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Abstract After its bloom in the Black and Caspian
Sea in the late 1980s and early 90s, there has been
an increased interest in understanding the ecology of
the invasive zooplanktivorous comb jellyfish Mnemi-
opsis leidyi and its potentially severe impacts on the
functioning of marine systems. In the last decade,
M. leidyi has colonized most of the Mediterranean
Sea, including the Adriatic Sea, and in 2016 it was
recorded in the Venice Lagoon (Malej et al. J Sea
Res 124:10-16, 2017). The impact M. leidyi could
have on a semi-enclosed ecosystem like the Venice
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Lagoon is of concern as it is an important nursery
and foraging area for several fish species as well as an
area of mussel, clam, and crab fishery and aquacul-
ture. Historically, the feeding preference of M. leidyi
was determined by morphological identification of
gut contents. This is the first study investigating the
in-situ gut contents of this species using DNA meta-
barcoding, which overcomes the limit in identifying
partially digested prey. In this study, M. leidyi’s gut
contents collected in the Venice Lagoon were evalu-
ated by metabarcoding and compared to the in-situ
mesozooplankton community. The results indicate
that its blooming period is in the late summer and that
it feeds on a variety of prey, mostly coinciding with
the zooplankton assemblage. Notably, some groups,
like decapod larvae and the slow-swimming larvae
of gastropods and bivalves, appear to be favored.
Conversely, the relative abundance of copepods was
higher in-situ than in the gut contents.

Keywords Metabarcoding - Mnemiopsis leidyi -
NIS - Gut content - Venice Lagoon - Feeding

Introduction

The progressive global spread of the highly invasive
zooplanktivorous comb jelly Mnemiopsis leidyi (A.
Agassiz 1865), together with the increasing aware-
ness of its potential impacts on the functioning of
marine systems, has led to a rising interest in their
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ecology (Shiganova et al. 2019a). The ability of this
ctenophore to adapt and colonize new areas is partly
due to its broad temperature and salinity tolerance,
being hermaphroditic, having the capability to self-
fertilize, and its capability to regenerate (Purcell et al.
2001).

The bloom of M. leidyi in the Black and Caspian
Sea ecosystems in the late 1980s and early 90s likely
became possible due to a shortage of predators and
competitors by overfishing (Shiganova et al. 2001).
Subsequently, these blooms of M. leidyi have been
associated with severe declines in fish stocks and
affected the ecosystem production (Shiganova and
Bulgakova 2000; Lynam et al. 2006) as M. leidyi
outbreaks can exert a top-down control and induce
trophic cascades (McNamara et al. 2013; Roohi et al.
2010 Schneider and Behrends 1994). The pressures
on the ichthyoplankton community can act mainly in
two ways: first, through direct predation on fish eggs
and larvae, and second, through intense competition
for food with zooplanktivorous fishes species and
larvae (Purcell et al. 2001), indirectly affecting the
abundance of ichthyoplankton. Mnemiopsis leidyi is
known to feed on a variety of prey, depending on food
availability and its life stage (Shiganova and Bulga-
kova 2000; Sullivan and Gifford 2004).

Most of the Mediterranean Sea, from the eastern
basin to the western basin, has been colonized by M.
leidyi (Shiganova et al. 2019b). In 2016, it was first
recorded in the Venice Lagoon (VL) after likely being
introduced via ballast water (Malej et al. 2017). Bal-
last water is a global vector in human-mediated inva-
sions providing a fast dispersal mechanism for many
marine taxa and therefore massively increasing the
risk of NIS introduction (Marchini et al. 2015; Vid-
jak et al. 2019). In fact, the VL is highly impacted by
human activities (Lotze et al. 2006; Solidoro et al.
2010) and is a known hotspot of NIS introduction
(Marchini et al. 2015; Vidjak et al. 2019; Pansera
et al. 2021), due to its heavy maritime traffic. This
makes it both starting point as a source of new intro-
ductions as well as continuous re-introduction via
ballast water.

The concerns regarding the ecological and economic
impacts M. leidyi could have in the Northern Adriatic
Sea ecosystem are enormous as the sea is an important
nursery and foraging area for sardines and anchovies,
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which together account for approximately 41% of total
Adriatic marine catches (Morello and Arneri 2009;
Shokralla et al. 2012). The Northern Adriatic coast,
together with the VL, is not only a vital nursery area
for fishes, but is also an important production area
for mussels (Mytilus) and clams (Ruditapes and Cha-
malea), and is an essential area for crab fisheries and
aquaculture. These economically important species are
part of the zooplankton community during their larval
stages and are likely consumed by M. leidyi, increasing
the pressure on this economic branch, both for small
local businesses as well as for the industrial production.
Moreover, high densities of M. leidyi clog fishermen’s
nets and cooling systems of power plants incurring fur-
ther economic costs on coastal communities (Purcell
et al. 2007; Palmieri et al. 2014).

