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Abstract

Harmful invader ctenophotdnemiopsis leidyi’®xpansions in the Eurasian Seas, its spatio-terhpora

population dynamics depending on environmental itimms inrecipient habitats have been synthesized.

M. leidyi found suitable temperature, salinity and produgtidionditions in the temperate and
subtropical environments of the semi-enclosed saabe coastal areas of open basins and in closeer
bodies, where it created autonomous populatibhseidyi changes its phenology depending on seasonal

temperature regime in different environments.

We assessed ranges of sea surface temperatursudaee salinity and sea surface chlorophyll
values, sufficient forM. leidyi general occurrence and reproduction based on ctmpse/e long-term
datasets, contributed by co-authors. This assessenvgaled that there are at least two eco-typestf@rn
and Northern) in the recipient seas of Eurasia \ietitures specific for their donor areas. The eaofy
thresholds foiM. leidyi establishment, occurrence and life cycle in bath+types depends on variability of
environmental parameters in their native habitats.

Key words: invasive ctenophoredyinemiopsis leidyi distribution patterns; phenology; native habitats
recipient Eurasian seas
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1. Introduction

Blooms of gelatinous zooplankton have become fregudue to increasing anthropogenic
disturbance of environment such as eutrophicatomerfishing, and rising temperature. As a resuit, i
regions that previously supported many trophic lewaad had productive fisheries, particularly irast@l
waters, estuarine and semi-enclosed seas, simplEsysiems dominated by gelatinous Cnidaria or
Ctenophora now prevail. Trends in gelatinous pdpra reveal ecosystems where jellies share préys w
adult or larval fishes (Shiganova and Bulgakov@@@guzet al, 2008; Boero, 2013). Strong populations
of gelatinous species in native habitats increasgbssibility of their spreading to other partghed World
Ocean. Shipping, aquaculture and canals conneptgously separated waters facilitate invasionsene
population explosions may occur, leading to distade of ecosystem services (Galil et al., 2018niDlet
al.,, 2016; Shiganova, 2010). Understanding the resasbat facilitate blooms, dispersal and impact of
gelatinous invasive species is crucial to devetmgiterm management against biodiversity loss aadns
ecosystem degradation.

The lobate ctenophor®inemiopsis leidyiA. Agassiz 1865 is native to estuaries and bagagal
temperate and subtropical coastal waters of Namnth $outh America where it occurs at a wide range of
temperature and saliniffHarbison et al., 1978; Kremer, 1994; Purcell et 2001; Costello et al., 2012,
Mianzan, 1999; Oliveira et al., 2016). Since theyed980sM. leidyi has penetrated in new areas with
ballast waters due to shipping intensification, bgllo expansion of its routes and basins connectivity
extention (Seebens et al., 2019). Factors faarigatl. leidyi establishment include climate warming and
increasing disturbance of marine environments.driiqular, the closed and semi-enclosed seas aistaur
provide favorable conditions for the establishnme&mew populations.

Genetic studies have clarified the invasion histiri. leidyi in Eurasia. Despite some differences
in conclusions, all studies confirm multiple invass$: M. leidyi was introduced from the Gulf of México to
the Black Sea in ballast waters and subsequentigadpthroughout Ponto-Caspian basin and the
Mediterranean Sea. An influx from USA coastal wa{dlarragansett Bay) was the donor of populations in

the North and Baltic Seas (Ghaboetial, 2011; Ghaboolet al, 2013; Reusclet al, 2010; Bolteet al.,
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2013, Bayheet al, 2014). In both regiond/. leidyi was introduced from coastal or estuarine areds, na
evidence of an invasion from open Atlantic areasyfiaet al, 2014).

Since its invasion in the Black Sea in the earl@Q@<9(Vinogradoet al, 1989), the geographic range
of M. leidyi expanded over Eurasia by shipping and dispersatodstrating its ability to colonize the new
recipient ecosystems. As a consequence, a nunfib@rservations and monitoring programs have been
launched to track its expansion and ecology in ae¥as. Several review papers summarize the knowledg
on invader dispersal and compare its effect orprexst and native habitats, including pattern ofrdsition,
biology, and ecology (Purcell et al., 2001; Shiganet al., 2001b; Costello et al., 2012). Recamdist in
the Mediterranean, Baltic and North seas have gealnew insights in some aspects of its biologwere
devoted to new records M. leidyi (Oliveira, 2007; Galilet al, 2009; Boercet al, 2009, Fuentest al,
2009; Javidpouet al, 2006; Faasse & Bayha, 2006; Boershal, 2007; Tendaét al, 2007, Malej et al.
2017). In other cases, aspects of its ecophysiolagye described for the recipient environments (keset
al., 2010, Javidpouet al, 2009a; Jaspert al, 2011; Jasperst al, 2012; Jaspemt al, 2013; Lehtiniemet
al., 2011, Riisgaret al, 2010; Haraldssoet al, 2013, Antajaret al, 2014). Here, we use comprehensive
datasets orM. leidyi occurrence, to assess the scale of expansion iagddgraphic patterns observed
throughout the Eurasian seas. In addition, we piew quantitative assessment of ctenophore literiis
the recipient Eurasian ecosystems and compareethdts with native North American populations. We
review the current understanding of adaptive deweknt strategies of this ctenophore in different,
sometimes contrasting, recipient environments.

The goal of this paper is to show that the ecolgiasticity permits the species to adapt to d#fife
environments and thus enable the wide distributibM. leidyi in variable recipient ecosystems. Possible
phenotypic developments might include differentsseal variability of annual cycle, and changingseeal
patterns of areas of distribution (including souredugia and sink areas). We suggest that in spiggobal
existence of one valid species there are at l@astetotypes among introduced and establidfledeidyi
mega-populations: a southern (Black, Caspian, Aktarmara, Mediterranean seas and adjacent aredk), a

a northern (Baltic, North Sea and adjacent Atlaatieas) with ecology specific for their donor aréée
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hypothesize that the range of thresholdsMoreidyi establishment, occurrence and life cycle in bath e

types depends on variability of these parametetisaim donor areas.

2. Material and methods

2.1. Environmental parameters of recipient areas
The studied areas are divided into Southern andhBor eco-regions. The Southern recipient seas

include brackish Black, Azov and Caspian seas, toge saline Sea of Marmara, the highly saline
Mediterranean with its adjacent Atlantic areas, &etl Sea. The Northern recipient seas include the
brackish Baltic Sea, the saline North Sea and adjaétlantic areas. All these ecosystems undergo th
major structural and functional changes over theeme decades due to the climate and anthropogenic
disturbances. Each of these ecosystems has bestenhbyM. leidyi (Vinogradov et al., 1989; Studenikina
et al, 1991; Shiganova, 1993; Ivaneval, 2000; Shiganovat al, 2001a, b; Javidpowt al, 2006; Faasse

& Bayha, 2006; Boersmet al, 2007, Tendaét al, 2007; Oliveira, 2007; Boeret al, 2009; Fuentest al,
2009; Galilet al.,2009; Cruztal., 2018).

The Black, Azov and Caspian Seas (Ponto-Caspianyjadeto a single basin several times, most
recently in the Pliocene. They were re-connectethbyolga-Don Canal built in 1952. The Black Sed a
Sea of Azov are also part of the Mediterraneannhasinnected via the Bosporus Strait and the Sea of
Marmara. Most of the Black, Azov and Caspian seast@mperate with a continental climate with some
areas freezing in winter. These seas are charaetery relatively low species diversity and high
productivity, in particular the Sea of Azov and tim@thern Caspian (Table 1). The Caspian Sea islamd
water body with limnological features (Dumont, 198®sarev, 2006) and specific, mainly autochthonous
biota(Mordukhai-Boltovskoi, 1960; Kasymov, 1987). Phydigeography and bottotapography divide the
Caspian ifNorthern, Middle, and Southern regions, which hdifierent climatic features.

The Mediterranean Sea is divided into three sulmba¥Vestern (Alboran, Balearic, Ligurian and
Tyrrhenian Seas), Central (lonian and Adriatic $eaml Eastern (Levantine and Aegean Seas) (Table 1)
with different circulation patterns (ludicoret al, 2003). The Mediterranean shallow shelf, partidylits
bays and lagoons, is subjected to stress from lyeaadpulated drainage areas, intensive shipping,

unsustainable fisheries and a rapidly growing agiiae. The Mediterranean Sea, being a highly eadimd
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warm oligotrophic basin, has the highest numbenmf-native species due to a continuous influx tghou
the Suez Canal (Gakt al, 2018).

The North Sea is an arm of the Atlantic Ocean betw@reat Britain and north-west Europe. It is
relatively shallow basin, featuring a large-scatel@nic gyre, which influences also the Skagereakputlet
to the Atlantic Ocean from the Baltic S&de northern part of the North Sea is deeper anelate seasonal

stratification. Hydrodynamics of the North Sea atsay by affected by estuaries and fjords (Browalgt

1999).

