sented an area of 3.65 mm? of ovary, which was examined and the
diameter (longest axis) of each oocyte measured using an image
analyser (Image], http://rsb.info.nih.gov/ij/). The diameters of 200
oocytes, together with the widest space left to the mesoglea sur-
rounding each egg, were measured. This allowed us to estimate an
average shrinkage of 5%, which was used as a correction factor for
all subsequent oocyte size measurements.

Egg diameters were grouped in 4 size classes (Sandrini and
Avian, 1991): 1) <20 pm (differentiation of the oogonia in the
germinal tissue), 2) 21-50 um (oocytes beginning exogenous
vitellogenesis), 3) 51—200 um (oocytes with endogenous vitello-
genesis), 4) >201 pm (final stage of oocyte maturation).

2.6. Fecundity index

Some mature oocytes can be found in the ovaria of P. noctiluca
females throughout the year (Sandrini and Avian, 1991). Because

the quantity of gonadal tissue and the percentage of mature oocytes
change during the year, to compare jellyfish sampled in different
months, we calculated the Fecundity Index (FI) (mean + standard
errors) of 45 P. noctiluca specimens according to the following
formula:

FI = E*GDW

where FI is the fecundity index, E is the number of mature eggs
mm~? and GDW is the total gonad dry weight.

2.7. Biochemical analysis

The content of gonadal organic matter, expressed as the per-
centage of organic matter of total tissue dry weight (DW), was
assessed using monthly samples of 5 female gonads of which
approximately 12 mg (+0.01 mg) of dry tissue was reduced to ash
for 4 h at 500 °C in a muffle furnace (BICASA B.E. 34). The weight of
organic matter (OM) was calculated as the difference between the
gonad DW and the ash weight (Slattery and McClintock, 1995).

The biochemical composition of female P. noctiluca gonads was
analysed to detect monthly changes in protein, carbohydrate, total
lipid, and fatty acid compositions. For each month, 5 specimens
with umbrella diameter >3.5 cm (first size at sexual maturity
(Sandrini and Avian, 1991)) were analysed. Gonadal tissue was
frozen in liquid nitrogen, temporarily stored at —20 °C, and briefly
transferred one hour before lyophilisation to —80 °C to facilitate
freeze-drying (48 h).

Quantification of carbohydrates, proteins and lipids was carried
out by colorimetric determination at 480 nm, 750 nm, and 520 nm,
respectively. To determine the content of carbohydrates in the
gonadal tissue, approximately 7 mg (+0.1 mg) of each lyophilized
sample was homogenized in 3 ml of double distilled water (Dubois
et al., 1956) with glucose as a standard. To determine the content of
proteins, approximately 7 mg (+0.1 mg) of each lyophilized tissue
sample was homogenized in 2 ml of 1N NaOH (Lowry, 1951), with
albumin as a standard. Finally, approximately 10 mg (+0.1 mg) of
each lyophilized tissue sample was homogenized in 3 ml of
chloroform-methanol (2:1) for total lipids determination (Barnes
and Blackstock, 1973), with cholesterol as a standard. Quantities
were expressed as pg mg~! of OM.

2.8. Statistical analysis

One-way permutation univariate analysis of variance (PERMA-
NOVA) was used to analyse monthly GSI, monthly differences in
total number of eggs, differences in monthly size distribution of
eggs and monthly Fecundity Index (FI) (Anderson, 2001) after
ensuring homogeneity of variances by means of Cochran's C tests.
Pair-wise tests were used to determine which months differed
significantly within each ANOVA for the GSI and the FI. In addition,
cluster analyses based on Euclidean distances of GSI values were
performed to describe the similarity in the GSI and in the FI of
jellyfish species among months. Correlations between FI and GSI
were examined by estimating the Pearson Product—Moment Cor-
relation Coefficient (PPMCC). A canonical analysis of principal co-
ordinates (CAP) was performed to relate egg size distribution in
jellyfish gonads by month (Anderson and Willis, 2003; Laegdsgaard
et al,, 1991).