In the past, to study feeding preferences the gut con-
tent of M. leidyi was analyzed through morphological
identification. However, this approach has its limits,
as it only allows identification of undigested or par-
tially digested prey. In addition, identification based
on morphological features for some groups like larval
stages or cryptic species is difficult. DNA metabarcod-
ing, a molecular approach based on sequencing a short
DNA fragment that is unique to each species and can
therefore be used for species discrimination, has been
previously used for gut content analyses, e.g., on fishes
(Albaina et al. 2016), on the jellyfish Chrysaora (Mer-
edith et al. 2016) or on the anemone Metridium (Wells
et al. 2022). To the best of our knowledge, this is the
first study using DNA metabarcoding for gut content
analyses of M. leidyi.

This study aims to identify the feeding preferences
of the comb jellyfish M. leidyi in the VL and to specu-
late on its potential impact on zooplankton abundances
and biodiversity through the use of DNA metabarcod-
ing. This study will increase the knowledge about fac-
tors driving a possible decline in fish stocks, indicating
if it is due to competition for zooplankton or to direct
feeding of M. leidyi on fish eggs or larvae. Consider-
ing the importance of this ecosystem for several mero-
planktonic species, many of which are exploited com-
mercially, the threat the feeding pressure of M. leidyi
could have on this zooplanktonic compartment is an
additional concern.
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Material and methods
Study site and sampling

The study was conducted in the VL, a Mediterranean
microtidal lagoon with a surface of about 550 km?, a
mean depth of the tidal flats of —1.2 m above mean
sea level (AMSL) and it reaches —10/—15 m AMSL
in the natural tidal channels. It is connected through
three inlets to the Northern Adriatic Sea, a shallow
coastal area (mean depth of 35 m) strongly influenced
by the inputs of large rivers and characterized by
mesotrophic conditions and by a notable spatial and
temporal variability of physico-chemical and trophic
gradients (Bernardi-Aubry et al. 2006, 2020). The VL.
is a heterogeneous system characterized by a number
of environmental gradients and a mosaic of habitats
(e.g., intertidal marshes and mudflats, and natural and
navigation channels) that are the result of complex
natural and man-induced drivers (Tagliapietra et al.
2009). With each tidal cycle, about one-third of the
total volume of the lagoon is exchanged (Gaci¢ et al.
2004), and the residence times range from a few days,
in the vicinity of the inlets, to over 60 days in the
inner areas (Cucco and Umgiesser 2006).

Based on morphological identification, the zoo-
plankton community in the VL is composed of about
80% copepods (with Acartia as the most abundant
genus) and about 10% chordates (mostly composed
of Appendicularia, Ascidiacea larvae, and Actinop-
terygii larvae or eggs), followed by echinoderms and
mollusks (Camatti et al. 2008; Schroeder et al. 2020).
In the areas nearby the inlets it shows higher abun-
dances of marine taxa, like cladocerans and appen-
dicularians (Solidoro et al. 2010).

The sampling was performed as part of a study
with monthly samplings of 16 stations within the VL,
representative of different environmental conditions,
from April 2018 to March 2019 (Fig. 1). Both in-situ
zooplankton community and Mnemiopsis leidyi indi-
viduals were sampled using an HydroBios Apstein
net with a 0.4 m diameter opening and 200 pm mesh.
Environmental data, such as temperature, salinity,
oxygen, turbidity and Chl-a were measured using a
multiparametric CTD probe (SBE 19plus) at the sam-
pling sites. Mnemiopsis leidyi individuals larger than
1.5 cm in length were measured (total biovolume) and
immediately frozen at —20 °C, while zooplankton
samples were preserved in 96% ethanol for genetic

analyses. For the gut content analyses, M. leidyi indi-
viduals were thawed, gut contents were extracted with
a Pasteur pipette under a stereomicroscope (Zeiss,
Discovery V8), and then all gut contents within one
station were pooled.

