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Abstract :

Identifying ontogenetic changes in jellyfish diet is fundamental to understand trophic interactions during
their life cycle. Scyphomedusae blooms exert major predation pressure on plankton communities,
although their role in ecosystems has long been misrepresented. This study assesses seasonal and
ontogenetic changes in the diet of the scyphomedusa Rhizostoma pulmo, one of the largest yet
overlooked Mediterranean jellyfish. Medusae gut contents (n=127) were collected during one year in
Bages Sigean lagoon, southern France. Results show that the diet composition differs from the availability
of prey in the environment with contrasting preferences along ontogeny. Calanoid (70%) and harpacticoid
(45.8%) copepods were the most frequent prey and the major carbon contributors for small medusae (bell
diameter <15 cm). In contrast, ciliates (43.5%) were the most frequent prey for large organisms (> 15 cm),
which obtain most of their carbon intake from ciliates and fish eggs (20.9%). The overall impact on micro
and mesozooplankton showed that small medusae consume 5% of the copepods daily standing stock,
while large medusae consumed 8% of ciliates daily standing stock. Our results stress that R. pulmo
display different trophic pathways along its life cycle, firstly interacting with the classical food web, and
shifting afterwards to a greater interaction with the microbial loop.
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Introduction

Assessing the trophic role of species, i.e., what they eat and in what proportions, is fundamental to
understand energy fluxes and ecosystem functioning (Cury et al., 2008). In marine ecosystems,
gelatinous zooplankton are increasingly recognized as conspicuous prey (Hays et al., 2018), consumers
(Robinson & Graham, 2014), and prominent players in biogeochemical cycles (Lebrato et al., 2019).
Cnidarians represent approximately 92% of the total global biomass of gelatinous zooplankton (Lucas et
al., 2014), with scyphomedusae species developing the largest individual body weight and forming
spectacular blooms (Dawson & Hamner, 2009). Due to their voracity on lower trophic levels (Purcell,
1992), scyphomedusae blooms impact the whole food web structure in coastal marine ecosystems,
thereby shaping the ecosystem functioning and services (West et al., 2009).

Despite the central role of scyphomedusae and their impact on local economies (e.g., Bosch-
Belmar et al., 2021), the trophic ecology of this taxon is often misrepresented, as the large majority of
studies have focused on two genera, Aurelia and Chrysaora. The remaining 85% of scyphomedusae
species are overlooked. Consequently, ecosystem models have historically oversimplified their role as
predators (Pauly et al., 2009), although recent evidence has shown a wide variation in their trophic role
which changes not only across species, but also throughout their ontogeny (Fleming et al., 2015).

During their life cycle, scyphozoans display a wide range of sizes, from few millimeters up to 1
meter. The few studies that have addressed their ontogenetic dietary shifts have identified diverse
responses. For instance, benthic and pelagic stages trophic niches of some species widely overlap
(Aurelia coerulea von Lendenfeld, 1884: Marques et al., 2021), others shift their trophic level with size
(Lychnorhiza lucerna Haeckel, 1880: Nagata et al., 2015 and Cyanea nozakii Kishinouye, 1891: Wang
etal., 2020), or modify prey preferences and diversity (Stomolophus meleagris Agassiz, 1860 and Aurelia
aurita (Linnaeus, 1758): Larson, 1991; Graham & Kroutil, 2001; Alvarez-Tello et al., 2016). Such diet
changes have been associated with shifts in mouth size, prey encounter probability, or small-scale
currents generated by bell pulsations (Costello & Colin, 1995; Nagata et al., 2016).

Among the methods used to determine the trophic role, four have been implemented on
scyphozoans’ diet analyses (Pitt et al., 2009): i.e., gut content, grazing experiments, stable isotope (SI)
and fatty acid (FA) analyses. SI and FA analyses provide the signal of the assimilated food, but require a
previous knowledge of the prey’s signal in the environment (Pitt et al., 2009). In turn, gut content analysis
provides information on recently ingested food, although it does not allow detecting the assimilated one,
and therefore underestimate preys that are digested rapidly (e.g., Purcell, 1997; Bamstedt & Martinussen,

2000). Notwithstanding this limitation, it remains the most direct method for prey identification (Purcell,
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2018). A protocol to standardize the assessment of scyphomedusae gut content has been only recently
provided (Nagata & Morandini, 2018). To date, however, gut content analyses on jellyfish have generally
based their conclusions on a small sample size, and overlooked the predators and prey seasonality, which
are not only crucial to define dietary niches but are also essential to incorporate this group in food web
models.

By virtue of their relative shallowness and protection from the open sea, semi-enclosed
ecosystems, such as coastal lagoons, are exceptional places to study jellyfish trophic interactions in
natural environments (Marques et al., 2021). Bages Sigean (France) (43°05°12.72” N; 3°00°35.3” E) is
a small Mediterranean coastal lagoon (38 km?, mean depth of 2 m) located in a protected area (Cesmat
et al., 2012). The lagoon is a shelter for migrant birds and fishes, and an important biodiversity reservoir
(PNRNM, 2018), where a perennial population of the barrel jellyfish Rhizostoma pulmo (Macri, 1778)
has been detected since 2014.