To detect monthly differences in biochemical composition and
in the content of organic and inorganic matter, data were analysed
using one-way PERMANOVA. The analysis was based on Euclidean
distances, so the F-ratios used for tests in PERMANOVA were
equivalent to those of traditional ANOVA. P-values were obtained
using a permutation procedure, with 999 permutation units. A CAP
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was performed to relate the biochemical composition in jellyfish
gonads by month (Anderson and Willis, 2003; Laegdsgaard et al.,
1991).

In some cases, variances proved to be heterogeneous and could
not be stabilised by any suitable transformation. Nevertheless,
analysis of variance (ANOVA) is sufficiently robust to departures
from the assumption of homogeneous variances, particularly with
balanced designs and many independent estimates of sample
variance, as in our case. Thus, the untransformed data were used
and results were interpreted with the more conservative proba-
bility level of 0.01 (Underwood, 1997).

3. Results
3.1. Cohort identification

The size class distribution of 336 P. noctiluca medusae collected
in this study revealed the occurrence of an intermediate cohort of
jellyfish 6—8 cm in diameter throughout the year (Fig. 1). The
analysis of diameter-frequency distributions identified the smallest
(=25 mm) and the largest (>120 mm) jellyfish cohorts from
February to May. Normal curves that were fitted to diameter-
frequency histograms identified a bimodal distribution in
February, June and July, thus indicating the presence of two distinct
cohorts with Separation Indices (SI) of 3.94; 4.07; 3.68, respectively,
while there were three distinct cohorts in April (SI 5.09; 3.92) and
May (SI 3.91; 3.58).

Table 1

Results of One-way PERMANOVA comparing the mean gonad-somatic index (GSI),
total egg number, egg size class distribution, fecundity index, biochemical compo-
sition and organic matter for Pelagia noctiluca medusae by month in the Strait of
Messina. Significant p-values are indicated by one (p-value < 0.05), two (p-
value < 0.01), or three asterisks (p-value < 0.001).

df MS F p
GSI
Time 8 0.107 19.586 o
Residuals 36 5.47E-03
Egg number mm—2
Time 8287.4 7.009 o
Residuals 81 1182.3
Egg size class
Time 1378 2.555 o
Residuals 81 539.18
Fecundity index
Time 5320 3.857 o
Residuals 81 1.379
Biochemical analysis
Time 8 4692.3 2.527 o
Residuals 36 1856.2
Organic matter
Time 8 153.34 10.072 o
Residuals 36 15.224

3.2. Gonad-somatic index

GSI values showed statistically significant fluctuations
throughout the year (Table 1, Fig. 2). The highest values in the GSI

10 10
] Nov Dec Feb
8) — 8 713 6
6
i 6
/ 4
4) 4]
2 2
d 2] —_—
0 L L T ) 1 1 T 1 |l 1 T L. n 0 II
UL L L L L e L 1 T U U T 1 1 U 1 1
75 225 375 525 675 825 7.5 37 525 675 825 125 325 525 725 925 1125
6 104
: Apr 8. May Jun
8. —
>
24, 6
§ 6.
g 4 4]
w2 )
2]
{ J
o' o 1 1 DL 1] n 1 1 1 | 1 1 1
275 525 775 1025 1275 12,5 325 52.5 72.5 92.5
10 1.5/
Jul Aug Sep
6. 8
1)
4 6.
4
2 0.5, [
2
0. ﬂ L L L L e ) 0 U Ll ) T 1\l T U 1 i Ll I T 1
75 225 375 525 675 825 75 225 375 525 67. 75 275 425 375 525

Bell Diameter (mm)

Fig. 1. Monthly size classes distribution of Pelagia noctiluca medusae in the Strait of Messina (November 2011—September 2012).
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Fig. 2. Monthly changes (mean + standard errors) of gonad-somatic index (GSI) for
Pelagia noctiluca medusae in the Strait of Messina (November 2011—September 2012).

were in May (54%), followed by an abrupt decrease between May
and June (from 54% to 19%). During summer months (June, July and
August), GSI remained constant (~17%) and increased between
August and September (from 17% to 28%), coupled with a decrease
in surface sea water temperature. Due to the lack of samples in
October, we could not determine when the autumn peak occurred.
The GSI were lowest (~7%) in the winter months (December,
January and February), increased at the beginning of the spring
(March) and decreased again in May.