The Baltic Sea is a non-tidal basin isolated frwa North Sea by geographical (harrow straits) and
environmental (low temperature and salinity) basri€Table 1). It connects with the North Sea via th

Danish Straits. Human impacts (overfishing, eutrogiion) and blooms of cyanobacteria in the Baltic

proper, affecting up to one sixth of the whole aesa particularly in late summer, as well as nafiacors

(i.e. broad salinity-temperature gradients) havelenthe Baltic Sea vulnerable to invasion by norveat

species (Paavokt al, 2005).

Table 1. Background hydrological and productivity conditionsin studied seas

Location Depth (m),|Winter |Summer|Salinity | Chl A (mg nT), [Zooplankton References
maximum/ |1 oc) | T, C) (min-max)/ mean (mg C m*; mg m®,
mean mg DW ni’)
(min-max)/mean
Black Sea 2245/1271|0-10 24-27 12-22.3| All sea: (0.47- [(0.5-130) mg C M | Shiganova et al.,
Oxygenated 1.62)/0.56+0.01 2004a
layer depth: NW: (1.06 -
60-200 1.9)/1.5+0.4
Sea of Azov |14.5/7 -0.8-1.224-30 | 0.1-14 |(2->3) (67-143) mg C th | Mirzoyan et al.,
without Sivash 2006
Caspian Sea Kosarev, 2006;
All 1025/208 22-28 |0.1-13 |3.31+1.1 (0.32-105) mg C M | Shiganova et al.,
North 15-20/4.4 |0-11 25-27 |0.1-11 |6.8+2.09 (60.6-105) mg C M |2004b;
Middle 770/192 5.0-6.0 |24-25 |[12.6-13 |2.1+0.86 (2.3-19.6) mg C M |Kopelevich et al.,
South 1025/345 |10-10.7 |25-30 |12.6-13 |2.4+1.59 (5.4-17.8) mgCm |2014
Sea of Marmaral335 8-15 24-29 18-29 (1-2.5) (1.94-109.2) Isinibilir,
mg C m® 2011
N. Aegean Sea| 300/30 12 -18 | 24-27 33-39 (0.02-0.5)/0.32 (2.1-26.8 mg n? | Siokou-Frangou
coastal waters et al., 2010
S. Aegean Sea| 350/100 14.4-17,24-29 37-39.6| (0.08-0.7) 7338 ind’tMay) |N. Giilsahin,
Gokava Bay 3178 ind.nt (Sept.) |pers.com.
Levant Basin [4433/1500 | 17.5-23| 26-31 39.3-40 (0.04 -0.16) @A-mgC it |Herutetal, 2011
Israel coast
N. Adriatic Sea| 55/30 6-10 24-28 28-39 (0.1-4)/2 |(1.3-129.3) Giani et al., 2012;
mg DW m® Mozeti , et al.,
2012
NW Medi- 6.5/3.1 10-12 25-30 35-36 (0.096-1.28)/ |No data M. Marambio,
terranean 0.29 pers. comm.
S. Catalan http://data.nodc.noa
Coast .gov/las/getUl.do
Berre Lagoon, |9.5/7 3.4-16 | 15-28.2| 3-35 (1.5-110) (13-357) Gaudy & Vicas,
France mg DW m? 1985; Delpy et al.




2016.

Ligurian Sea 2850/2300| 13-15 23-26 37-39 (0.1-0.8) (0.5-25) mg C ni Berline et al., 2011
Vandromme et al.,
2011

Mediterranean | 5068/1500 | 6-17 17-28.5 31-39.9 (0.005-4.16) (0488mg C it

all

W. Baltic Sea |23/13 <1 18-21 8-24 (1.12-9.7)/5.4 |(0.5-230)/130 J. Javidpour, pers.

Kiel Fjord mg C m® comm.

Baltic Sea 4.9 <1 17-22 19-24 (2.8-8.1)mgCni |Riisgard & Vicas,

Great Belt (5-27 pg Chi't) 2014

Limfjorden (2-10 pg Chi'f

North Sea 50-400 -1- 15-21 32-34.5(0.22-5.64 (0.83) | No data http://data.nodc.noag

5 10-25 .gov/las/getUl.do

136
137 2.2. Sampling methods and data sets.

138 Long-term data sets were mostly collected by simiets (Table 2) and provide information on seakona

139 variability and spatial distribution from the beging of ctenophore establishment up to present time

140 Table 2. Sampling locations, methods of collections and data sour ces
141
Location Number of |Number of Net type Number of Net type Data provider
(time span) |cruises, gelatinous zooplankton
stations, plankton samples
observations samples

Northeastern 373 4086 Net Bogorov-Rass, 4086 Juday net, Shiganova T.
Black Sea mesh size 500 um mesh size 200 um
(1992-2017)
Sea of Azov 78 4467 Net Bogorov-Rass, 4467 Juday net, Mirsoyan Z.
(1989-2015) mesh size 500 um mesh size 200 pum
Sea of Marmara 1 76 Net Bogorov-Rass, 76 Juday net, Shiganova T.
all mesh size 500 pm mesh size 200 pm
(1992)
Sea of Marmara 303 132 WP-2, 272 WP-2, Isinibilir M.
(2000-2015) mesh size 200 um Mesh size 200 pm
Caspian Sea 56 460 Bogorov-Rass net 338 Juday net, Shiganova T.
Northern, Middle, or its smaller mesh size 200 um
Southern modification,
(2000-2015) mesh size 500 um
NE Aegean Sea, 27 108 WP-3, 28 WP-2, Siokoi-Frangou I.
Greece mesh size 500 um mesh size 200 unChristou E.
(1999-2014) Shiganova T.
Aegean Sea, 336 266 WP-2, 95 WP-2, Gulsahin N.
Gokova Bay mesh size 200 um mesh size 200 um
Turkey
(2011-2012)
Levant basin, Semi- Visual NA Visual NA Angel D.
Israeli coast guantitative |observations observations
(2009-2013) Sampling
Levant basin, Semi- Visual NA 45, NA Galil B.
Israeli coast guantitative |observations 17
(2012, 2014) Sampling
NW Mediterranean, 19 90 Bongo net, 58 Bongo net, Marambio M.
Catalan coast, Ebro + hand 300-500pum 300-500pum Fuentes V.
River delta collection  |Neustonic net,
(2010-2012) 100um
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144

145

146
147
148
149
150
151
152
153
154

155

156

Berre Lagoon 8 136 Hand collections No data| Hand collections Lilley M.
+ visual Lombard F.
observations

Berre Lagoon 38 Delpy F.

(01.2010-12.2011)

Bages-Sigean 11 Bonnet D.

lagoon (2011)

W. Mediterranean, |Daily visual 157 No data No data Visual Lilley M.

Villefranche-sur- |observations|>1000 observations |[Lombard F.

Mer, France coast [for 2 months|observed

(2013-2014)

N. Adriatic, Irregular/ No data | selective sampling 528 WP2, Malej A.

Piran coast selective & diving mesh size 200 um

(2003-2018) sampling observations

W. Baltic Sea, 350 350 WP-3, 104 WP-2, Javidpour J.

Kiel Fjord mesh size 1000um mesh size 2Q0m

(2006-2010)

Monthly-mean values of Chl a (mgijrbased on SeaWiFS satellite measurements (1997)2@e

obtained from the National Oceanic and Atmosph&sisociation (http://data.nodc.noaa.gov/las/getyl.do

3. Results

3.1. Distribution and variability of interannual and seasonal population development in the recipient
Eurasian seas

M. leidyiis native to the estuaries and coastal waterseofamperate and subtropical parts of North
and South America where it occurs in a wide ranfjgemperature, salinity and productivity (Fig. 1)
(Kremer, 1994; Purcell et al., 2001; Costello t2012; Mianzan, 1999; Oliveira. at al., 2016).

Interannual variability of sea surface temperaiar¢ghe Eurasian Seas during 1980-2010 indicates
enhanced warming after the late 1990s. Rising teatyees of the surface layer (Fig. 2) led to amease of

warm water species invasions, includigleidyi.

Onative occurence
@invasive soul thern occurence -
@invasive northern occurence
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Fig. 1. M. leidyi native locations along the Northern and Southetlanfic coasts of America and its
expansion in the recipient Eurasian areas (aftes/A#P, 1997; Costello et al., 2012; Shiganova, 2009)
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Fig. 2. Variability of SST anomalies in Southéf) and Northern (B) seas. Arrows indicate thetfregport
of M. leidyi. The superimposed time series (dots) show somésymiem of the warming trends in Eurasian
Seas since late 1990s.