Molecular analyses

For the zooplankton taxonomic composition assay,
from the in-situ samples, a representative subsample
(about one-third of the total sample) was taken, the
ethanol removed by centrifugation, and afterwards,
the samples were rinsed with PBS (1x), while the
extracted gut contents of M. leidyi were centrifuged
to remove excess liquids. All samples were succes-
sively homogenized by bead-beating for one minute.
Genomic DNA was extracted using the EZ.N.A.®
Mollusc DNA kit (Omega Bio-Tek) following the
manufacturer’s instructions and increasing the ini-
tial volume of reagents (lysis and binding buffer)
provided by the kit proportionally to the sample
volume. The quality and quantity of the extracted
DNA were assessed with a NanoDrop 2000 Spec-
trophotometer (ThermoScientific). The amplifica-
tion was performed using a degenerated forward
primer jdgL.CO1490 (5-TCAACAAAYCAYAAR
GAYATYGG-3’) (Schroeder et al. 2021) in combina-
tion with the reverse internal primer mlCOlintR pro-
posed by Leray et al. (2013) with a target length of
319 bp. The reverse primer mICOlintR was slightly
modified compared to the original in order to match
the forward internal primer mlCOlintF by interchang-
ing the “S” with “W” nucleotides: 5’-GGRGGRTAW
ACWGTTCAWCCWGTWCC-3’ instead of 5’-GGR
GGRTASACSGTTCASCCSGTSCC-3’. As shown
by Schroeder et al. (2021), this primer pair performed
well for zooplankton biodiversity assessments and
was chosen for this study due to its impediments
in amplifying ctenophores. In this way, it could be
avoided to primarily amplify the host DNA, but rather
the actual gut content.

The amplification was performed as by
Schroeder et al. (2021). Briefly, a two-step poly-
merase chain reaction (PCR) was performed,
amplifying the target regions in the first PCR
and bounding the sample-tags in the secondary
PCR. Afterwards, the library was purified, quanti-
fied, and prepared for high-throughput sequenc-
ing by pooling an equimolar amount of amplicon
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Fig. 1 Study area and sampling stations. Yellow dots refer to the 16 sampling stations, with station 1-5 being part of the LTER net-

work (Long Term Research Network)

products. Emulsion PCR was conducted using the
Ion One Touch System (Life Technologies) fol-
lowing the manufacturer’s recommendations, and
DNA was bound to Ion Sphere particles (Life
Technologies) for clonal amplification automati-
cally enriched with the Ion OneTouch ES system
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(Life Technologies). For sequencing, the library
was loaded on a 316™ chip with 650 flows in
an Jon Personal Genome Machine (PGM, Life
Technologies).
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Bioinformatics and statistics

The bioinformatic workflow was conducted fol-
lowing Schroeder et al. (2021), including sequence
preparation (filtering and trimming), error correc-
tions, chimera removal, and several steps of taxo-
nomic assignment. Those steps included assignments
against a COI reference database of marine metazoan
sequences deposited in GenBank following the query
used by Schroeder et al. (2020). As similarity thresh-
olds 97% and 94% were chosen and an additional
recovery of putative metazoan sequences at 85%
similarity was performed. Those 85% hits were then
clustered de-novo at 97% (q2-vsearch (Rognes et al.
2016)), and compared against the GenBank database
with BlastN + (Camacho et al. 2009). Metazoan clus-
ters with a BLASTn p-identity of at least 94% were
joined to the final dataset and those with a BLASTn
p-identity of <94% and>90% were considered as a
“best match”, hence putative metazoan OTUs with
low taxonomic confidentiality (see Schroeder et al.
2021).

Species richness per sample was quantified
according to the measure of the first Hill num-
ber—MOTU/taxa richness (q=0) using the R
package iNEXT (Hsieh et al. 2019). Spatial and
temporal patterns of the environmental factors
based on Euclidean distances of normalized data
were assessed using repeated-measure permuta-
tional analysis of variance (PERMANOVA) with
the sampling months as a fixed factor and the sta-
tions as a random factor (PRIMER 6+ and PER-
MANOVA software package; PRIMER-E, Ltd.,
UK). To visualize the similarities between the sam-
ples in terms of environmental conditions, a prin-
cipal coordinates analysis (PCoA) was performed.
With the R software (R Core Team 2018), differ-
ences between months and stations were tested
using the Kruskal-Wallis test, while Spearman’s
correlations were calculated between biovolume
(ml/m3) and environmental parameters. The Spear-
man’s correlations between the in-situ zooplankton
community and M. leidyi’s gut content was also
calculated for groups at different taxonomic levels
(square-root transformed percentages) as well as for
the most abundant species. Where confidence inter-
vals were calculated, 95% bias-corrected bootstrap
confidence intervals with 5000 replicates were used
with the R packages boot (Canty and Ripley 2022).