R. pulmo is a native Rhizostomeae scyphomedusa from the Mediterranean and Black Seas (Leoni
et al., 2021a). This scyphomedusa can reach biomasses of 300 tons km™ during bloom events (Basso et
al., 2019), with dramatic effects on fisheries (Nastav et al., 2013) and potentially on the food web
structure (e.g., Brodeur et al., 2002). In Bages Sigean, summer blooms of R. pulmo (Leoni et al., 2021b)
are a major issue for artisanal fishing due to net clogging, spoiling the commercial value of captured fish
and because of the risk of stings (S. Marin pers. comm.). Similar problems have been reported in other
ecosystems inhabited by this species, such as Mar Menor lagoon (Spain) (Fuentes et al., 2011).

The feeding mechanism of R. pulmo is peculiar. Instead of a central mouth, such as in Aurelia and
Chrysaora, Rhizostomeae medusae have eight specialized oral arms covered with millimetric mouths
where the food is ingested due to micro-currents generated by bell pulsation (Nagata et al., 2016).
However, little is known about the diet of this species (Pérez-Ruzafa et al., 2002; Dénmez & Bat, 2019).

In this study, we benefited from the large size range of individuals present across the year in Bages
Sigean lagoon (Leoni et al., 2021b) to assess R. pulmo diet throughout the pelagic stages. Owing to the
medusa mouths size (ca. 3,000 pm), we hypothesized (H1) a diet mainly composed by a dominance of
small prey. In addition, as it is expected that prey encounter rate and micro-currents generated by bell
pulsations increase along medusa ontogeny (Nagata et al., 2016), we hypothesized an increase of prey
richness (H2) and mobile prey (H3) in the diet along with medusa growth. By means of gut content
analysis, we (1) describe prey diversity and size range during ontogeny, (2) quantify prey relative
abundance, (3) examine potential prey-selectivity patterns of the species, and (4) identify the main

sources of carbon supply during ontogeny, as well as its predatory impact in the lagoon.
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Materials and Methods

Biological samples were gathered biweekly between February and November 2019 in Bages Sigean
lagoon (see Figure 1 in Leoni et al., 2021b) between 09:00 and 12:00 AM. The abundances of R. pulmo
pelagic stages were estimated using two complementary sampling procedures. Young individuals were
caught with a 700-um mesh size plankton net fitted with a flowmeter, which was towed horizontally at
the sub-surface due to the shallowness of the lagoon. In turn, the abundance of large organisms was
estimated with a non-intrusive method of visual counting from the boat (Leoni et al., 2021b). Abundance

estimations were expressed as the number of medusae per 100 cubic meters.

Jellyfish gut content analysis

R. pulmo medusae size classes were defined based on the absence (juveniles) or presence (adults) of
gonads. We used 15 cm as the bell diameter (BD) threshold to distinguish juveniles from adults’
specimens, as gonads were present in all individuals with BD >15 cm.

The methodology applied to assess the medusae gut content was based on Nagata & Morandini
(2018). Medusa specimens were carefully collected by dip nets from the boat. Only unharmed and active
individuals were considered. BD (£0.05 cm) and wet weight (WW £0.05 kg) of the specimens were
recorded. Each medusa was stored individually in a plastic jar with formalin 10%. In the laboratory,
medusae were singly laid down on a tray and methylene blue was injected into the specimens’ gut to
facilitate prey visualization (Nagata & Morandini, 2018). Later, oral arms were removed by scissors and
the cruciform gut was opened. The cavity was rinsed with 0.2 um filtered seawater and the washed
content was retained on a 63-um sieve. Consequently, 63-pm was the lower size threshold of prey
identification. The gut walls were also examined under a Leica stereomicroscope to collect prey
eventually retained therein. Both, prey items removed by rinsing and those attached to the gastric cirri
were conserved in formalin 4% and included in counts.

Prey items were identified and counted in a Bogorov chamber under a stereomicroscope. When
possible, specimens were identified at species or genus level. Otherwise, identification was carried out
to the greatest detail possible. Phytoplankton was counted but was not considered for the analyses as it
was probably underestimated due to the minimal size of prey identification. Individual prey
measurements were determined from pictures with a camera integrated into the stereomicroscope, using
the software Leica Application Suite X (LAS X). Schematic representations of how measurements were

taken are presented in Figure S1, mainly following Uye (1982).
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Characterization of food availability
To characterize the zooplankton community and to evaluate R. pulmo prey selectivity patterns,
zooplankton and medusae collections were performed simultaneously. Micro-, meso- and
macrozooplankton were collected with 63-um (0.40 m diameter x 1.00 m length), 200-um (0.54 m
diameter x 2.50 m length) and 700-um (0.78 m diameter x 2.00 m length) mesh size plankton nets,
respectively, each fitted with a flowmeter and towed horizontally in the sub-surface layer. Samples were
fixed in formalin 4%. Two samples were taken for meso- and macrozooplankton in the study area at each
sampling date, while only one sample was collected for microzooplankton at each date.
Microzooplankton was analyzed with a FlowCam imaging system (Fluid Imaging Inc.; Sieracki
et al., 1998) at the Villefranche Oceanography Laboratory, LOV, while the posterior classification was

performed in EcoTaxa. Data are available online (https://ecotaxa.obs-vlfr.fr/prj/3279). Meso- and

macrozooplankton organisms were counted and identified under the stereomicroscope using taxonomic
guides (Trégouboff & Rose, 1978; Hecq et al., 2014). Zooplankton abundances were estimated from

subsamples and expressed as individuals per cubic meter.