In the early 19808/. leidyi was introduced into the Black Sea, successfullgbdished there and
begun spreading to colonize new areas (Fig. 3). clbeophore’s invasive success has been foundein th
source-sink dynamics that characteride leidyi population seasonal distribution. The result ledése
interactions was a dynamic distribution patternoiming seasonal refugia under unfavorable condstion
the source area. Local current-driven dispers#thénsink area takes place with improving condititrere
and growing population expansion around the siaawhile the population declines or disappearsnwhe
suitable conditions are over. We assess the pattdi. leidyi distribution in all known recipient areas to
analyze its seasonal and interannual variability tanidentify its potential for continued expansionnew

habitats.
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Fig. 3. Chronology oM. leidyi invasion and dispersal in the seas of Eurasiarsyiedicate first finding in
the area (sources: Pereladov, 1988; Vinogradol,et389; Mutlu, 1999; Studenikina et al., 1991 radyan
et al., 2006; Shiganova et al., 2001A; Shiganog831 Shiganova & Malej, 2009; Galil et al, 2009;eBo
et al., 2009; Lilley et al., 2014; Fuentes et 20.10; Marambio et al., 2013; Javidpour et al., 2@&ersma
et al., 2007; Faasse & Bayha, 2006; Hansson, 200&eira, 2007; Tendal et al., 2007; Van Ginder@eur
et al., 2012; Antajan et al., 2014; Hosia & Falkaundy, 2013; Delpy et al., 2012; Cruz et a.,2018hag et
al., in press).
3.2. Chronology of M. leidyi invasion in the Southern recipient seas and adjacent areas
3.2.1. The Black Sea

The Black Sea is a productive basin with high edimlesozooplankton biomass (Table 1), which
generally has two seasonal peaks in spring congubloy cold-water Copepoda and late summer coréabu
by warm-water Copepoda including non-natiéeartia tonsain the western more brackish waters and
Cladocera (Pasternak, 1993, Shiganova et al. 202@)ng large gelatinous species there are two@ati
scyphozoanrAurelia aurita (L) and Rhizostomgpulmo (Macri 1778) and one ctenophoReurobrachia
pileus(O. F. Muller, 1776)

M. leidyi was first discovered in the Black Sea in earlyd9@ereladov, 1988) with ballast waters
from the northern Gulf of Mexico (Ghabooli et &Q11). However, it could successfully establisty om
the late 1980s when water temperature increased Zfriand spread throughout the Black Sea except th

central areas of cyclonic gyres and freshenedsiwayuths (Fig. 3). Its population reached higlugdFig.

4A) with the highest mean abundance of 304 ind.amd biomass of 184 g WW thin November 1989 in
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the northeastern areas (Vinogradov et al., 1986)326 ind.m’ in the Western Black Sea (Kamburska et
al., 2006). Its source regions are the produativastal waters where it is most abundant and ivielys
reproduces in warm months. From there due to dnzdntal turbulent mixing reproductive aggregation

spread in the open sea which is a sink area (Stngari998).
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Fig. 4. Interannual and seasonal variabilitypvofleidyi abundance. A - Black Sea (T. Shiganova’s data), B
Sea of Azov (Z. Mirzoyan’s data), C - Northern, Migl and Southern Caspian (T. Shiganova’'s data), D -
Sea of Marmara (Msinibilir data). White cells - no data.

In the 1990s befor@eroe ovataarrival M. leidyi seasonal and interannual abundance significantly
changed depending on temperature. After cold wsntsrpopulation diminished, while after warm whiste
its abundance remained rather high (Shiganova, )1%&roduction was starting in August. The highest
abundances, biomass and reproduction rates wesedegtin August-September (Fig. 4A), coincidinghwit
temperatures 21-36 (depending on year and area). That also coincidiédl the peak of warm-water
zooplankton (Shiganova, 1998). In the late autwviren the thermocline eroded, the entire populatenmk
down to 50 m (video observations by Shiganova, #88Mutlu, 1999) and continued feeding in caseswat
temperature remained above P@. When temperature dropped belowW@ M. leidyi stayed in refugia

coastal areas near the bottom at depths of 50-&umiving on energy stored in its mesoglea (Rexval.
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1989). At these temperatures, its movements slosv®un, metabolism decreased, feeding stopped and
individuals shrank in size, loosing mesoglea (Zag2@05; Anninsky et al., 2005).

The M. leidyi invasion in the Black Sea disrupted the ecosystesil trophic levels both bottom up
and top down and affected fisheries (Shiganoval.et2804a). Estimated grazing rates on zooplankton,
based only on daily metabolic demands, were 2.78%43f the zooplankton biomass daily in spring rafte
warm winters and 41+67.8% daily in summer. In wasears during the summer peakMf leidyi, its daily
grazing demands were greater than the availabledist;n zooplankton stock in the coastal waters
(Shiganova et al., 2004a).

However, in 1997 the predatory bf. leidyi ctenophoreB. ovatasensu Mayer 1912 arrived in the
Black Sea with ballast waters and the ecosystenarbég recover (Shiganova et al. 2001a; 2004a; 2018;
Finenko et al., 2003). AppearanceBofovatain the surface layer during the annual reproductieak ofM.
leidyi had a significant effect on iggopulation, and within two weeks only a fév. leidyi individuals
remain in the water column (Shiganova et al., 2D1%berefore, since the arrival &. ovata M. leidyi
occurs in sizable amount (i25 ind. m?>) only during early and middle summer (Fig. 4AM. leidyiis now
almost absent in winter, early spring and late runtuimpact on zooplankton biomass My leidyi lasts for
5-13 weeks between late spring and mid-summenmniueh shorter than durirg. leidyi occurrence without
B. ovata(Shiganova et al., 2014a). In recent years witheiasing temperatuid. leidyi starts to reproduce
in May, B. ovataappears in water column also in May-June or garliberefore it grazes thigl. leidyi
population before it can reach high abundancesm#awater temperature in August (> %7 since 2012)
also reduces the abundanceévbfleidyi by suppressing intensity of its reproduction (Shigva et al., 2018).
3.1.2. The Sea of Azov

The sea is highly productive with abundant zooplanKTable 1). There are two seasonal peaks of
zooplanktonjn spring andsummerln recent years non-nativcartia tonsaarrived from the Black Sea and
contributes to zooplankton biomass in summer (Mjazoet al., 2006). There are no native large gelas
species in the Sea of Azo&urelia auritaarrived in the 1970s from the Black Sea when gglincreased
and disappeared agaihen salinity decreased below 11 in the late 19Blzoyan et al., 2000). Recently,

with a newincrease of salinityA. auritaappeared again (Mirzoyan, pers. comm.).
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The Black Sea is a sourceMf leidyi for the Sea of Azov, where it enters via the Ke®ttait every
spring or early summer with the northward currexstsociated with the seasonally prevailing soutianal.
SinceM. leidyi cannot survive the winter temperatures of the &e@azov, the entire population dies out
every autumn at temperatures beldWC3Studenikina et al., 1991).

After re-introduction the following yeaM. leidyi gradually occupies the whole sea in June or July.

Early introduction(April-May) causes a peak of abundance in July-Atgistemperatures of 24-2€,

whilst the peak occurs in September-October when arrival laydd (until late June) (Mirzoyan et al.,
2006). The peak of abundance also depends onaddph concentrations in the north-eastern Seazof/A
and on temperature in May-June. If zooplankton eatration (1180-1220 mg.fh and temperature are high
(>25°C) M. leidyi can reach abundance and biomass much highernitifwe Black Sea: maximum values
were recorded in 1999 and 2002 with 2890 ind.and 119 g wet mass. nlf zooplankton concentration
and temperature are lower (260-470 mg>),rM. leidyi values could be low as those recorded in 1992-1993
with 56 ind.m® and 56.9 g i, and in 2003 with 57 ind.thand 51.2 g i (Fig. 4B) (Mirzoyan et al., 2008).
Before 2005 it never spread into the low saliniag@inrog Bay, but since that time it began to spfesher,

in the eastern part of the bay, surviving at stdisias low as 3.5 (Mirzoyan et al., 2006), probahle to
gradual adaptation. During recent years salinityapeto increase again. A particular increase wesrded
in last years since 2013 (up to 12.92-14.13 insteeand up to 9 in Taganrog Bay). Therefbteleidyi can
penetrate now throughout the whole sea and mdkedfay (Mirzoyan data).

M. leidyi impact on the Sea of Azov ecosystem has beenggrdhan in the Black Sea because of
the small shallow sea which did not provide potdnirey any refugiaMost trophic levels are the potential
food, including fish eggs, fish larvae and larvde@obenthic species (Mirsoyan et al., 2006; Nauibly,
2006, Rogov et al., 2000; Frolenko, 2006).

Arrival time of M. leidyi also affects its grazing rate in the Sea of Az@te colonization (late June)
means that its daily food demands comprise onl¢&2@" of the available prey biomass during first month,
but by August during the peak M. leidyi when prey concentration has already been grazeah,dood
demand comprises up to 100% df available zooplankton. Early colonization ingsligreater demands in

zooplankton, amounting to about 100% already in July, and its estimated daily demandsraexcess of
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available zooplankton biomass from July or Augitleidyi continues its development under food deficit
(Shiganova et al., 2001a).