Beta-diversity was calculated from dissimilarity
matrices built according to Bray—Curtis distances
using the metaMDS script with the autotransform
function (R package vegan, Oksanen et al. 2019)
and plotted as NMDS plots by month and by loca-
tion, where the stations were grouped by location
(“inner”, “med” and “inlet”), based on residence
time and salinity as a proxy of connectivity. Specifi-
cally, the “inlet” stations are those located within
the three inlets (station 4, 11 and 15; mean salin-
ity: 34.4+1.5), the “med” stations are those with
intermediate connectivity to the sea (station 2, 7, 9,
10, 12 and 13; mean salinity: 32.1 +3.6), while the
“inner” stations are those with reduced connectivity
to the sea (station 1, 5, 6, 8, 14 and 16; mean salin-
ity: 29.6 +4.6). Differences between the gut content
and the zooplankton community were evaluated by
one-way PERMANOVA and the species contribu-
tion to those differences was evaluated by a simi-
larity percentage analysis (SIMPER), based on a
Bray—Curtis distance matrix of square-root trans-
formed percentages (adonis2 and simper functions
in R package vegan, Oksanen et al. 2019).

Results
Environmental characteristics

The environmental parameters differed significantly
both temporally and spatially (Fig. 2a, Table S1). The
temporal pattern followed a temperature gradient,
a parameter that showed especially high variability
owed to the shallow nature of the VL. Temperatures
ranged from 3.0 to 30.5 °C (mean: 18.3 °C+8.2)
and exhibited the typical seasonal trend (KW:
x*=180.63, df=11, p<2.2e—16). In the months
with lower temperature values, Chl-a was also lower,
ranging from 0.7 to 49.3 ug/l (5.1 ug/1+6.9). In con-
trast, turbidity and salinity were more related to the
location, with higher salinities (KW: X2= 122.54,
df=15, p<2.2e—16) and lower turbidity values (KW:
x*=112.7, df=15, p<2.2e—16) in the inlet sta-
tions (4, 11 and 15) and the nearby areas (Fig. 2b).
Overall, the salinity values ranged from 9.0 to 36.3
(30.9 +£4.2), the turbidity from 0.8 to 38.5 NTU (6.3
NTU+5.6) and the oxygen from 56.9 to 188.2%
(102.3% +17.4).
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(right). B Boxplot of temperature, salinity and turbidity measured by a multiparametric sonde during sampling activities

Biovolume of Mnemiopsis leidyi

During the study period (April 2018 to March
2019), the first individuals of M. leidyi, includ-
ing larval stages (~0.5 cm length), were detected
in June. Individuals longer than 1.5 cm were found
in 44 samples, from June to February, with vari-
able total biovolume ranging from 1.3 to 78 ml/
m?. Still, the highest biovolumes of M. leidyi were
found during late summer, especially from July to
October (Fig. 3a). After November, the presence
was significantly reduced, and only single individu-
als were detected in the samples. Concurrently, the
presence of larval stages increased again. In fact,
temperature showed a weak, but significant positive
correlation to the biovolume of M. leidyi (p <0.001,
rho=0.37, N=44). However, although the abun-
dances differed between stations (Fig. 3b), none of
the other environmental parameters showed signifi-
cant correlations.
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Diet of Mnemiopsis leidyi

The number of raw sequences was 2.3 x 10° reads for
the 44 samples of M. leidyi gut content and 3.2 10°
reads for the 44 samples of in-siftu mesozooplankton
samples. After taxonomic assignments, the final num-
ber of sequences of the gut contents of M. leidyi was
768,611 with 122 OTUs. Of these sequences, 71.1%
were detected at 97% similarity threshold, 14.9% at
94%, and 14% by the recovery of putative metazoans
(see Material and Methods for more detail). The mes-
ozooplankton community resulted in 233 OTUs rep-
resenting 1,486,969 sequences (assignments at 97%:
87.5%; at 94%: 9.3%; by the recovery of putative
metazoans: 3.2%). For the following analyses except
for the beta-diversity estimates, the most stringent
dataset was used: excluding the “best match” assign-
ments, thus, those putative metazoan OTUs with
low taxonomic confidentiality due to low similarity
assignment. This stringent dataset was composed of
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107 OTUs with 672,956 sequences of M. leidyi gut
content and 213 OTUs with 1,464,823 sequences of
in-situ mesozooplankton (see rarefaction curves in
Supplementary Material Fig. S1).

The taxonomic assignment of the gut content of M.
leidyi indicated that it feeds on a variety of prey. The
most abundant phylum of prey was Arthropoda with
a mean of 62% (95% CI [52, 71]), with Copepoda as
the most represented class (26%; 95% CI [20, 34])),
followed by the classes of Decapoda (20%; 95% CI
[12, 30]) and Branchiopoda (composed of cladocer-
ans only) (12%; 95% CI [6, 23]). The second most
abundant phylum was Mollusca (21; 95% CI [14,
29]), composed mainly of Gastropoda (15%; 95% CI
[10, 23]) and Bivalvia (5%; 95% CI [3, 10]); the third
was Annelida (composed of Polychaeta only) (12%;
95% CI [7, 21]), and the fourth was Nemertea (3%;
95% CI [1, 5]). However, the high values of stand-
ard deviation indicated a high variability between the
samples (Fig. 4, S2, Table 1).