The cluster analysis of GSI values (Fig. 1, Supplementary
material) highlighted differences among four main clusters: two
groups with high GSI values (mainly the May and September
samples) and two groups characterized by low GSI values in mid-
summer and mid-winter months.

3.3. Histological analysis

3.3.1. Oogenesis

Each gonad ribbon contained oogonia and basophilic pre-
vitellogenic oocytes (<20 pm diameter, pink stained). At this
stage, oocytes emerged only in the proximal area of the secondary
endoderm and they were characterized by a centrally located nu-
cleus (Fig. 3C). As expected, the topographical pattern of gonad
maturation proceeded according to an inner-outer gradient of
increasing oocyte diameter (Fig. 3A, C). Oocytes entering exogenous
vitellogenesis (21-50 um) were characterized by pink-stained
ooplasm, a centrally located nucleus with an acidophilic germinal
vesicle (dyed blue) and a visible nucleolus (bright red). As oocytes
developed, the number of yolk-containing vesicles in the ooplasm
increased, modifying their stain affinity from basophilic to acido-
philic (Fig. 3). Thus, medium-sized oocytes (approx. >100 pm in
diameter) progressively changed their cytoplasmic pink colour-
ation to become mauve-purple at their final maturation stage
(>200 pum). The ooplasm was completely filled by yolk granules
with the nucleus laterally shifted towards the cell periphery in
contact with the endoderm. In parallel, the paraovular body (POB)
(Avian and Sandrini, 1991; Hertwig and Hertwig, 1979) became
progressively thicker (Fig. 3C). Throughout this study, all examined
gonads had differentiated oocytes at all the different stages of
oogenesis. Most mature oocytes had a diameter >200 um (Fig. 3C);
however, during April, May and September, smaller oocytes
(<200 um) with a mauve-purple stained acidophilic ooplasm, were
also observed (Fig. 3B, D).

The number of eggs mm 2 differed significantly among months
(Table 1), with the highest value in April (32.3 + 4.1 eggs mm2)
(Fig. 4). Pair-wise tests grouped together gonads with the highest
numbers of eggs mm~2, which were collected in April, May and
September. This group was significantly different from the other
months tested (p < 0.05).

Oocyte development stages were distinguished in 4 different

maturation classes: early differentiated oogonia, previtellogenic,
vitellogenic and mature oocytes (Fig. 4). Statistical analysis was
significant (Table 1), suggesting that, although mature oocytes were
found throughout the year, gonads had qualitatively and quanti-
tatively different composition of oocytes over time.

3.4. Fecundity index

The FI analysis displayed statistically significant fluctuations
throughout the year (Table 1, Fig. 5). Similar to the GSI, values of the
FI were low from late autumn (December: 1.08 + 0.18) to March
(0.63 + 0.05), increasing abruptly later between April and May
(3.18 + 0.23). FI values declined more gradually than GSI values,
with low summer values (August: 0.71 + 0.11). FI values displayed a
second sharp increase in September (4.94 + 0.35), before declining
again at the beginning of autumn. The lowest values of both GSI and
FI were in February (0.63 + 0.05). FI and GSI values were signifi-
cantly positively linearly correlated (r = 0.84, p < 0.01).