Statistical analysis

To characterize and quantify the diet of R. pulmo, each medusa was treated as a sampling unit. In addition,
to allow future comparative analyses, we used standard equations and nomenclature employed in trophic

indices assessments, as summarized in da Silveira et al. (2020).

Assessing the minimum sample size
A cumulative curve of the number of medusae analyzed against the number of prey taxa in the guts was
used to determine adequate sample size, i.e., the minimum number of samples (MNS) to represent the

total richness. We used the Chaol non-parametric estimator (Schao1):

n,?
Schaor = Sobs T
2n,

where S,ss 1s the observed richness, n; is the number of species found once, and #n: is the number of
species found twice (Chao et al., 2009). The sampling effort was considered sufficient when So»s Was
equal to 80% of Schaor (Jiménez-Valverde & Hortal, 2003). This analysis was performed in the software
R using the rarc function of the ‘rich” package (Rossi, 2011).

Objective 1. Prey’s richness and frequency of occurrence during R. pulmo ontogeny
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To evaluate whether changes during ontogeny were related to changes in prey’s richness, the number of
prey taxa found in juvenile and adult medusae was compared using a Kruskal-Wallis test. A significance
level of 5% was applied. In addition, the proportion (%) of empty guts (G.) was estimated by month per
stage of development.

The frequency of occurrence (FO in %) of a prey category (7) in the gut content of both juvenile
and adult medusae was estimated as the number of guts with this food item (G) over the total number of

guts containing food (Gy) (da Silveira et al., 2020).

Objective 2. Relative abundance of prey on the diet of R. pulmo pelagic life stages

The percentage of the relative abundance (V) of prey was calculated for each prey taxa for all medusae
containing food. The average relative abundance was determined by month for both stages of
development. N (%) was estimated as the number of individuals of a prey category (Vi) over the total

number of prey items found in the medusa gut (3} N;) (Hyslop, 1980):

N:
%N=< — )*100
Zx:lNi

Trophic niche determination
The trophic niche breath (NVB) was estimated for juveniles and adults medusae using Levin’s standardized
index (Krebs, 1999):

1

NB, = 1
n-— (m -1
where NBy is Levin’s standardized index for a predator k; pix is the proportion of a prey i in the diet of
the predator £, and » is the number of prey categories. This index ranges from 0 to 1, where low values
represent a narrow niche breadth or a specialized diet, whilst higher values suggest a generalist diet with
a wide niche breadth.

Lastly, we assessed the niche overlap between juveniles and adults when they coexist. This metric
was expressed as the percentage of similarity between juveniles’ () and adults’ (a) diets, and estimated
with the simplified Morista’s index of similarity (NO) (Krebs, 1999):

NO = 2 « 2(Pyj * Pig)
YPi+ X P,
Here, Pj; and Pj, are the proportions of the resource i used respectively by juveniles and adults in relation

to the total resources. The values ranged from 0 to 100%, with 0% representing no diet overlap, and 100%
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identical diets. We followed the criteria of Langton (1982), and determined three categories of niche
overlap: low (<29%), medium (30-60%) and high (>60%). This index is sensitive to the taxonomic
resolution of preys identified. Here, differences at the species level, if they exist, were not considered in

the niche overlap evaluation.

Objective 3. Prey selectivity patterns during R. pulmo ontogeny

To account for differences in the relative abundance (V) of a prey type (i) in the gut (G;) vs prey in the
environment (£;), we used the linear food selection index (LFSI) (Strauss, 1979). ‘Positive selection’ was
considered when the G; was higher than E;, and ‘negative selection” when G; was lower than E;. LFSI
was estimated per medusa. Values of LFSI range from -1 to 1, reflecting the magnitude of prey selection.
Null values indicate no selection, positive values suggest some degree of positive selection and negative
values have a probable disability to consume the prey, i.e., negative selection. To evaluate whether
seasonal and/or ontogenetic changes were related to changes in prey selectivity patterns, a heatmap of
LFSI was performed by month and by medusae size range (BD in cm) for each type of prey. Size classes
of 5 cm were set up with juveniles including the classes 0-5, 5-10 and 10-15 cm, and adults the classes

15-20, 20-25, 25-30 and >30 cm.

Objective 4: Daily Carbon Ration (DCR) assessment and predatory impact
The daily ration (DR) was estimated as the number of prey consumed (P.) by medusa per day as:
DR= P. *24*DT"!
using the digestion time (D7, in hours) for each prey provided in Larson (1991) (Table S1) and corrected
by temperature as follows:
DT~ 1¥(DT*Qyo29/10) 1

where 7 is the temperature at each sampling date and Q1o was assumed equal to 2.08 (Purcell, 2009).
Lastly, DR was converted to daily carbon ration (DCR) by multiplying P. by the carbon content (C in
mg) estimated for each prey using specific equations (Table S1). DCR was estimated for prey items found
in more than 5% of samples. We used a biometric conversion factor estimating C as a percentage of R.
pulmo’s WW: C%WW=0.34 (Purcell et al., 2010) to estimate the C content of each medusa (WW range:
0.25 to 2761g). Quantile regressions (5, 50" and 95™) were used to evaluate possible changes in carbon
sources with medusae size (mgC) (Cade & Noon, 2003).