B. ovatafirst arrived in the Sea of Azov from the BlackaSa 1999(Shiganova at al., 2001b). Its
seasonal pattern of penetration is similar to tgfa¥l. leidyi, but it arrives only by the end of summer or
earlyautumn, depending on its development in the Blaek B. ovatagradually occupies thBea of Azov.
Therefore, the effect of recovery of the ecosystemmuch lower thann the Black Sea (Mirsoyan et al.,
2006).

3.2.3. Caspian Sea

The Caspian Sea is a productive closed basin. €asosal zooplankton stock increases in April,
dominated by non-native speciégartia tonsa, Pleopis polyphemoidesd larvae ofAmphibalanus
improvisusintroduced from thélack Sea.Acartia tonsareplaced native zooplankton speciespanticular
Eurytemora grimmiand became dominant in all regions of the Casm#imn a few years of introduction
(Shiganova et al., 2004b).

M. leidyi and Aurelia aurita were introduced with ballast waters from the Bl&da to the Middle
Caspian in 1999 (lvanov et al., 2000). leidyi has expanded even faster in the Caspian thareiBléck
Sea (Shiganova et al., 2004b). Long-term obsemstiadicate its continuous presence in the Southern
Caspian Sea where temperature is 7.4-36.i winter (Shiganova et al., 2004Roohi et al., 2010Bagheri
et al.,, 2012) and salinity is 12.6-13. Its popuatisize is primarily determined by temperaturethe
previouswinter and winter zooplankton concentrations in 8wuthern Caspian (Shiganova et al., 2004;
Roohi et al., 2010). With spring warming and zoogtan developmenit. leidyi intensity of reproduction
and growth accselerates, and increased total pogula May or earlier during last years startsspyead
northward. The Middle and Northern Caspian aresthk areas wherkl. leidyi lives, grows and reproduces

only during the warm seasorSonsidering that northward Ekman transport veloalng the eastercoast

of the Caspian Sea is 10-30 cm/s (Dobrovolskii 8oga, 1982, we can roughlgstimate the time required
for M. leidyi to disperse from the southernmasta due taurrent advection. So, it takes from 16 to 46 days
depending omwind-driven velocity to reach the Middle Caspiaanfr the south (about 4dgn) and 12- 34

days to be carried from the Middle to the North€aspian (about 300 km). The whole way from thetsout
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to the north takes from 28 to 80 days dependinthercurrent velocity. It means thdt leidyi could reach
the Northern Caspian during the optimal seasowreating reproductive population.

WhenM. leidyi first colonized the Southern Caspian Sea, it redgdopulation sizes up to 500 ind.
m* during the peak of development in August-Octob@®12 (Shiganova et al., 2004b). Its abundances
reached 302 ind. thin the Middle Caspian in 2008 and 327 and 259ndin August and September 2009
respectively in the North-Western Caspian Sea (#g). Meanwhile, in the Southern Caspian abundance
became lower since 2012. This shift in a peak afndance from the South to the Middle and Northern
Caspian probably results from an earlier seasoaaimmng in recent years (Shiganova et al., in pregsich
facilitates earlier northward dispersal. Peakskfraance occur in August-October in the Middle Gasp
and in August- September in theorthern Caspian at 25-26. The salinity tolerance &fl. leidyi has also
changedUntil 2009 it could onllive at salinities >4.0 and reproduce at salinitis but since 20091.
leidyi has been found in area with salinities of 3.5 (Shiganova, 2011). didiion, it could not survive in
the north-eastern Caspian with low zooplankton lassnand high concentration of particulate organic
matter(Shiganova et al., 2003), but now it is recordethia area since 2010M. leidyiis most abundant in
the upper layer above the seasonal thermoclinegwdh in coastal areas it may occur in the entiagew
column. Larger individuals are usually found deefsiriganova et al., 2003; Bagheri et al., 2012)thin
deep waters of the Middle Caspian some individaadsfound below the thermocline at 25-50 m (Kamakin
et al., 2010).

Impacts on the Caspian ecosystem were observedll foophic levels including the commercially
important small pelagic fishes as anchd@ipeonella engrauliformeand big-eye kilkasC. grimmiand
their consumers, piscovorous fishes including €ong, and seal (Shiganova et al., 2004b; Shiganova,
2011). The estimated daily food demanddviofleidyi in the Caspian coastal waters of Iran during éakp
comprises about 100%'df prey biomass from July to the end of Octobdrig@nova estimation). In winter
and spring, estimated food demands range from 2236 d".

In contrast to the Black SeB, ovatahas not been recorded in the Caspian Sea andtnictezsM.
leidyi blooms continue every year. Thus, ecosystem imspaithin the Caspian, including biodiversity loss

and in fishery landings reductions are expectddap increasing.



320 3.2.4.Seaof Marmara

321 The Sea of Marmara that connects the Black Sdzetdégean Sea is a productive basin, particularly
322 in the bays (Table 1)cartia clausi and Penilia avirostris are the main mesozooplankton specid non-
323 native Acartia tonsa also occurs but in small numbers. The most abunaktive macrogelatinous species
324 areAurelia aurita and Rhizostoma pulmorhe former often is accounting for 55% of theatajelatinous
325 zooplankton (Isinibilir et al., 2015).

326 M. leidyi arrived from the Black Sea with the upper Bosparugent, probably when it spread
327 throughout the Black Sea in 1988 (Fig. 3). Howevtewas recorded and described only in October 1992
328 (Shiganova, 1993). Subsequently it occurred thmougthe year in the upper layer of the Sea of Maam
329 prior to the arrival oB. ovatawith a peak of abundance and reproduction in timanser-early authumn
330 (Fig.4D). M. leidyi abundance ranged from 1.62 ind>rto 27 ind. n? (Shiganova, 1993; Kideys &
331 Niermann, 1994; Isinibilir & Tarkan, 2001; Isinivilet al., 2004). Although it may reproduce in thibole
332 Sea of Marmara, the highest rates were recordédkitbays, particularly in the highly polluted Izniay,
333 peaking in August-September (Isinibilir, 2012). Jtkdrea probably serves as a source forMhdeidyi
334 population in the Sea of Marmara.

335 B. ovataspread also from the Black Sea and first was foweat the Bosporus in 1999 (Tarkan
336 et al., 2000). Its biomass ranged within 6-35 gdnringM. leidyi blooms. Pattern of interactions of the two
337 ctenophores are similar to the Black Sea, whgrevataappears in the water column whih leidyi
338 reaches its seasonal peak (Isinibilir et al., 2015)

339 M. leidyi affected the whole ecosystem of the Sea of Marrtianaibilir, 2012). However, after the
340 appearance d. ovatain last years (2014-2015), mean abundanceés. déidyi (Fig 4D) andB. ovatawere
341 very low in the whole sea. ThereBy ovataeffectively controld\. leidyi population in the Sea of Marmara
342 and, when it declinelsl. leidyi seasonal abundand®, ovataalmost disappears from water column (Isinibilir
343 etal., 2015).

344 3.2.5. The Aegean Sea
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The Aegean Sea is oligotrophic, with zooplanktonraance ranging from 1.7 to 438 ind=rand
wet biomass from 1 to 59 mg.hfTable 1). The high values are found in coastal @mients and bays,
with the maximum in Saronikos Gulf (Siokou-Frangdal., 2004).
3.2.5.1. Northern Aegean Sea

The Black Segrovided a source d. leidyifor the northern Aegean Sea via the Sea of Marnhara
addition, M. leidyi was introduced, probably with ballast waters, itite Saronikos and Elefsis Gulfs in
1990 (Shiganova et al., 2004c). During 1991-1BP8eidyi abundance was low 0.05-3 indrm the areas,
influenced by the Dardanelles Strait (Shiganovalgt2001a)M. leidyi was also recorded in the coastal
waters of Gokceada Island (north-eastern Aegea)) Bfaenced by the Black Sea currents. Here déisi@s
were also low with maximum of 8.3 ind.100%88 g.100 ri¥, probably due to oligotrophic conditions with
low zooplankton biomass (Shiganova et al., 2008legrefore, the northern Aegean Sea was considerad a
sink area forM. leidyi when it first occurred in the areas influenced loyflow of Black Sea water. No
impact ofM. leidyi on the mesozooplankton was detected during ferats/after colonization, probably due
to its low abundance (Shiganova et al. 2000k )leidyi development and reproduction peaked in spring and
early summer, ceasing in the hot summer monthgé&Bbia et al., 2004c). After 2004, leidyi abundance
began to increase (Siapatis at al., 2010), which pegiceived as an evidence for a self-sustainipglpton
establishment. The main reason was probably theeasing zooplankton biomass prey associated with
warming (Siokoi-Frangou et al., 201MW. leidyi reached higher abundances in bays and lagoonseof t
northern Aegean Sea, which probably became souees dor the subsequent northern Aegean population.
Highest abundances were recorded in ThermaikosSanythonikos Gulfs influenced by high river runoffs
with reduced salinity and terrigenous nutrient infiapatis et al., 2010). Recently (2014-2046)eidyiis
regularly found almost throughout the year with elygeaks in a semi-enclosed Maliakos Gulf (Christou
unpublished data), which is an evidence of a ssifstaining population there. Thus, during lastade®/.
leidyi have established populations in the bays and @oasters of the Northern Aegean Sea providing a
potential source for other Mediterranean areas.