3.5. Biochemical analysis

The biochemical composition of P. noctiluca female gonads
differed significantly among months (Table 1). The CAP analysis,
made on centroids, indicated that changes in the biochemical
composition of gonads through the year were mainly due to dif-
ferences in the relative proportions of lipid and protein contents
among months (Fig. 2, Supplementary material); specifically, the
gonadal lipid content showed the greatest change depending on
the season (Pearson correlation coefficient, CAP2 axis = 0.98).
Protein contents also were strongly correlated with CAP1 axis
(0.89).

A cluster analysis based on lipid content variation identified
three groups of samples. The first group was formed by gonads with
the lowest lipid concentration (February, 91.72 + 2.12 pg mg™}).
Lipid concentrations in gonads were much higher in April
(136.81 + 16.52 pg mg~!) and clustered with gonads sampled in
May, November and December.

The protein concentrations were highest in December
(187.83 + 6.38 pg mg~' OM) (Fig. 6), declined progressively until
May (14745 + 19.94 pg mg~! OM), reached a second high con-
centration in August (179.91 + 9.65 ug mg~' OM) and declined
again during autumn months. Carbohydrate concentrations did not
change significantly during the year (Fg, 37 = 1.78; P = 0.13) (Fig. 6).

The annual trend of organic matter in the gonads (Fig. 6)
revealed the highest OM concentration in late autumn (December:
59.26 + 1.67% of DW). The gonadal OM concentration progressively
declined from winter to late summer (from December:
59.27 + 1.68% DW to August: 41.29 + 1.81% DW). Homogeneity in
the variances was significantly different (C = 0.25, p > 0.01).

4. Discussion

In the present study, the gametogenic cycle and reproductive
potential of P. noctiluca female gonads were investigated during one
year, integrating morphometric (gonad-somatic and fecundity
indices), histological (gonadal maturation, oocyte differentiation
patterns) and biochemical analyses (protein, lipid, and carbohy-
drate concentrations). These methods are recognized as suitable
tools to identify spawning periods in different animal taxa (Arafa
et al., 2012; Kharat and Khillare, 2013; Sandrini and Avian, 1991),
but they were applied here together for the first time to study the
oogenesis of a jellyfish species. This work will provide a reference
basis for future assessments on reproductive potentials of
outbreak-forming jellyfish.

P. noctiluca has a holoplanktonic epipelagic life cycle and,
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Fig. 3. A and C-Traverse section through Pelagia noctiluca female gonad, B-Detail of mature egg with associated paraovular body, D-Detail of mature eggs ready for spawning. ECT,
ectoderm; END, endoderm; GC, gastric cavity; GS, genital sinus; M, mesoglea; ME, mature egg; POB, paraovular body; N, nucleus; Oo, pre-vitellogenic oocutes; Oc, vitellogenic

Oocytes.
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Fig. 4. Monthly variations (mean + standard error) in total number of eggs and egg
size classes (mean + standard error) of Pelagia noctiluca in the Strait of Messina
(November 2011—September 2012).

Fecundity index

Nov Dec Mar Apr May Jun Jul Aug Sep

Fig. 5. Monthly variations (mean + standard error) of the fecundity-index for Pelagia
noctiluca in the Strait of Messina (November 2011—September 2012).

therefore, its occurrence is much less predictable because of the
lack of a sessile polyp stage. So far, no investigations have combined
different approaches to address the importance of sexual repro-
duction in the emergence of jellyfish blooms. Our results confirmed
the findings of previous studies, showing seasonal changes of
P. noctiluca gonadal activity (Goy et al., 1989; Rosa et al., 2013;
Sandrini and Avian, 1991). Furthermore, female jellyfish had oo-
cytes at all different maturation stages throughout the year.
Because of this, P. noctiluca may support an iteroparous reproduc-
tion strategy (Canepa et al., 2014a), as in many cnidarians and other
marine taxa (Baillon et al., 2014; Benayahu and Loya, 1986; Coma
et al,, 1995; Hamel et al., 1993; Kennedy et al., 2011).