Based on medusae abundances, the predatory impact of R. pu/mo in the lagoon was estimated as

PI=DR*(Dprea*Dprey')*100, where PI is the percentage of the prey standing stock consumed by the

9
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medusae population per day, Dpred is the abundance of medusae (ind m™) and Dyyrey the abundance of the

prey in the environment (ind m~) (Nagata & Morandini, 2018). PI was estimated for juveniles and adults

by prey taxa.

All the analyses were performed using the open source software R 3.6.0 (R Core Team, 2020)

and plots were created with the “ggplot2” package (Wickham, 2016).
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Results

Jellyfish population dynamics

In total, 16 samplings were performed. Ephyrae and small medusae appeared for the first time in April
and the last medusae were observed in October. The seasonal dynamics of R. pulmo pelagic stages
showed a maximum abundance in April and two smaller peaks in June and July (Fig. 1a). Ephyrae
occurred from April to June, juveniles from April to September, and adults from May to October.
Maximum abundances of ephyrae, juveniles and adults medusae were observed in June (6.1 ind 100 m"
%), April (17.5 ind 100 m™) and June (1.0 ind 100 m™), respectively. Due to overlapped cohorts, in some
months, more than one developmental stage was present. The first cohort developed from April to
September, the second cohort from May to October, and the third cohort from June to October. However,
as there were not enough individuals collected from the third cohort, only specimens from the two first
cohorts were considered for gut content analysis (Fig. 1b, ¢). In total, 127 individuals were collected (Fig.
1b), from May to October, with a BD ranging from 0.95 to 34.00 cm (Fig. 1c) and a WW from 0.25 to
2761.00 g.

Prey richness
A total of 16,239 prey items were counted in the gut contents, with an average prey concentration of 20
+22 prey medusa’ in juveniles and 253 +£338 prey medusa’ in adults. After screening, 14 taxa were
assigned into three different prey categories based on size criteria: (1) microzooplankton (63-200 pm)
containing: foraminifers (phylum Foraminifera), ciliates (phylum Ciliophora), bivalve and gastropod
veligers (phylum Mollusca), ostracods and copepods’ nauplii (phylum Arthropoda), (ii)
mesozooplankton (200-700 um) composed by: cirripeds’ nauplii and harpacticoid, cyclopoid and
calanoid copepods (phylum Arthropoda), and (ii1)) macrozooplankton (>700 pm) including:
hydromedusae (phylum Cnidaria), fish eggs (phylum Chordata), crustacean malacostraceans (phylum
Arthropoda) and polychaetes (phylum Annelida). Micro- and mesozooplankton specimens were the most
recurrent prey, while the predominant group by category was the ciliates (20.8%) and the calanoid
copepods (22.8%), respectively. Ciliates were mostly represented by the genus Codonella, Favella, and
Tintinnopsis, whilst calanoid copepods were mostly represented by three species: Acartia clausi
Giesbrecht, 1889, Paracalanus parvus (Claus, 1863) and Pseudocalanus elongatus (Brady,1865).

Our sampling size was representative of the prey richness in R. pulmo’s guts. Indeed, the Chaol
non-parametric estimator indicated that the sampling effort can be considered sufficient when analyzing

84 specimens (Fig. 2a), when S,ss (observed richness = 35) is 80% of the Schaos (total richness estimated

11
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= 39). The number of taxa identified (14 taxa) showed a significant difference between juveniles and
adults (df=1, p=0.007), with more taxa in adults (4.2+2.4 taxa medusa™') compared to juveniles (2.8+1.9
taxa medusa!) (Fig. 2b).

Among the total specimens analyzed, 13% of the medusae guts were judged empty (17 specimens
out of 127). Of them, 10 guts had only items of vegetal origin and the remaining 7 were empty. Vegetal
structures, including Pinus pollen grains and stellate hair of vascular plants (i.e., Elaeagnus sp.) were
observed in 61.2% of the guts analyzed, but were removed from the analyses as they were considered as
terrestrial contamination. Thus, only 110 individuals were retained for the analyses: 62 juveniles and 48
adults. G. (%) displayed a marked temporal variability (Fig. 2c). When R. pu/mo appeared, more than
30% of juveniles presented empty guts, although no empty guts were observed at the beginning of
summer (June), and only a few (~10%) until September. Conversely, all adults presented food in their
guts from May to July. From July, an increase in the number of empty guts was noted, up to a maximum

in October (G. = 50%).

Objective 1. Frequency of occurrence of prey during R. pulmo ontogeny
The ingested prey covered a size range from 45 to 9,000 pm (Fig. 3a), with most of them (80%) figuring
between 165-240 pm. Prey size varied significantly (Kruskal-Wallis, df=1, p<0.001) between juvenile
and adult medusae, with juvenile medusae feeding on larger sizes (385£190 um) than adult medusae
(13660 pm).