In the northern Aegean Sea, tBoovataindividuals were collected from swarmsMf leidyi in the

northern Evvoikos Gulf in November 2004 (Shigan@taal., 2007).B. ovatahas not been observed to
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impact M. leidyi populations in the region, probably due to low cantrations ofM. leidyi or a lack of
observations.
3.2.5.2. The southern Aegean Sea

M. leidyi was first observed along the Turkish coast ofstiathern Aegean Sea in 1992-1993, when
a few ctenophores (2 ind.100%nwere found off Kusadasi (Kideys and Niermann, 4)99 Gékova Bay
between the Aegean and Levantine seas is likeeta separate sink M. leidyi population that originated

in the northern Aegean Sea (@in, 2013; Gilahin and Tarkan, 2014). In 2011-2012 within GokBey,
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Fig. 5. Seasonal and interannual variabilitymbfleidyi abundance in the Mediterranean areas: A - Aegean
Sea (N. Gulsahin data); B - Levantine Sea (D. Ardptla); C - Villefranche coast, Ligurian Sea (F.
Lombard, M. Lilley data); D - Catalan Coast (M. imbio data). White cells —no data.

M. leidyi was studied in several small embayments MarmBodyum and Fethye, where salinity is 36.45-
39.5, winter temperatures are 14.3-1%C4and summer (July-August) temperatures 24.5-28.@nd low
productivity predominates (Table 1; Fig. 5A) (Glilsaand Tarkan, 2014). Zooplankton reaches peak in
May and September with the abundance up to 7338&iihdnd 3178 ind. i respectively (Table 1)M.
leidyi appears in March - April and its abundance in@sas May at temperatures 23.43@gpeaking in

late spring and autumn every year with the exawing depending on location, when temperatures ate n

higher than 26.& (or 18.5C in November) (Fig. 5A). Maximal biomass of 39.3ng®> was observed in

Gokova Bay in October 2012, which was facilitatgdsbasonal peaks of zooplankton (&hin, 2013).
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Beroe mitrata(Moser, 1907) (identification by T. Shiganova),inatto the Mediterranean, probably
arrived in Gokova Bay from the northern Aegean @éh the currents from the north and it is reguarl
observed in Gokova Bay and several sub-badlsundance oBeroe mitratadepends on the concentration
of M. leidyi with peaks at the same time or one month lategehreral, the distribution ®fl. leidyiis limited
by zooplankton biomass and the distributiolBefoe mitrata(Gulsahin, 2013).

3.2.6. Levantine Sea

The Levantine Sea is ultra-oligotrophic, with higdilinity and temperature in summer (TableM).
leidyi was first found in the Mersin Bay in spring 19%ddeys and Niermann, 1994) and near Latakia in
October 1993 (Shiganova, 1997). Since both locatiwere in the vicinity of ports, and population dioit
exist after the first findings, it is reasonableagsume tha¥l. leidyi had been introduced with ballast water
(Shiganova et al., 2001b). In 2009 large swarmg. (¥iB) were observed along the Israeli Mediteraane
coast up to a depth of 20 m and inside the por#dil(€ al., 2009). In 2009- 2014. leidyi was regularly
observed along the Israeli coast (pers. obs. DeArmy Galil) from late winter to early summer (Mayne
or, in some years, July), in large swarrk. leidyis abundance was relatively low with 1.7-3 iném
however, in winter 2012 its mean abundance rosé.9oind. m® and maximum abundance reached 10
ind.m* (Fig 5B). As a ruleM. leidyi was absent during August-October due to high teatpe (Table 1),
before re-appearing in November- December with&bwndances (0. 75-1.5 ind*n(Fig. 5B). In 2014 M.
leidyi abundance significantly increased (pers. obs. 8illGM. leidyi has obviously established a self-
sustaining population off the Israeli coast witbedinite seasonality, its swarms commonly coingydivith
the spring zooplankton peak. It might reduce tlallaooplankton stock and moderate the size oé#nly
summer swarms of the equally voracious invasiveplssyoanRhopilema nomadic&alil, 1990 (Galil,
2007). Reproduction rates were not studied but aisypboccur during peak of abundance in spring and
autumn.

B. ovatasensu Mayer was first recorded along the Mediteraa coast of Israel outside the port of
Ashdod in June 2011. Lik®l. leidyi, it may have been transported to Israel with ballagemsarom the
Black Sea (Galil et al., 2009, 201 Epllowing the swarming oM. leidyi in 2009, and to a lesser degree in

2011-2014B. ovataestablished a local population, though it remaimestcorded until summer 2011 (Galil
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et al., 2011). This species has been regularlgctt in winter- spring and late autumn from 2008 ap to
2017 (Galil obs.)B.cucumissensu Mayer was recorded in December 2011, JamuayDecember 2012,
and February, April and May 2013 (Galil and Gewg13).Thus, both the invasiv®. ovataand the
MediterranearBeroe sppappeared in swarms M. leidyi, and preyed on it (Galil et al., 2011; Galil and
Geuvili, 2013). Identification of both speci@&eroeoff the Israeli coast is confirmed by genetic asaby
(Ghabooli and Shiganova identification).
3.2.7. Adriatic Sea

The northern Adriatic is the northernmost areahef Mediterranean Sea, and strongly influenced by
rivers discharge. It is one of the most productegions of the Mediterranean Sea (Harding etl&99),
although Trieste Gulf is moderately eutrophic (Ealk) (Malej et al., 1995). Mean mesozooplankton dry
mass was around 20 mg>rim 1989-2002, decreasing to < 10 mg in 2003-2010 (Mozeti et al., 2012)
(Table 1).

In October 2005, a swarm Mf. leidyi was recorded in the shallow (depths < 30 m) GulFreeste,
in the northernmost part of the Adriatic Sea, tbhgewith nativeB. cucumissensu MayerB. forskaliiChun
and non-nativd3. ovatafrom the Black Sea. Ballast waters from the Bl&ea provided the source for both
B. ovataand M. leidyi, through regular shipping between the port in Koped various Black Sea ports
(Shiganova and Malej, 2009). In spite of monitorikg leidyi was not observed in the middle and southern
Adriatic Sea, supporting the hypothesis of thedsallwaters was the introduction vector in the Gailf
Trieste. Continuous observations during the follmyvyears proofed thabl. leidyi had not built a
population in the northern Adriatic despite favdeabnvironmental and trophic conditions. We suggfest
the presence of two native and one non-native poegBeroespecies prevented establishmenhMofleidyi
after its first arrival. In addition, low propaguleressure was probably also important. This ‘natura
experiment’ suggests that presence of native poeslaan controM. leidyi.

In July-December 2016 large-scale bloomsvbfleidyi were observed in different locations in the
northern Adriatic, at temperatures 13 -29 °C anditias 11-38. Blooms were recorded in the coastal
waters near Pula, Rovinj, in the Gulf of TriesteMarano-Grado lagoon, Venice lagoon and lagoartbe

Po delta, Veneto-Emilia Romagna-Marche regions @ffshore waters along a transect from Rovinj. In
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addition, in 2016M. leidyi was recorded in the south Adriatic lagoons Lesiné VVarano, where they were
introduced via artificial tidal canals. Each bloomas composed of individuals of variable sizes and
presence of cydippid larvae and juveniles (mostenaoons in autumn) indicating successful reproduction
Large individuals showed morphological charactasstypical for the other Mediterranebh leidyi (Malej

et al., 2017). The vector of arrival is not cleat put most probable could be ballast waters again.

During 2017M. leidyi was present in the open northern Adriatic fromilAand was very abundant
in summer-early autumn, while in late autumn itsratance dropped (Pagliaga, pers. comm.). In theddul
TriesteM. leidyi occurred in low abundances in June, in very highndance in summer, and occured till
November (Kogovsek, pers. com.). It was also deteat the Neretva channel in the eastern part f th
southern Adriatic although only sporadically andhwiew individuals (Léi¢, pers. comm.). In October
2017 M. leidyi was very abundant in lagoons: Lesina with abunelaric30.7+47.8 ind. M and in Varano
94.6+129.8 ind. m. Its maximal abundance was recorded in the wesséen of the Varano Lagoon
168.9+167.1 ind. M, while the minimum in the eastern site (20.4+3ad: m®). Thus,M. leidyi expanded
to the southern Adriatic Sea, establishing popohegtin productive lagoons.