Oocyte size distribution was shown to be a good proxy to assess
female gonad maturity for Semaestomeae and for Rhizostomeae
jellyfish (Toyokawa et al., 2009). P. noctiluca mature oocytes
(>200 pm in diameter) from North Adriatic Sea are found imbed-
ded in the gonadal tissue most of the year (Avian and Sandrini,
1991). The population of P. noctiluca from the Strait of Messina
showed a similar long temporal pattern but, interestingly, the go-
nads of medusae sampled in April, May and September contained
the largest numbers of mature eggs per area unit, mostly with di-
ameters <200 pm. Therefore, P. noctiluca sexual reproduction
seems to occur throughout the year, with two seasonal peaks
(autumn, spring) of spawning and embryonic development.

Egg size is a key factor in animal reproductive strategies, whose
variability is determined by a trade-off between quantity and
quality of offspring (Olive, 1985). Most life-history models predict
that females will produce many small eggs in environmentally
favourable conditions and fewer larger eggs in unfavourable con-
ditions (Lucas and Lawes, 1998; Olive, 1985; Roff, 1992). Both abiotic
and biotic factors have been proposed to control egg size variability,
as an adaptation to local environmental conditions. For instance,
anchovy oocyte size and egg batch size differed between two
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Fig. 6. Temporal changes in the organic matter content (as percentage of gonadal weight), carbohydrate, protein and lipid contents in gonads of female Pelagia noctiluca

(mean + SD) in the Strait of Messina (November 2011—September 2012).

spawning grounds separated by 15 degrees of latitude and marked
sea water temperature differences (Leal et al., 2008). A direct
relationship of egg numbers with temperature, but an inverse
relationship with egg size also have been documented in other fish
species (Kokita, 2003). In addition to potential sea water temper-
ature effects, food availability may also play a role in determining
differences in oocyte number and size and maximizing offspring
survival in the spawning habitat (Castro et al., 2002; Llanos-Rivera
and Castro, 2004). Indeed, the investigated habitat of P. noctiluca
(the Strait of Messina) has strong environmental forcing, with a
peak of the annual upwelling cycle in late spring until late summer
(Azzaro et al.,, 2007). The characteristic “biological richness” of
upwelling systems appears at all levels of the trophic chain.
Nutrient-rich waters associated with upwelling promote phyto-
and zooplankton pulses that sustain marine food chains (Boero,
1994; Boero et al., 2008). Therefore, seasonal differences in food
quality might trigger different reproduction strategies. Accordingly,
a previous study on Aurelia aurita suggested that the restricted food
availability in Horsea Lake (UK) limited the energy investment in
sexual reproduction by the production of few, large planula larvae,
while the well-fed medusae from Southampton Water adopted an
opportunistic strategy by producing many small planulae (Lucas
and Lawes, 1998). Comparably, in the Strait of Messina, abundant
zooplankton availability following the spring phytoplankton bloom
(Azzaro et al., 2007; Bandelj et al., in prep.) can be correlated with
the occurrence of P. noctiluca females bearing a high number of
small (<200 pm) mature oocytes. In autumn months with lower
prey availability, the reproductive strategy of P. noctiluca specimens
of comparable sizes (Tab.) apparently showed a seasonal switch to
produce fewer larger eggs (>200 um). Our analyses showed these
differences were not related to jellyfish size but uniquely to a
temporal effect (Supplementary material).

The analysis of egg size composition pointed out that P. noctiluca
in the Strait of Messina across the year exhibits two rounds of
sexual reproduction, from germ cell differentiation to spawning. In
both cycles, three phases can be recognized: [I] gamete differenti-
ation, [II] differentiation coupled with spawning, and [III] mainly
spawning events. Gonads from specimens collected in April and
September were in the first phase, characterized by pre-
vitellogenic oocytes. In May, gonads were already in the second
phase when spawning and new oocyte differentiation occurred,
with intermediate features (occurrence of mature and
previtellogenic-vitellogenic eggs). The third and last phase with
much reduced egg differentiation and major spawning events

occurred in June or in November and December. Oocyte differen-
tiation and spawning of mature eggs were kept at intermediate
levels during the remaining months (February, July and August).