Calanoid and harpacticoid copepods were, together with ciliates, the most frequent prey (Fig. 3b).
Of them, calanoid copepods doubled their occurrence in juveniles compared to adults, reaching a FO=70%
in juveniles. Conversely, ciliates, copepods’ nauplii and malacostraceans were slightly more frequent in
adults compared to juveniles (Fig. 3b). In general, the biggest prey as malacostraceans, were observed
with a frequency of occurrence (FO) lower than 20%. The less consumed items, i.e., ostracods (ca. 130
pm), hydromedusae (ca. 500 pm) and polychaetes (ca. 9000 pum), present in less than 5% of the

specimens, were removed for posterior analyses.

Objective 2. Relative abundance of prey in the diet of R. pulmo pelagic life stages

The relative abundance of prey in the gut contents of the medusae did not follow their seasonal abundance
in the environment (Fig. 4). From May to July, the diet of juveniles was composed mainly of calanoid
copepods (N>25% each month). In August and September, this composition changed to a predominance

of foraminifera (N>25%), matching with the abundance peak of this group (Fig. 5), and in lower
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proportion to ciliates and harpacticoid copepods. The predation on fish eggs was noticeable during May
(ca. 20%) and August (8%). In contrast, adults showed a different diet composition, with a predominance
of ciliates, mainly in June (ca. 40%), August (N>80%) and September (ca. 40%), followed by calanoid
and harpacticoid copepods, and bivalve veligers.

Trophic niche breadth suggested a specialist feeding behavior for juvenile and adult medusae with
low values in both cases (NBjuvenites=0.07, NBuaus=0.08). Most of the time, when juveniles and adults of
different cohorts coexist, the niche overlap was low (13% in June and September, and 22% in May), but
increased to medium or high in August (54%) and July (68%), respectively (Fig. 4). The highest overlap
observed in July was caused by the predominance of bivalve veligers and calanoid copepods in the diet

of both juveniles and adults.

Objective 3. Prey selectivity patterns during R. pulmo ontogeny

The prey selectivity showed a heterogeneous pattern (Fig. 5). Copepods’ nauplii and gastropod veligers
showed a negative selection most of the time, except for a positive selection of gastropod veligers by the
biggest medusae (>30 cm). Foraminifers, calanoid copepods and fish eggs were positively selected by
juvenile medusae during some months. It is worth noticing that calanoid copepods were mostly ingested
by the smallest sizes of R. pulmo (<10 cm), while ciliates were selected by adult medusae (>15 cm) (Fig.

5).

Objective 4: Daily Carbon Ration assessment and predatory impact

The daily carbon ration (DCR, mgC consumed per medusa per day) consumed by the medusae differed
between prey types during R. pumo growth (Fig. 6). At the smallest sizes of R. pulmo (<34 mgC or <6
cm of BD), copepods were the most consumed prey, with a DCR between ca. 0.01 to 1 mgC medusa’!
day™!, decreasing their maximum consumption (95" quantile) on biggest sizes (Fig. 6). Along with
medusae growth (from 10 to 2,761g WW, or 34 to 9,387mgC), prey richness increased. Indeed, 95
quantile regression highlighted significant patterns for ciliates, bivalve veligers, cirripeds’ nauplii and
fish eggs (Fig. 6). For all of them, the DCR increased from juvenile to adult medusae. Ciliates DCR
showed a marked increase in the 95™ quantile, from ca. 0.01 to 10 mgC medusa™ day!. Among mollusks,
bivalve veligers contributed significantly more to adult medusae than to juvenile stages DCR, while
gastropods were an important food resource only for the adults. Finally, fish eggs showed an increase in
the mean DCR values (50" quantile) from ca. 1 mgC medusa’ day' in juvenile medusae to 4 mgC

medusa’ day™! in adults, and with maxima (95™ quantile) ranging from ca. 2 to 30 in juvenile and adult
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medusae, respectively. For R. pulmo, the prey that mostly contributed to the DCR were copepods for
juveniles, and fish eggs and ciliates for adult medusae.

The predatory impact of R. pulmo differs during ontogeny. Juveniles fed on a maximum of 5% of
the copepods’ standing stock per day, whilst adults showed a consumption of 8% of the ciliates’ standing
stock per day. Fish eggs (mean diameter 1170+126 pum) were consumed with high frequency for juveniles
(40%) and adults (20%) with a consumption of approximately 5% of the fish eggs daily standing stock

in the lagoon. For the other taxa, the ingestion was lower than 1% of the daily standing stock.

14



356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

Discussion

We have assessed the diet composition of R. pulmo pelagic stages and identified ontogenetic dietary
shifts. In addition, the analysis of two different cohorts allows evaluating the degree of trophic niche
breath overlapping between juveniles and adults. The present study, therefore, provides a baseline to

understand the trophic role of R. pulmo in plankton food webs.