In 2018M. leidyi was observed in all the previously mentioned Adrications and spread further.
It was also recorded by fishermen in large numbetise lagoon of Grado (V. Tirelli, pers. comm.).

3.2.8. Italian coastal areas of the Ligurian, Tyrrhenian Sea and lonian Seas

In May-June 2009 the first records Bf. leidyi were made in the Ligurian, Tyrrhenian and one
record in the lonian Seas of Italy (Boero et a0®). The large distribution area bf. leidyi and high
abundance suggest that the species invaded orckspbim this area during the summer 2009. Ctenagshor
were recorded during observations in the framewairkhe CIESM Jellywatch campaign in the summer
2009.M. leidyi was observed in the area continuously throughmistmmer and declined in late autumn.
When the swarms started to dissolve, numerous rspasi of the fistBarpa salpall., 1758) were seen to
feed upon the spent ctenophofBsero et al., 2009). That was first large-scaleusrenceM. leidyi in the
western Mediterranean. Its wide expansion was mglfacilitated by local currents, but ballast watas a

vector is also possible.
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There were no further observations in those areds October 2015, when, during a survey
campaign on fishing of European eel in Sardinianassive bloom oM. leidyi was observed in the
eutrophic S’Ena Arrubia Lagoon (Diciotti et al.,18). Subsequent sampling at three stations inateon
was conducted with a fyke net in order to estintiageabundance dfl. leidyi and to consider its impact on
fishing. The abundance, 2.83 ind2monsisted of small adults (18-62 mm total lengftie high number of
M. leidyi (6837 individualsper fyke net) damaged fishing operations, reducinghet and affecting the
performance of fishing gears. Most probably a sapavl. leidyi population had established in Arrubia
Lagoon.

From June to October 20M. leidyi was first reported in the Fiora River (Latium y)a(Macali &
Tiralongo, 2018) Environmental parameters were T = 28.9 °C; pH 4g6salinity = 1.85 at 1 m depth; flow
= 0.44 m/sec; average depth = 1, 75 m. DNA analygith the use of the COI mitochondrial marker (see
Ghabooli et al., 2013) confirmed its identificatioh seems that the establishmenteofself-sustained
population of theM. leidyi in Fiora River is not possible due to low salinijowever, the perspective of
high numbers oM. leidyi occurrence during the dry season may pose cone&md its future impacts on
freshwater species (Macali & Tiralongo, 2018).

3.2.9. Ligurian Sea (Villefranche coast)

In April-May 2013 M. leidyi was first recorded in the coastal waters of Vilkethe-sur-Mer in
abundance up to 16.7 indhand in Port of Monaco on the French Riviera, seuttFrance but for only six
weeks in April-May, and for only two weeks at highundance when temperature was@and salinity 39
(Fig 5C) (Lilley, Lombardand Shiganova observation). Individuals were pradantly large (mean 8.5 cm,
range 1.6-12 cm total length, mean wet weight 25.&aximum wet mass 80 g). Nevertheless, juvenile
individuals and a few cydippid larvae were alsonfdusuggesting local reproduction. Adult individual
produced egg strings and reproduced in the labgrafkppearance oM. leidyi in these waters might be
explained by current transport. The southeasteastoof France is influenced by the Northern, Ligaror
Liguro-Provencal currents. These currents have Isbewn to transport zooplankton around the western
Mediterranean basin (Qiu et al. 2010), includindatyeous zooplankton, with localized wind events

providing onshore transport (Berline et al. 2013)e currents may also have been responsible fowithe
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distribution of M. leidyi between the coasts of Italy and Spain in 2009 (@@t al. 2009; Fuentes et al.
2010). In 2014-2019V. leidyi was regularly recorded in spring and autumn (Vistaunting during
observation by F. Lombard) (Fig. 5C) during the glaakton bloom, but was absent during the highest
summer temperatures where the sea surface reatfi€sr2the Ligurian coast. We concluded tMatleidyi

had become established in the French Riviera bsitirce area is not known yet.

Among predators, high densitiesPé¢lagia noctilucavere observed along French Riviera 10-30 km
offshore during an overnight survey on Apr 17, 2@1i®r to the bloom oM. leidyi and their considerable
numbers were also observed in the Bay of Villefren®elagia noctilucais known to prey oM. leidyi
(Tilves et al., 2013) and occurs year-round closine study area, being driven off-shore by favieabnds
and a near-shore current (Ferraris et al., 2018jrigeet al., 2013). During/. leidyi occurrence, both off-
and in-shore, high abundanceRafnoctilucawas observed in the same area and it is likelyRhatoctiluca
contributed to a rapid decrease in the ctenophopelation.

The nativeBeroe cucumisensu Mayer was recorded simultaneously WitHeidyi in March-April
2015 (F. Lombard observation).

3.2.10. Lagoons of French Mediterranean coast

Along the French Mediterranean coaM, leidyi was first observed in Berre (D. Thibault,
observation) and Bages-Sigean lagoons (D. Bonrsdreation) in 2005. Later it was found in Le Grac i
2010 (D. Banaru observation), in Biguglia and Uth{@orsica) in 2012 (S. Etourneau observation).

The first finding in 2005 was most probably intratlan with ballast waters and it was the first
record ofM. leidyi in the Western Mediterranean. Genetic analysese Bhown that it could be a direct
introduction from North America (Ghabooli et alQ13).

Berre and Bages-Sigean lagoons are semi-enclobatlpvs basins with temperature and salinity
variations linked to anthropogenic freshwater ispM. leidyi successfully established self-sustaining

populations in the Berre and Bages-Sigean Lagdeigs ¢ A, B).
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524 Fig. 6. Seasonal and interannual distributdn leidyi in French Lagoons: A- Berre lagoon; B - Bages
525 Sigean lagoon. White cells —no data.

526 Berre lagoon, northwest of Marseille is among the largest aldagoons in Europe (155 Km~7 m

527 deep) (Delpy et al.,, 2016). It has been under sdeanthropogenic pressure for several decades. The
528 massive urbanisation of the surrounding area (119%8) and main freshwater inflow from the man-made
529 Durance river bypass channel supplying hydroelegawer plant results in a lower salinity. At thehe

530 zooplankton was mainly represented by non-nathoartia tonsaand Brachionus plicatilis.In 2006
531 legislation was passed restricting the number etHwater releases and with increasing salinity the
532 zooplankton became more diverse in 2008-2@11onsais still present, but less abundant, while theveat
533 Aurelia auritabecame a common species in the lag@elpy et al., 2012). In Berre lagoo. leidyi was
534 present all year around during observations in 281d 2011 with small size individuals in low abunca
535 (0.1 + 0.2 ind.riY) in winter, which were probably shrunken adultsdese of low temperature (5°C).

536 Small size adults (oral-aboral lengths of (1-2.5 @are also present from January to March and #qumil

537 to June, with individuals in a wider range of sites cm). In the warmest months (August and Sepé&zn
538 followed marked increase of abundance (7.5 + 6dnitl). In autumn (October-November), when the
539 population was mainly composed of small individudl®-3.0 cm), abundance decreases to 3.9+0.2 thd.m
540 (Delpy et al., 2016). Based on the size classes @&ssumed that reproduction and growthVofleidyi

541 occurred in spring, summer and early autumn (Fig. 6

542 Bages-Sigean lagoon is the smallest (37 kfhand shallowest (2.0 m average depth) of thesmlas)
543 In the northern part, it is supplied by freshwdtem small rivers and the Robine Canal. The soutlpart
544  of the lagoon is connected to the Mediterranean [8ea single channel in Port la-Nouvelle. In Bages-
545 Sigean Lagoon during survels leidyi was observed in August and September 2010 (63%3ind. nT),

546 and in August - November 2011 (6.1 + 13.4 ind®)rtFig. 6B). Its abundance was up to 50 times highe
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than in the Berre lagoon (Fig. 6B). Maximum abura#awas recorded in August 2010 (113.9+11.5 ind) m
reducing to 20.1 + 23.0 ind. Frin August-October 2011 (20.1 # 23.0 ind>iThere were no samplings in
winter and spring 2010-201%easonal variations of its abundances observedtim lagoons could be
associated with environmental conditions such &sigaand biological production related to bradkiand
eutrophic waters (Delpy et al., 2016).

In Bages-Sigean lagooN. leidyi smaller individuals (1-3 cm) were recorded in Asigiseptember
and November (Delpy et al., 2016). This indicatest teproduction probably occurs in August, Septamb
and continues in November.