These overall differences in gonad development and oocyte
differentiation can be related to seasonal variations of the envi-
ronmental conditions. Changes in temperature are known to act
directly on the metabolic rate of A. aurita, or indirectly on the food
supply through primary and secondary production increments
(Lucas and Lawes, 1998). Somatic growth and sexual reproduction
are competitive processes in terms of the energetic investment of
assimilated food (Lilley et al., 2014a,b; Lucas, 2001). Yet, different
food availability may favour either growth or reproductive devel-
opment. A. aurita medusae invested 4% of assimilated food energy
in sexual reproduction under conditions of elevated food supply;
while during low food periods, those values decreased to 2%
(Schneider, 1989). Overall, the amount of energy allocated to sexual
reproduction increases with food availability and well-fed jellyfish
populations have higher GSI than food-limited populations (Lucas,
2001; Lucas and Lawes, 1998). Accordingly, we hypothesize that
seasonal phytoplankton and zooplankton blooms may accelerate
the oogenesis rate in P. noctiluca, i.e. increasing the proliferation of
endodermal germ cells, their differentiation into new oogonia, and
governing the timing and onset of spawning periods.

The umbrella diameters (50—90 mm) of P. noctiluca medusae
sampled in the Strait of Messina (Fig. 1) had a uni-modal size class
distribution during most of the year. These results can be related
with the egg size composition of female gonads examined in the
present study (Fig. 4). Mature eggs were found all year, which may
indicate a constant supply of new jellyfish throughout the year;
however, new cohorts were identified after the two main spawning
peaks, suggesting a differential survival rates in different months.
During the spring, jellyfish diameters ranged from 35 to 145 mm
(Fig. 1). The small jellyfish represented a new cohort of individuals
produced during the previous autumn. The largest medusae, up to
145 mm, belonged to another cohort, possibly from the preceding
spring. P. noctiluca is known to live not only in surface waters, but it
has been recorded down to 1400 m depth (Franqueville, 1971).
Recently, new analysis demonstrated that P. noctiluca outbreaks
along the Catalan coasts occurred in the proximity of two main
marine canyons (Benedetti-Cecchi et al., 2015). In the Strait of
Messina, the peak of upwelling cycle occurs from late spring to
early summer (Azzaro et al., 2007). Genetic data on P. noctiluca from
the Strait of Messina revealed high level of inbreeding and indi-
vidual cohesiveness of population subunits (Aglieri et al., 2014),



36 G. Milisenda et al. / Estuarine, Coastal and Shelf Science 201 (2018) 29—39

suggesting small-scale and oceanographic patterns may contribute
to temporary genetic structure and limited dispersal. Overall, this
information may support the finding of additional jellyfish cohorts
in late spring and early summer months and the hypothesis of
seasonal vertical migrations of P. noctiluca population subunits by
upwelling and down-welling water circulation cells, such as those
along coastal canyon corridors (Boero, 2012; Canepa et al., 2014a).
Following the two cycles of sexual reproduction, P. noctiluca jelly-
fish might spend part of the year at lower epipelagic or even
mesopelagic depths along the continental slope, with an increasing
investment for germ cell differentiation and gonad maturation. By
late winter — early spring, when sea temperature are low, massive
outbreaks of large, adult P. noctiluca individuals occur (Rosa et al.,
2013). These episodes usually are recorded at coastal locations in
the proximity to the upper margins of marine canyons and up-
welling areas, such as Aeolian Islands archipelago waters and the
Strait of Messina (NE Sicily), the Island of Elba (Tuscany) and the
continental platform of the Ligurian Sea (Boero, personal commu-
nication). From January to March, large P. noctiluca can be found on
surface waters even in daylight, often exhibiting an unusual
swimming behaviour with individuals swimming in pairs (Canepa
et al,, 2014a).