The in-situ mesozooplankton community showed
similar compositions to the gut contents. Several
groups showed significant correlations between the
gut content and the in-situ mesozooplankton com-
munity: Annelida, Cladocera, Calanoida, Cyclopoida,
Poecilostomatoida, Decapoda, Hydrozoa and Nemer-
tea (p<0.01; Table 1). However, there were some

differences: the relative abundance of arthropods was
higher in-situ than in the gut contents (89% compared
to 62%), with higher proportions of calanoids (59%
vs. 25%) and cladocerans (21% vs. 12%). Decapods,
however, showed higher relative abundances in the
gut contents (5% in-situ vs. 20% in gut contents).
Similarly, mollusks (3% vs. 21%), Nemertea (0.02%
vs. 3%) and Polychaeta (1% vs. 12%) are accumulated
by M. leidyi (Table 1).

Regarding the relative abundances of the four most
abundant copepod genera in the gut content of M. lei-
dyi (relative abundance calculated in relation to cope-
pods), the genus Acartia made up 71.9% (95% CI
[60.2, 81.2]) of the copepod sequences, followed by
Centropages with 7.1% (95% CI [3, 16.4]), Oithona
with 6.6% (95% CI [3.4, 12.7]) and Paracalanus with
3.4% (95% CI [1.7, 6.8]). Within the in-situ zooplank-
ton community, Acartia was again at the first rank
with 76.9% (95% CI [66.9, 85.1]) of the copepod
community, followed by Paracalanus with 8.2% (95%
CI [4.9, 12.8]), by Centropages with 5.6% (95% CI
[2.8, 11.2]) and by Temora with 3.5% (95% CI [1.3,
8.3]). The composition of the in-situ zooplankton
community and the gut content differed significantly
(one-way PERMANOVA: SS=2.4, R2=0.1, F=8.8,
p=0.001). The species mostly contributing to the dif-
ference between the gut content and the zooplankton
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community was the highly abundant copepod Acartia
tonsa with 13% contribution, which was more abun-
dant in-situ, indicating a reduced capture by M. leidyi.
Similarly, the cladocerans Pleopis polyphemoides,
Penilia avirostris and Pseudevadne tergestina con-
tributed with 6%, 4% and 4%, (respectively) to the
difference, and the copepods Centropages ponti-
cus, Paracalanus spp. with 3% and 2%, respectively
(SIMPER analysis, Table S2, Fig. 5a, b, d). On the
other hand, specially several meroplanktonic taxa
seemed to accumulate in M. leidyi’s gut, such as
the crabs, Dyspanopeus sayi and Carcinus aestuarii
(contribution to difference of 7% and 3%), as well as
the bivalve Ruditapes philippinarum (2% contribu-
tion), a species of immense commercial interest in
the VL. Likewise, polychaete larvae, the gastropods
Bittium reticulatum and Haminoea orteai, and the
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nemertean Cephalothrix sp. were more abundant in
the gut content and contributed with 5%, 5%, 2% and
2%, respectively, to the difference between the gut
content and the zooplankton community, indicating
an accumulation by M. leidyi (Fig. 5c, d, Table S2).
The beta-diversity analyses, based on the most inclu-
sive dataset, hence including also the “best match”
assignments in order to incorporate as many putative
metazoan OTUs as possible, resulted in a clear tem-
poral differentiation by month as well as a spatial one
by location for both the zooplankton community and
the gut contents (Fig. 6). The differences between the
gut content samples were greater than between the in-
situ zooplankton samples. However, it emerged that
the two datasets were almost overlapping rather than
creating two different clusters. This overlap indicated
that the feeding of M. leidyi depends mainly on the
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Table 1 Mean values and bias-corrected bootstrap confidence intervals with 5000 replicates of taxonomic composition of the gut

contents and the in-sifu mesozooplankton community and its correlations (based on square-root transformed data)

Taxon Taxonomic level ~ Mnemiopsis gut Zooplankton community Spearman correlation
(DF=42)