Rhizostoma pulmo diet composition

R. pulmo fed on different trophic levels, including ciliates, copepods and larger taxa such as fish eggs.
These observations are in agreement with the diet reported for this species in the Black Sea (Dénmez &
Bat 2019). However, our results contrast with Pérez-Ruzafa et al. (2002) who suggested that R. pulmo
feed mainly on prey with no active escape ability (e.g., phytoplankton). Such statement is likely biased
by the small sample size used (n=5). Our results indicate that R. pulmo is a selective filter-feeder, although
a wide prey species richness is observed, as for other Rhizostomeae (e.g., Kikinger, 1992; Alvarez-Tello
et al., 2016; Nagata & Morandini, 2018; Syazwan et al., 2021) that also include phytoplankton, as
detected in this study (e.g., diatoms Bacillaria paxillifer) and previously documented for R. pulmo

(Pérez-Ruzafa et al., 2002; Donmez & Bat, 2019) and R. octopus (Gmelin, 1791) (Hays et al., 2012).

R. pulmo prey size spectrum

Using the only available study to date (Pérez-Ruzafa et al. 2002), Lilley et al. (2009) determined that R.
pulmo mostly consume (>80%) small prey (<200 um). Our results show a wide prey size spectrum, from
45 t0 9,000 um, with 80% of prey belonging to the 165-240 um window. This size range is expected for
the Rhizostomeae diet due to their small mouths size (<3,000 pum). In Semaeostomeae species such as
Aurelia and Chrysaora, more than 50% of prey are commonly larger than 800 pum (Lilley et al., 2009).
Here, the smaller prey size identified for R. pulmo suggests a probable niche partitioning and different

trophic roles between these jellyfish.

Consequences of ontogenetic dietary shifts on jellyfish

Ontogenetic dietary shifts are widespread in the animal kingdom (Sanchez-Hernandez et al., 2019), and
there is evidence that jellyfish can modify their diet over their life span (e.g., Graham & Kroutil, 2001).
Here, gut content analysis revealed that R. pulmo raised prey richness with increasing size of medusae
(supporting our H1), but also fed on specific trophic levels during ontogeny. Juvenile stages of R. pulmo

showed a marked preference for calanoid copepods (FO>60%), whilst the feeding pressure on this taxon
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decreased when medusae grew. In contrast, an increasing consumption, i.e., daily carbon ration, was
observed mainly on ciliates with medusae growth (see Fig. 6). These different prey preferences during
ontogeny and the observed niche partitioning of R. pulmo, can affect medusae growth and survival,
probably with evolutionary advantages for multicohort species. For instance, a niche partitioning
between juvenile and adult medusae could reduce competition for food between cohorts, enabling their
coexistence in the lagoon.

From a food web perspective, this ontogenetic diet shift might modify the impact and pressure
across the plankton food web. In shallow areas of the ocean, lakes or lagoons, the classical food web
(large phytoplankton-mesozooplankton-fish) is commonly connected with the microbial food web
(bacteria-heterotrophic flagellates-protists) by mesozooplankton species such as copepods (Moore et al.,
2019). However, mesocosm experiments have shown that gelatinous zooplankton has a top-down control
on both the microbial loop (Turk et al., 2008) and the classic food web (Granéli & Turner, 2002). Our
results support these observations and further quantify the impact on standing stocks of copepods and
ciliates. Juvenile medusae of R. pulmo consumed a maximum of 5% of the copepods’ daily standing
stock, whilst adults showed a consumption of 8% of the ciliates’ daily standing stock. These results are
close to the reported values for the Rhizostomeae L. /ucerna, for which a consumption of 6 to 12% of
the copepods’ daily standing stock was estimated in the southwestern Atlantic coast (Nagata & Morandini,
2018), but smaller than the estimations for the giant Japanese Rhizostomeae Nemopilema nomurai
Kishinouye, 1922 (24% of mesozooplankton daily standing stocks) (Uye, 2008). Estimations on
Semaeostomeae species present a wider interstudy variability, ranging from <3% of the crustaceans’ daily
standing stocks consumed by Aurelia labiata Chamisso & Eysenhardt, 1821 and Cyanea capillata
(Linnaeus, 1758) in Alaska (Purcell, 2003), to 21% of copepods’ daily standing stocks consumed by
Aurelia solida Browne, 1905 in Bizerte lagoon (France) (Gueroun et al., 2020). Despite these differences,
we observed that large medusae of R. pu/mo consumed small percentages of copepods’ standing stocks
when compared to younger stages, as described for C. capillata (Purcell 2003). These results highlight
that the predatory impact by some jellyfish species on the copepods’ community could be relevant only

during the first pelagic stages.

Potential driving mechanisms of ontogenetic diet changes

The high prey richness we detected in large medusae agrees with reports for other scyphomedusae species
(Graham & Kroutil, 2001; Padilla-Serrato et al., 2013; Dénmez & Bat, 2019), and might be related to an

increasing encounter rate of unabundant taxa with the predator. This support our hypothesis H2 regarding
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a diet diversification on adult stages. In contrast, we do reject our hypothesis H3 about an increase of
mobile prey, e.g., copepods, in medusae guts along with medusa growth.