Few predators have been recorded in the lagddnsvatawas recorded in Berre lagoon but with a
few individuals It was observed for the first time in October 2Qidentification by T. Shiganova); its
abundance was ~0.01 ind:*rand reached 0.35ind."hin November 2012 before disappearing (Delpy et al.,
2016). Most likelyB. ovatawas co-introduced witM. leidyi and was found when salinity was 26, which is
optimal for this species (Shiganova et al., 200&mwever, in the following year8. ovatadid not occur
regularly and was never found in Bages-Sigean (@nrgt, obs.) in spite d¥l. leidyi occurenceprobably
due to variable salinity.

Aurelia auritacompetes withM. leidyi for food (Delpy et al., 2012) and occurs in batgdons in
low abundances. However, the population dynamicboath species are different. withurelia aurita
blooming in spring anM. leidyi in summer-autumn (D. Bonnet obs.).

Thus, M. leidyi was established in Berre and Bages-Sigean lagaods created autonomous
populations, which are absent in the adjacent abastas.

3.2.11. Catalan coast of Spain

M. leidyi was first recorded along the Catalan coast andgaioa entire coast from Cap de Creus to
Alcanar in summer 2009 (Fig. 3; 5D) in large swaohserved from early July to late August. In adbahtiit
was recorded in Denia (Valencia) and in Cabrerde@e Islands) areas. It was observed at salsBig-
38.2 and temperatures 22-25°C from May to Septembitre coastal Catalan waters (Fuentes et al9)200
The shelf waters were characterized by high spagiaability of environmental conditions due todhsvater

inputs from continental runoff (Salat et al., 2009) leidyi was reported along the coast and was not found
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in estuaries. It created a self-sustaining popaain the coastal Catalan waters, where reproductmwy
occurs almost year-round. Peak reproduction odouwgnter (December-January) when the temperatre i
about 10-12 °C, and continues until May. During swen(July-August), when temperature is between@7-3
°C, no reproduction was observed in 2010 and 26idL 6D) but it occurred during the summers of 2012
and 2013 at lower temperatures. Size ranges frdnmd018.0 mm in winter, with a mean of 2.6 mm and
mainly adults 25.0-120.0 mm, mean 58.0 mm in sumineautumn, there is a wide diversity of size 2.0-
70.0 mm with a mean size of 35.0 mm.

Among its predator8eroe sppwere recorded only in spring and early summengilihe Catalan
coast. At the beginning of July 2009, bath leidyi andPelagia noctilucavere present in the coastal waters
andP. noctilucapreyed upomM. leidyi (Tilves et al., 2013).

3.2.12. Mar Menor lagoon, Iberia, Spain

Mar Menorlagoonis a shallow lagoon with an average depth of 3.&nd is hypersaline (42-47)
(Velasco et al., 2006). Water temperatures range isel0-32 °C (Pérez-Ruzafa et al., 2004). Thedads
separated from the Mediterranean Sea by La Man2@;kan-longand 100-900 m-wide sand-bavhich has
five shallow inlets, including the Estacio Chan(iehges, 2001).

In summer 2012M. leidyi was observed in the area 37° 38’-37° 50’ N andi300° 57’ W, located in
the SE Iberian Peninsula, with an average abundah6e 234 ind. i1 in early August, declining to 0.082
ind. 100 n® by early September. The population contained @mlylts (total length 19-79 mm), which
increased in size during the summer. The Mar Mdagoon is anthropogenically-disturbed and may be
favorable for this species occurrenbg.leidyi was recorded also in 2013, but was absent la®ewdence
of reproduction was observed and this locationr@bably a temporal sink area fM. leidyi occurrence
(Marambio et al., 2013).

3.2.13. Portuguese coast

In April 2017 M. leidyi was recorded in three important fish nursery asdasg the Portuguese coast
— the Ria Formosa lagoon, and the Sado and Guaeéstnaries. The water temperature there ranged in
17.4-19.9 °C and salinity in 34.9-35.3 (Crus et28l18). The collected specimens were still in theival

stage and had similar sizes (range: 0.8-6.5 mnmragee 2.6 £ 1.2 mnt;= 1.79, d. f. = 24, p = 0.086). The
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maximum average abundance of zooplankton (574326 8. m°) was recorded on April 11, 2017. The
total zooplankton abundance in the Ria Formosaodlagippears to be high enough to sustain population
growth and there was a negative correlation betwetah abundance of zooplankton and the abundahce o
M. leidyi through the tidal cycle on this sampling date 0.61,p < 0.05) (Crus et al, 2018).

Although ballast water is an efficient introductieector, dispersion of propagules by currents from
adjacent regions could also be cause of the itsdattion in Portuguese coastal waters (Crus 04l8).

A scyphozoan,Catostylus tagi(Haeckel, 1869) is the only putative predator Mf leidyi in
Portuguese ecosystems. However, its predationymesgems to be restricted to summer, and it ptpbab
would not be high enough to contidl leidyi populations.

3.2.14. Lakes of the Fayum, Egypt

In 2013, M. leidyi was first recorded in a true lake, Birket Qarurthe Fayum, Egyptian Desert, by
fishermen finding substantial jelly accumulatiomstheir nets. Because the original inoculum musteha
been small, this pushes the likely date of theothiction back to around 2010 or earlier. In 20W4)eidyi
greatly expanded in numbers and was also recordéake El Rayan I, south of Birket Qarun. In sgrin
2014, there was a bloom bf. leidyi at two survey stations with abundances up to 401’ (mean size
was 30-40 mm, with few specimens up to 60 mm). Bakles are saline, with Birket Qarun currently more
concentrated than seawater (El Shabrawy and Dur2o@s).

The Fayum lakes (Birket Qarun and Rayan lakesfeatdoy Nile water, first pumped up to irrigate
the agricultural areas surrounding them, and thexineéd to the lake(s) since they are situated in a
depression below sea level. As soon as the anpemtanent link with the Nile was severed, salimity
Birket Qarun started rising. Around the beginnirfgtiee 20" century, the lake became mesohaline. At
present it is hypersaline with salinity 40-45. MpsbbablyM. leidyi was brought to the lakes with mullet
fries from aquaculture facilities in the Nile Delt&o, M. leidyi has now crossed yet another barrier, that
between the sea and two true land-locked lakekeBiQarun and Lake El Rayan Il (El-Shabrawy and
Dumont, 2016).

3.2.15. Red Sea
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M. leidyi was recorded for the first time in the Egyptiartevs of the northern Red Sea during
surveys conducted along Hurghada coast (betweitundies 27°14.362and 27° 8.371N, and longitudes 33
°51.235 and 33° 51.235E.), conducted from August 2014 to July 2015.ditesof long-term surveysl.

leidyi was recorded only in May (Zaghloul et al., in gles

3.3. Chronology of M. leidyi invasion in the Northern recipient seas and adjacent areas
3.3.1. TheNorth Sea

The North Sea is a relatively shallow basin, dyrably governed by large-scale cyclonic gyre.
Salinity range is 32-35. In the open sea and intbst, seasonal changes of surface salinity aignifisant
(Brown et al., 1999). The temperature ranges within+ 5 C in winter and 15-21C in summer (Table 1).

M. leidyi was discovered first in 2005 in several locatifardrom each other (Fig 3; 7): in Skagerrak
in Oslo (Norway) and Tjarno (Sweden) Fjor@liveira, 2007 Hansson, 2006) and along the coasts of the
Eastern English Channel and the North Sea: WestednEastern Bay of Seine and French coasts of the
North Sea (Antajan et al., 2014) (Figs. 7, 8A), ethsuggest independed simultaneous introductiotts wi
ship ballast waters.

In 2006 M. leidyi was discovered in Skagerrak Gullmar Fjord (Swed¥r)ygara-Soto et al., 2010)
and in Kattegat in Helsinger (Tendal et al., 2087) Horsens Fjords (Denmark) (Jaspers et al., 2017)
addition in 2008M. leidyi was recorded further north in Bergen (Norway) (s&m 2006), and to the south
in several locations in Nissum Fjord (Denmark) (da&ret al., 2007).

Futher to the southl. leidyi was reported in Helgoland (Germany) in 2006 (Boeret al. 2007), in
Dutch coastal waters (Faasse and Bayha 2006, Varavea et al., 201)3and in the two different estuaries,
in the Wadden Sea and in the northern and the westbrn estuaries (the Grevelingen, Oosterschelde a
Westerschelde), often in extremely large aggregatiwVith the high shipping traffic in Dutch porbsllast
water transport may be an important vectorNbrleidyi, resulting in its further invasions elsewhere (Van
Ginderdeuren et al., 2012). In addition, to thetlsan 2006M. leidyi was recorded in Belgian coastal waters
(Dumoulin, 2007) and in 2007 in Zeebrugge (Belgifuan Ginderdeuren et al., 2012).