Mean [%] 95% C1 Mean [%] 95% C1 rho P Sign
Annelida Phylum 11.7 6.5,20.8 0.9 0.5,2.1 0.51 <0.001 H**
Arthropoda Phylum 61.7 52.1,70.6 89.08 81.4,93.0 0.23 0.131
Branchiopoda Class 12.4 6.4,23.2 20.8 13.4,30.6 0.58 <0.001 H**
Copepoda Class 26.1 19.6, 34.4 60.0 51.5,68.4 0.42 0.005 **
Calanoida Order 25.0 18.6, 33.6 58.6 49.9, 67.1 0.41 0.006 **
Cyclopoida Order 0.5 02,13 0.5 02,13 0.47 0.001 **
Harpacticoida Order 0.2 0.1,04 0.9 04,25 0.06 0.679
Poecilostomatoida Order 0.4 02,10 0.02 <0.01, 0.04 0.42 0.004 **
Thecostraca Class 3.5 1.3,10.8 3.6 22,56 0.34 0.022 *
Malacostraca Class 19.8 12.2,29.6 4.6 2.8,7.7 0.52 <0.001 H*=
Amphipoda Order 0.01 <0.01, 0.1 0.1 0.04,0.2 0.03 0.826
Decapoda Order 19.7 12.2,30.1 4.6 2.8,7.7 0.58 <0.001 ***
Mysida Order — — 0.01 0,0.02 — — —
Bryozoa Phylum <0.01 0,<0.01 0.04 0.01, 0.13 0.30 0.048 *
Chaetognatha Phylum 0.1 0.03,0.2 0.1 0.1,0.3 0.37 0.015 *
Chordata Phylum 0.1 0.04,0.2 3.1 0.3, 10.5 -0.10 0.506
Actinopterygii Class 0.1 0.03,0.2 3.1 0.3, 10.0 -0.10 0.499
Ascidiacea Class 0.01 <0.01, 0.06 0.02 <0.01, 0.05 0.16 0.315
Cnidaria Phylum 1.5 0.6,5.2 2.1 1.1,44 0.41 0.006 **
Anthozoa Class <0.01 0,<0.01 0.8 0.7,2.3 0.34 0.024 *
Hydrozoa Class 1.4 0.5,4.7 1.3 0.8,2.3 0.44 0.003  **
Scyphozoa Class 0.09 0.02, 0.2 0.03 0.01, 0.07 0.36 0.017 *
Echinodermata Phylum 1.5 0.2, 6.7 0.9 0.2,2.6 0.31 0.038 *
Gastrotricha Phylum - - <0.01 0,<0.01 - - -
Mollusca Phylum 20.5 13.7,29.1 2.8 1.7,5.1 0.20 0.192
Bivalvia Class 54 32,95 1.0 04,24 0.27 0.078 *
Cephalopoda Class - - <0.01 0,<0.01 - - -
Gastropoda Class 15.2 9.6,23.3 1.8 1.1,3.5 0.25 0.106
Scaphopoda Class - - <0.01 0,<0.01 - - -
Nematoda Phylum - - 0.01 <0.01, 0.03 - - -
Nemertea Phylum 2.8 14,54 0.02 0.01, 0.05 0.54 <0.001 H**
Phoronida Phylum - - <0.01 <0.01,<0.01 - - -
Porifera Phylum 0.1 0.03,0.3 0.9 03,25 0.21 0.167

Significance levels refer to the p-values (*p <0.05, **p <0.01, ***p <0.001)

food available at that specific moment and location

(Fig. 6).

Discussion

is increasingly important, due to its ongoing success-

ful invasion of new regions and its potential impact
on zooplankton densities and ecosystem production

(Shiganova et al 2019a). The top-down effect of the

predation pressure on zooplankton, which is espe-

Understanding the characteristics of blooms of the
zooplanktivorous invasive predator Mnemiopsis leidyi

cially significant during intense blooms of M. leidyi,
can favor a substantial decrease in zooplankton and
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Fig. 5 Correlation plot (% based on square-rooted data) of the
most abundant copepod species A, B, mollusk species C and
other taxa D. Shaded areas indicate 95% confidence intervals

a correlated increase in phytoplankton (Shiganova
1998; Finenko et al. 2006; Tiselius and Mgller 2017),
accompanied by a decline in fish stocks, as already
experienced in the Black and Caspian Seas (Shi-
ganova and Bulgakova 2000). Considering the impor-
tance of the Venice Lagoon as a nursery area, the
massive blooms experienced in the last years in this
habitat raise concerns regarding its already ongoing

@ Springer

and a 1:1 line was added to highlight preference/avoidance.
Spearman’s correlations between the two datasets are given in
the corresponding color

and future effects on the ecosystem production and
ecosystem services. Hence, within the "blue econ-
omy" with various business categories falling under
this definition, such as environmental regulation, fish
farming and fishing, providing additional insights into
the potential impact of invasive species on the ecosys-
tem, is crucial to satisfy both economic demands and
environmental protection.
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Fig. 6 Beta-diversity estimates based on Bray—Curtis simi-
larities plotted on NMDS of Mnemiopsis leidyi’s gut content
and the in-situ mesozooplankton community. Numbers plotted
on datapoint refer to the sampling station and colors of points
refer to the sampling month (left) or location (right) of each