To understand these results, we discuss potential feeding mechanisms below. The food selection
of filter-feeder medusae depends on the pre-encounter and post-encounter feeding mechanisms. Pre-
encounter rates are dependent on current speeds generated by the medusae, escape capacity of the prey,
and encounter rate related to predator-prey abundance and size (Costello & Colin, 1994). In this line, our
results do not follow the proposed functional model for prey selection of A. aurita (Costello & Colin
1995), which hypothesized that the largest medusae might capture more efficiently big mobile prey than
juveniles. This explanation is based on the marginal flow speed created by bell pulsation and the increase
of encounter rate, which scale with medusae BD (Costello & Colin, 1994), as observed also in
Rhizostomeae species (Nagata et al., 2016; Graham et al., 2003). Nevertheless, deviations from this
pattern have been already reported. The high presence of copepods in the youngest medusae stages of
Rhopilema nomadica Galil, Spanier & Ferguson, 1990 (Kuplik & Angel, 2020), S. meleagris (Alvarez-
Tello et al. 2016), Pelagia noctiluca (Forsskal, 1775) (Rosa et al., 2013), and also in 4. aurita (Costello
& Colin, 1994; Graham & Kroutil, 2001), suggests that other mechanisms, besides size, could take place.
For instance, small medusae may not be detected by copepods, which could explain their capture.
Conversely, copepods’ ability to detect marginal flow speeds created by large medusae (BD >10 cm)
would result in a low consumption by medusae in adult stage, limiting their trophic impact (Wagner et
al., 2020). Beyond that, a faster metabolism and growth rates observed in the youngest specimens
compared to adult stage is a probable explanation for R. pulmo (Leoni et al., 2021b), as previously
suggested for P. noctiluca (Rosa et al., 2013).

Once the contact is established, the ingestion of the prey depend on the physical constrains of the
feeding structures (Kuplik & Angel, 2020), as well as on the type and amount of nematocysts (Purcell,
1984, 1997,2003), which suggest that ontogenetic differences partly depend on nematocysts composition
(Purcell & Mills, 1988; Carr & Pitt, 2008; Regula et al., 2009). Broadly, the efficiency of the nematocysts
type varies between ‘soft-’ vs ‘hard-bodied’ prey (Purcell, 2003) and has been widely described on
hydromedusae and siphonophores (e.g., Purcell, 1984; Purcell & Mills, 1988; Damian-Serrano et al.,
2021). Also, interspecific variations in the feeding ecology of scyphomedusae with similar bell marginal
flow have been correlated with differences in nematocysts composition (Purcell, 2003), which have been
also observed between stages of development (e.g., planulae, scyphystomeae, ephyrae and medusae) in
some Rhizostomeae and Semaeostomae species (reviewed in Calder, 1983). However, a shift in

nematocysts composition or proportion during medusae ontogeny have been only identified in cubozoan
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species (Chironex fleckeri Southcott, 1956 and Chiropsalmus quadrigatus Haeckel, 1880) and related
with prey consumption (Carrette et al., 2002; Oba et al., 2004). In both cases, ontogenetic shifts from a
crustacean dominant diet (‘hard-bodied’ prey) to a fish diet (‘soft-bodied’ prey) were observed. To our
knowledge, only one recent study has analyzed those changes on scyphomedusae (P. noctiluca,
Ballesteros et al., 2021), while ontogenetic shifts in nematocysts composition remains unknown for R.
pulmo. In our study, the observations could be related to shifts in hydrodynamics and encounter rates
(Costello & Colin, 1994), predator-prey behavior (Graham & Kroutil, 2001), or to ontogenetic changes

of nematocysts composition.

Recommendations for future jellyfish gut content analysis

The gut content analysis of a wide range of medusae sizes has provided novel information on the trophic
ecology of R. pulmo medusae stages. Our suggestion is that jellyfish diet and their influence on the food
web should consider all stages of development. Moreover, to identify all potential prey, the use of
biochemical markers must be implemented (e.g., Marques et al., 2021). This is particularly important on
small prey as phytoplankton, microplankton smaller than 63 pum and detritus, already identified as
important food items for some jellyfish species. Despite the limitations of direct gut content analysis, this
technique provides a baseline for posterior SI analyses (Pitt & Lucas, 2013) and it is the unique approach
for which the size of the prey can be measured.

Previous studies have analyzed a limited medusae size range or have only focused on one
developmental stage (Costello & Colin, 1994; Alvarez-Tello et al., 2016; Milisenda et al., 201 8). Because
of this, interspecific comparisons on trophic changes, diet compositions, and selectivity patterns should
be made with caution, as a wide variety of methodologies and medusae sizes have been used. We stress
the need for a standardization of methods (e.g., Nagata & Morandini, 2018) to assess trophic dietary
niches of jellyfish that will allow to identify feeding patterns or latitudinal changes, which are not

achievable with current knowledge.
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Conclusions