We used here two positively correlated indexes, the gonad-
somatic and fecundity indexes (GSI and FI), to identify the
spawning periods of P. noctiluca. Yet, these morphometric indexes,
together with the overall histological analyses of gonads, indicate
two different spawning periods, a pulse of reproduction in spring,
from April to June—July, and a second period from September to
November, reaching the minimal values in the coldest months from
December (GSI) to March (FI). The size of jellyfish specimens used
for the histological and morphometric analyses was generally
consistent all year round (except April). Therefore, the observed
changes in the GSI (Fig. 2) and FI (Fig. 5) should be attributed to
changes in the amount of energy invested in gonadal development
at the different months, which is related to concomitant changes of
environmental conditions.

Sea water temperature, together with quantity and quality of
available food resources, are known as major drivers of gonadal
output (Ben-David-Zaslow and Benayahu, 1999; Harland et al.,
1992; Stimson, 1987). Temperature is usually considered to be a
key factor for initiating gonad development, whereas the extent
and success of the reproductive processes directly depend on
ingested food or on previously stored reserves (Lubet, 1959).

The estimated Pearson's coefficient (PPMCC) between sampled
P. noctiluca jellyfish size and the GSI over the entire year was not
significant. The largest variability of GSI among P. noctiluca
medusae within a sampling group was in April and September,
probably due to changes in their reproductive effort by increasing
the relative energy investment for gonadal growth, leading to
heterogeneous GSI among individuals of the same size with gonads
at different development stages. The gonadal and somatic tissues
over the jellyfish life may undergo different growth rates, according
to the proportional investment towards gonadal or somatic tissues
in different periods, leading to variable results as either allometric
or isometric growth.

The GSI may be not useful to identify spawning periods in any
jellyfish population composed of a wide size range of individuals
over different months, because the sexual reproduction effort
might be masked by the parallel growth of somatic tissues. For the
investigated P. noctiluca population in the Strait of Messina, the
relationship between gonadic dry weight (GDW) and jellyfish
diameter (JD) is linear (GLM model with Poisson distribution:
DPvalue= 0.005).

Conversely, the FI does not include the somatic tissues; there-
fore, we consider this index to be the most appropriate to identify

potential spawning periods of jellyfish like P. noctiluca, without any
potential interference due to possible isometric growth of soma
and gonads. In addition, the FI showed longer potential spawning
periods than the GSI. Therefore, the FI values provided a reliable
explanation for the occurrence of P. noctiluca all year round in the
Strait of Messina, and for the homogeneity of jellyfish size through
different months in our study. Further investigations on different
jellyfish species or on P. noctiluca populations other than in the
Strait of Messina will clarify whether the calculation of FI may be
used as a standard method to investigate the spatial and temporal
dynamics of holoplanktonic jellyfish species.

The female gonadal organic matter content may represent
another useful proxy to understand reproductive dynamics of jel-
lyfish, as a reflection of differential energy investments between
somatic and gonadic tissues, which may fluctuate according to
endogenous and environmental control mechanisms (e.g. food
abundance and temperature) (Olive, 1985). The content of OM in
the female gonads of P. noctiluca (as percentage of total OM) was
different in the two potential spawning periods. The highest
gonadal OM value was recorded in late autumn, with poor quality
and quantity of available zooplankton food; conversely, a low
gonadal OM content was observed in spring (Fig. 6), at the time of
the highest food availability (Bandelj et al., in prep.). Indeed, an
increased amount of organic matter invested in the production of
offspring is a strategy to ensure reproductive success under food
shortage conditions (Olive, 1985).