In this study, M. leidyi was found to be ubiqui-
tous in the VL and showed a seasonal persistence
(at different life stages), hence tolerating the meas-
ured temperature range of 3-30.5 °C. These findings
confirm its high ecological tolerance which makes it
a successful invader (Shiganova et al 2019a, b; Shi-
ganova 2020), and highlights the need to improve
our knowledge on this species, including its feeding
preference. Spatial differences in abundance found
within the lagoon may be driven not only by prey
availability and environmental preference, but also by
hydrodynamic processes that accumulate M. leidyi in
specific areas. Seasonal differences were evident with
highest abundances in terms of biovolume [ml/m?]
detected during (late-)summer (July—October) with
temperature as the main abiotic driver, likewise stated
by many authors, e.g., Kremer (1979), who men-
tioned temperature and prey abundance as key fac-
tors affecting its seasonal patterns. Other factors that
make semi-enclosed lagoons especially vulnerable
are potential low oxygen levels that can occur espe-
cially during summer (Bernardi-Aubry et al. 2020).
However, M. leidyi, as other gelatinous species, can
potentially benefit from it as they are generally more
tolerant to hypoxia compared to their preys. Decker
et al. (2004) showed a reduced jumping frequency

T

-0.5 0.0 0.5

NMDS1

sample. Those groups are highlighted plotting convex hulls,
the distances to their centroid and the standard deviation of the
points with the respective colors (M. leidyi gut content in grey
and in-situ community in black)

of the copepod A. fonsa under hypoxic conditions.
This indicates that in hypoxic waters, less-tolerant
prey might be more vulnerable to predation, therefore
favoriting capture rates by M. leidyi.

Several authors have studied the feeding pref-
erences of M. leidyi in the past. However, to our
knowledge, this is the first study applying DNA
metabarcoding based on high-throughput sequencing
technologies to investigate its dietary composition.
The primary benefit of this method compared to mor-
phology-based identification in analyzing the feeding
preference is the detection of partially digested prey
and cryptic species. However, the (relative) quantifi-
cation of prey items that are more effortlessly digest-
ible, e.g., soft organisms like fish larvae, or that have
been ingested beforehand, may be underestimated.
Other studies used DNA metabarcoding for gut con-
tent analysis by comparing it with the zooplankton
community. For example, Wells et al. (2022) who
found that the gut contents of the anemone Metrid-
ium farcimen were primarily made up of arthropods
(52% of sequences), especially crab larvae, barnacles
(larvae or molts), copepods, and insects, as well as
Meredith et al. (2016), who found that the gut con-
tents of the jelly fish Chrysaora quinquecirrha were
composed of copepods, fish, ctenophores, anemones,
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amphipods, barnacles, shrimp, polychaetes, flukes,
flatworms, echinoderms, gastropods, bivalves and
hemichordates.

The literature, based on morphological identifica-
tion, indicates that M. leidyi’s diet often reflects the
composition of ambient prey (e.g., Javidpour et al.
2009; Madsen and Riisgard 2010; Granhag et al.
2011). Copepods often dominated the diet of M. lei-
dyi, but also meroplanktonic larvae of polychaetes,
mollusks, decapods and barnacles are consumed
(e.g., Kremer 1979; Purcell et al. 2001; Colin et al.
2015). In our study, the diet of M. leidyi was very var-
iable, but mainly included copepods, decapods, cla-
docerans, gastropods, bivalves and polychaetes, but
also echinoderms, nemerteans and cnidarians, hence
a composition that characterizes a typical lagoon
community. During winter, the dietary composition
showed a peak in polychaete larvae, in consistency
with Larson (1987) and McNamara et al. (2010),
which reported the ingestion of polychaetes larvae by
M. leidyi. However, this noticeable difference of the
winter samples may also be a result of higher uncer-
tainty due to the smaller sample size (see biovolume
during winter).