Rhizostomeae jellyfish are an important component of the coastal ecosystems, but the dietary niche of
most of the species (ca. 85%) remains unknown and therefore their trophic role in food webs. Here, we
identified that medusae of R. pulmo do not feed on the same prey during ontogeny, providing evidence
that this jellyfish modifies its trophodynamics, as other marine animals such as bony fish (Olson, 1996;
Costalago et al., 2012), sharks (Bethea et al., 2007), sea turtles (Vélez-Rubio et al., 2016) and marine
mammals (Vales et al., 2014). Since R. pulmo appear seasonally on most Mediterranean coasts for
approximately 7 months (Leoni et al., 2021a), its predatory impact on the planktonic community should
be temporally restricted and variable depending on the stage of development, abundances, and prey
densities. Here, we provide the first in situ estimations of their predatory impact in natural ecosystems.
The inclusion of indirect techniques as SI and FA analyses will help to elucidate if some other prey items
are neglected by the visual analysis method. Metabarcoding techniques have also proved to be useful in
diet composition identification for marine animals (Berry et al., 2015; Bergmann et al., 2021), and should
be considered in future analyses of the diet of Rhizostomeae. Our study provides a baseline for
understanding the trophic role of this species, and therefore for its better representation in food web

models.
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Figure 1. a. Total abundance (ind 100 m™) of the pelagic stage of Rhizostoma pulmo estimated during 2019 in
Bages Sigean lagoon (France). Abundance for each developmental stage is indicated in colors: ephyrae in grey,
juveniles (bell diameter <15 cm) in red and adults (bell diameter >15 cm) in blue. b. Relative abundance (%) of
juveniles (red) and adults (blue) stages of R. pulmo collected for gut content analysis, and e¢. bell diameter (cm) of
medusae collected for gut content analysis by sampling date. Full dots are the individuals from the first cohort and
empty dots are the individuals from the second cohort.
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Figure 2. a. Rarefaction curve for prey species richness indicating the required sampling effort to avoid unbiased
Rhizostoma pulmo medusa diet determination. In the present study, the minimum number of guts (MNS) to
represent prey richness was 84 (grey dashed line). The cumulative curve was calculated using the content of each
medusa gut as a sampling unit (n=127). b. Number of taxa observed in the gut content of juveniles (bell diameter
<15 cm) and adults (bell diameter >15 cm) specimens of R. pulmo (Kruskal-Wallis chi*=7.38, df=1, p=0.007). c.
Frequency of medusae empty guts (%) by stage of development (juveniles, represented by a red continuous line,
and adults represented by a blue dotted line).

21



512

513
514
515
516
517
518

3000

1000

300 A

Length (pm)

100 -# '

Q\}L\ @\c;b\ @,ga\‘rb’b\@ & 0 Q.»@ a@\
& & I & 8 &a & & o
@ F ® & R S F
N @ @ & R R ar o
& U g ¢ ot ot & B S S
@ & é?-‘ FRC S (A S
<© & & K 3 & o ¥
& & R N \EP \0Q N ®
& & ¢ & e
N
Q(b
80
b B Juveniles
) B Adults
o
Y 60
c
1))
=
3
8
- 40
o
>
[&]
5
=1 20 4
o
(0]
[
[T
0_
& > A A & & & 3 & & o
@& & F F RS QCP L) &
O ) @ & & oy N Z o
& R AT A L P 4
s & P ng S G S
« & & S P &
F & F £ N o g
& v 9O
Q{D

Figure 3. a. Size (um) of the different zooplankton prey items in the gut content of Rhizostoma pulmo (n=110)
during 2019 in Bages Sigean lagoon (France). Numbers in parenthesis indicate the prey specimens measured. Note
that the “Y’ axis is represented in a logarithmic scale. b. Frequency of occurrence of the different prey items in the

gut content of juvenile (bell diameter <15 c¢m, in red) and adult (bell diameter >15 cm, in blue) medusae of R.

pulmo.
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Figure 4. Monthly relative abundance (%) of each taxon observed in Bages Sigean lagoon (France) (top) from
February to November 2019, and in the gut content of Rhizostoma pulmo medusae juveniles (center) and adults
(bottom) from May to October 2019 for the three size categories: Macrozooplankton (>700 pum, in orange scale:
malacostraceans and fish eggs), mesozooplankton (200-700 pum, in purple scale: Calanoid, cyclopoid and
harpacticoid copepods, and Cirripedia nauplii) and microzooplankton (63-200 um, in green scale: Copepoda
nauplii, gastropods and bivalves veliger, foraminifers and ciliates). Note the temporal variability in the number of
medusae analyzed by month (numbers on top). Niche overlap between juveniles and adults is represented at the
bottom, only for months with juveniles and adults coexisting (from May to September). Scale from 0 to 100%,
with 0% (white) representing no diet overlap, and 100% (black) identical diets.
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Figure 5. Selectivity index (LFSI) for zooplankton prey per month according to Rhizostoma pulmo medusa size.
Prey taxa are grouped by size on microzooplankton (63-200 um), mesozooplankton (200-700 pm) and
macrozooplankton (>700 pm). Positive (orange-red) or negative (green-blue) index values indicate selectivity at
a rate above or below environmental concentration, respectively. Yellow indicates that dietary composition was
similar to the proportional abundances in the surrounding zooplankton. White areas denote no data. Prey
abundance seasonal patterns during 2019 in Bages Sigean lagoon (France), rescaled to 0-1, are shown in the top
panel of each plot.
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Figure 6. Daily Carbon Ration (mgC consumed medusa™ day™!) from Rhizostoma pulmo gut content in relation
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among taxa. Cal.=Calanoid, Cyc=Cyclopoid, Har=Harpacticoid.
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