The gross biochemical composition of P. noctiluca gonads
showed consistent reserves of proteins, abundant quantities of
lipids, and lower levels of carbohydrates (Fig. 6). However, the
relative proportions of these molecules depend on the season,
probably related to the quality and quantity of ingested food, the
sea water temperature, and the reproductive cycle period (Lucas
and Lawes, 1998; Roff, 1992). Our results showed that proteins
represent the main component of P. noctiluca gonads and that they
are significantly related to the gonadal reproductive cycle, with the
lowest concentrations recorded during the spawning months by
the emission of eggs and the embedding mucus strands (November,
May, June; Fig. 6). This finding agreed with the cycle of gonad
development and oocyte differentiation, because yolk protein
contents increase during oocyte growth and maturation to rapidly
disappear when eggs are released from the gonadal tissues
(Martinez-Pita Marsh and Watts, 2007).

In general, lipids stored in marine invertebrate eggs are used by
the larvae as an energy supply (Holland, 1978). In molluscs, lipids
are selectively accumulated in the ovary during the reproductive
period (Giese, 1969). Similarly, seasonal variations of lipid and fatty
acid contents have been documented during the reproductive cycle
of the pennatulacean Renilla koellikeri (Pernet et al., 2002). This
benthic anthozoan colony accumulates large amounts of fatty acids
and lipids just prior to spawning, followed by the subsequent
decrease after egg release. By contrast, lipids in P. noctiluca gonads
appear to be the substrates for energy storage, but uncoupled to the
spawning cycles. Lipid concentrations increased in the spring
simultaneously with the phytoplankton bloom (Azzaro et al., 2007)
and remained constant, or even higher, after the probable spawn-
ing event in late spring. Gonads in P. noctiluca change over time; the
vitellogenesis phase occurs consistently throughout the year, and
therefore in these organs are required high amounts of lipids
continually. Apparently, the large amounts of total lipids stored
throughout the summer could provide a metabolic reserve for pe-
riods of food shortage, during which jellyfish might maintain
optimal physiological performances and keep the gametogenic
cycle throughout the year.

In conclusion, in the Strait of Messina, P. noctiluca has the po-
tential to reproduce all year long, although the number of eggs
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produced and their quality can grow exponentially when the
environmental conditions are favourable. This plasticity make
P. noctiluca an excellent bloomers, as already proposed (Dawson
and Hamner, 2008). Histological and morphometric analyses
(oocyte differentiation, GSI and FI) revealed that late spring and
autumn were the periods of greatest energy investment in sexual
reproduction by P. noctiluca. The FI was the best indicator of the
temporal windows for reproduction, which probably is related to
environmental conditions. P. noctiluca spawning events and egg
fertilization occurred mainly in May and October, when the sea
surface temperature was around 19 °C. At this temperature, the
time needed for planula metamorphosis into ephyrae is only 92 h,
while at 13 °C, metamorphosis may require up to 168 h (Avian and
Sandrini, 1991), thereby increasing the risk of mortality by preda-
tion (Avian, 1986).

This study showed that investigations on jellyfish sexual
reproduction may provide biological information relevant for
management of coastal zones affected by outbreaks of gelatinous
taxa. When abundant, P. noctiluca as well as other predator jellyfish
can exert significant impact on zooplankton communities and food
webs, eventually affecting the success of fish reproduction, either
by direct predation on fish larvae or by competition for available
food resources (Purcell and Arai, 2001). Tourism and aquaculture
are also two main human activities in coastal areas that may be
severely affected by unexpected jellyfish blooms, with large eco-
nomic losses (De Donno et al., 2014; Graham et al., 2014; Purcell
et al., 2014a; Richardson et al., 2009). The ecological importance
of sexual reproduction and inter-population connectivity was
rarely considered in this context (Aglieri et al., 2014), whereas so
more attention was paid to asexual mechanisms of bloom forma-
tion (Canepa et al., 2014b; Pascual et al., 2014; Purcell, 2007; Purcell
et al.,, 2012). Overall, our results suggest that observations on life
cycles and sexual reproduction may support forecasting analyses
aiming to [I] identify locations and periods of greatest bloom po-
tential, and [II] apply adaptive countermeasures (e.g. mapping best
locations for aquaculture, informative campaigns at tourist hot
spots) to secure safe implementation of human activities in coastal
areas.
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