Similarly to Decker et al. (2004) and Roohi et al.
(2010), also in our study A. fonsa was the most abun-
dant copepod species, both in-situ and in the gut con-
tent. However, in general, copepods and cladocerans
were less represented in the gut content than in-situ,
while meroplanktonic groups such as decapod and
mollusk larvae were more abundant in the gut con-
tent, indicating a preferential feeding on the lat-
ter ones. In fact, due to the capture mechanisms of
M. leidyi, less mobile organisms such as mollusks
seemed to be a vulnerable prey which is consistent
with the literature (e.g., Madsen and Riisgard 2010;
Marchessaux et al. 2021). Depending on prey mobil-
ity the capture mechanism varies: Slow-moving or
immobile organisms, like mollusk and barnacle lar-
vae or eggs are captured by creating an undetect-
able current by the cilia within the auricles which
together with the mucus gets the prey to be trapped
in their tentila (Waggett and Costello 1999; Haddock
2007; Colin et al. 2015), while highly mobile preys,
like fast swimming copepods, are captured by colli-
sion with the inside of the lobes (Mutlu 1999; Pur-
cell et al. 2001; Javidpour et al. 2009). For example,
within copepods, smaller, and therefore probably less
mobile, species like Oithona nana and O. davisae or
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Euterpina acutifrons seemed to be captured preferen-
tially. In comparison, the larger species Temora stylif-
era and Paracalanus spp., being potentially faster, are
less abundant in the gut content as they may escape
from M. leidyi more easily. It has to be kept in mind,
especially regarding the holoplanktonic copepods,
that DNA metabarcoding does not allow to differen-
tiate between life stages. Therefore, more than size
differences between copepods species, the actual life
stage of each species at that specific moment may
have a more significant effect on the vulnerability of
species to the feeding pressure of M. leidyi.

In this study, a standard sampling net with a
mesh size of 200 um was used to collect the in-situ
zooplankton community. The ingested prey, how-
ever, may include zooplankton smaller than 200 pm,
like nauplii or small bivalve larvae, which might be
underestimated in the sampled zooplankton com-
munity. Therefore, the selectivity of the 200 um
sampling net could be another explanation for the
higher relative abundance of small sized organisms
in the gut content compared to the in-situ zooplank-
ton assemblages. Hence, the additional use of e.g.,
an 80 um plankton net to better describe the smaller
size fraction of the community could be beneficial
(Pansera et al. 2014). In fact, Wells et al. (2022)
found that the diet of another planktivorous ani-
mal (an anemone) was more closely related to an
80 pm plankton sample than a 330 pm. The diet of
M. leidyi is known to differ at different life stages.
While larvae and post-larvae of M. leidyi consume
primarily microphyto- and microzooplankton prey
like dinoflagellates or ciliates (Sullivan and Gif-
ford 2004), adults feed on a variety of holo- and
meroplankton organisms (Shiganova and Bulgakova
2000). Therefore, as in this study only adult M. lei-
dyi individuals above 1.5 cm (therefore possibly
feeding on larger prey compared to smaller individ-
uals) were included in the gut content analysis, the
use of a standard mesozooplankton net with a mesh
size of 200 um should have a limited bias.

Differences between the collected zooplankton
community and the gut contents can appear also due
to the fact that the zooplankton samples are just a
snapshot in time, whereas gut content samples are a
summation of prey encountered over the time it takes
to digest them (Wells et al. 2022).

As previously mentioned, the VL represents
an ecosystem of huge ecological but especially
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socio-economic importance. It is not only a vital
nursery area for fishes, but it is also an area for mus-
sel, clam, and crab aquaculture. Hence, the impact of
M. leidyi on the ecosystem functioning is of increas-
ing interest. Given the severe impact on the fish
stocks in the Black and Caspian Seas in the late 80s
and early 90s, the investigation on this zooplank-
tonic compartment (fish larvae and eggs) is of special
interest. However, this study indicated no significant
direct predation on fish larvae or eggs with few fish
sequences especially in the gut contents. This is prob-
ably explained by the dominance of benthic fish spe-
cies in the VL, like Zosterisessor ophiocephalus, and
the fact that the spawning times may not coincide
with the major blooming period of M. leidyi (Fran-
zoi et al. 2010). Moreover, the reproductive strategy
of lagoon resident fish species is adapted to prevent
seaward flushing of eggs and larvae by spawning
demersal eggs attached to the aquatic vegetation or
other substrates, while the planktonic stage is reduced
or lacking (Dando 1984). Therefore, rather than direct
predation on fish eggs and larvae, competition for
zooplankton may have an impact on the fish stock
in the VL. Given the relatively high abundances of
meroplanktonic taxa in the gut content, the impact M.
leidyi seems to have on the meroplanktonic compart-
ment of the zooplankton community may be more
significant than expected and could increase the pres-
sure on the local economy and industrial production
of crabs and clams. As a conclusion, while in other
geographic areas the major concern regarding the
arrival and large blooming of M. leidyi mainly refers
to the fish stocks and its associated economy, in the
VL and the Northern Adriatic coasts, M. leidyi’s
impact may be greater on the meroplanktonic com-
partment, and consequently on the mussel, clam, and
crab fishery and aquaculture.
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