These results suggest that there were multiplesandltaneous introductions in the main harbors,

presumably by large ships arriving in the majordp@an ports of Calais, Dunkirk and Le Havre (France



655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670
671

672

673

674

675

676

Rotterdam (Netherlands), Antwerp, Zeebrugge (Belyiand Hamburg (Germany) from the northern USA
coastal waters (e.g., Narragansett Bay) (Antajal.e2014). It acted as the primary vector of Mlweth Sea
M. leidyi populations introduction (Reusch et al., 2010;t8adt al., 2013). Local shipping promoted
regional distribution as it was observed alongBledgium and Dutch coasts (Faasse and Bahya, 2086; V
Ginderdeuren et al., 2012). Current advection se@® a vector responsible for secondity leidyi
spreading (Fig.7) (Lehmann and Javidpour, 2010aBehet al., 2011; Van Ginderdeuren et al., 2012).

In following years observations were irreguldnowever, swarms . leidyi were reported in fjords
of Bergen and Flgdevigen between 2013 and 201&aliity 28.91 and temperature 8, and in
Fanafjorden and Outer Sotra in early October of¢hgears (Figs. 7, 8B). Presence of several sazses
and small individuals points at local reproduct{&ingvold et al., 2015). In other regions of Norwa4.
leidyi was recorded in Oslofjord (Septemiigéctober 2010), along the southern Norwegian coasdt a
northward from Bergen up to Trondheimsfjord (20@8-2) (Fig. 7) (Hosia et al., 2013). Our analysis of
M.leidyi distribution and current patterns allow assumimaf iSwedish coast population could be a source

for M.leidyi dispersal along the Norwegian western coast.

Fig. 7. Distribution oM. leidyi (red circles) and currents pattern (arrows) inNloeth Sea. Years indicate
first record.

In the western Dutch Wadden Sea, located furthathsd. leidyi was recorded in a very high
abundance also in 2009 and this location becom@sortantsource area, seeding the whole Dutch coastal
zone.In theWadden Sea temperatuianges from 1.7 °C in February to maximum of 18<°€1in May-
August, with a decrease to 4.1 °C in December.nBalsignificantly varies both seasonally from 30 i

January to 15 in April and with tidal phas8slinity is generally higher during flood than dwgiebb tide,
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except in late summer/autumM. leidyiis present during the whole year with multiple kgedts spawning
started in May and reached a peak in mid-June €sigimean 360 ind. T). A second peak occurred in mid-
August (mean density 342 ind. frwith the highest abundance of 912 ind*rim a haul). At peaks the

population almost entirely consists of small (<2@individuals (Van Walraven et al., 2013).

North Sea Baltic Sea
A French Coast (Dunkirk Western Harbour) c Limfjorden
5813 r_q 2013 | ]
JFMAMJJAS OND JEMAMJJASOND
e Kiel Bight
>0.02 0.01 < 0.003
2006
B Norvegian Coast gggg
2014 - | 2009
2015 2010
JFMAMUJJASOND JFMAMJJASOND
I

2 . 0.5 205 0.2
Log (ind. m?) Log (ind. m?)

Fig.8. Interannual and seasonal variabilityMbfleidyi abundance in the North and Baltic seas: A - Hrenc
coast (Bastian et al., 2014), B - Norwegian Co&hdvold et al., 2015), C - Limfjorden (Riisgarddan
Goldstein, 2014), D - Kiel Bight (data Javidpowjhite cells — no data.

The temperature tolerance M. leidyi in the North Sea is considerable, with individusisviving
the cold winters with temperatures beloRCat south-eastern coasts. Habitat modeling stgjgsssource
population along the northern Dutch coast and & @&erman Bight (Lepparanta & Myrberg, 2009). In
addition, our comparative analyses of first recamith subsequent observations and their chronoiodlge
North Sea allow us to assume tihat leidyi established local populations in fjords and baySlagerrak
and western coast of Norwey.

Predators in the region aBeroe sp(preliminary B. norvegica and Beroe gracilis(Greve, 1975),
andChrysaora hysoscellayhich co-occurred witiM. leidyiin the coastal areas, with inter-annual variation
between 2011 and 2012 in summer, autumn and wiggeing was not sampled in 2012 in Dutch waters
(Vansteenbrugge et al., 2015). PredatiorBbyoe graciliswas observed but had minor impactMnleidyi.
Predatory impact d¥A. leidyi on fish larvae in the Wadden Sea was restrictetddbe to its high abundance,
impact on zooplankton is hypothesized to be comalde (Van Walraven et al., 2013). In Norwegianstah

watersB. gracilis(Ringvold et al., 2015) anBeroe sp(preliminarynorvegicg were also observed over the
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same timescale. In experiments in the North SdamB. gracilis consumed small- sizdd. leidyi, while
larger individuals were partly bitten (Hosia et 2011).
3.3.2. The Baltic Sea

The Baltic Sea including Kattegat (Fig. 9) is orfdle world’s largest brackish basins. Its surface
salinity varies from 20-22 in the southwestern pgartl-2 in the northernmost Bothnian Bay and the
easternmost Gulf of Finland (Fig. 9) (Lepparanta &myrberg, 2009). Differences in temperatures and
salinities and their seasonal variability deterntime occurrence or absenceMf leidyi, its source and sink
areas (Fig. 9). High populations of the southeontiNSea is considered as a sourcMofeidyi reported in
the Baltic Sea and some areas of the Kattegat &ade®ak following the pattern of the currents he t
regions (Fig. 7)M. leidyi penetrated into thkighly productive (Table 1) and saline (Fig. ®uthwestern
part of the Baltic Sea, which is under strong ieflae of the North Sea currents (Fig. 7). It wast fir
recorded in August 2005 in Danish fjords Felstedykmd Nissum Fjord (Tendal et al., 2007). In early
summer 2006 numerols. leidyi was found off Helsinger Harbor. In October 2006 ¢pecies appeared in
Limfjorden (Fig. 8C), Isefjord (northern Zeelandhdathe northern part of Great Belt. Subsequently,
numerous reports d¥l. leidyi were received in the northern Little Belt and kertnde Bay in February-
March 2007 where the abundance of small 3-5 Mmleidyi reached a maximum of 590 ind. Hrin
November 2008 (Riisgard, 2017).

In April-June 2007, the abundanceMf leidyi was still low in the Great Belt, but reports iratied
wide distribution ofM. leidyi in all inner Danish waters in July-September 20@7areas like Limfjorden
(Tendal et al., 2007). Limfjorden is one of the andpanish water systems and connects the Northvidea
Thyborgn Chanal in the west and to the Kattegdhéneast. It is heavily eutrophicated and locallffess
from oxygen depletion in summer. Bottom-dwellinghfihave disappeared, while jellyfish and ctenophore
includingAurelia auritaandM. leidyi, increasedInflowing water in Limfjorden usually originateddim the
Jutland Coastal Current that flows northwards aliregDanish western coast, carrying mixed watersems

from the English Channel and the southern North(Réagard and Goldstein, 2014).
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In Limfjorden M. leidyi reached extremely high abundance with maximum uigust-September.
High abundances up to >800 ind*mvere observed in the innermost part, showing it small
individuals of 5 to 15 mm. In the central partd_ohfjorden the biomasses reached 300 il m

Summarizing the pattern . leidyi distribution in Danish fjords, Riisgard (2017) lngpesized that
with thenorthward coastal currents along the Dutch and $bewest coastd/. leidyire-invades Limfjorden
and possibly other Danish and adjacent waters fiteenwarmer southwestern North Sea every summer,
which in cold winters, serve as a source and raféigi M. leidyi. Limfjorden in turn is most probably a

source with the potential to seed the Kattegataahacent Danish waters being a sink area (Fig. 7).
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Fig. 9. Distribution ofM. leidyi (blue dots) and salinity conditions in the BalSea (after Tendal et al.,
2007; Riisgard, 2017; Javidpour et al., 2006; Sehal al., 2011; Jaspers et al., 2013; Haraldssah.,e
2013).

In July 2006M. leidyi was recorded in Kiel Bight, when surface watergerature reached 22.6 °C,
which was 1.7C higher than in July 2005 and 5 °C higher tha@atober and November respectively. The
salinity ranged from 13.1 to 22.2 (Fig.8). leidyi abundance was 29.5 +12.7 ind®in October, increasing
to 92.3+22.4 ind. min November (Fig 8D). More than 80 % of individualere<5 mm in total length,
indicating reproduction (Javidpour et al., 2006)-rom August 2007 observations indicated successful
establishment oM. leidyi in Kiel Bight, when a 5-fold higher abundance (508. ni°) was observed
compared to 2006. In the most sampling areas &8®90% of the population consisted of small laraad

juveniles of 10 mm lenghs. During winter and spriagpundance dropped, and populations had a high



746  proportion of adults, which concentrated near tbidon for overwintering. In spring, after temperatusing
747 and the development of the vertical water strattfan, the whole population is migrating upwardvidpour
748 et al., 2009a). Thugyl.leidyi established permanent population in Kiel Bight,evéhits annual cycle is
749 characterized by a main peak in August-Septembeenvit occurs and reproduces in the upper warnrdaye
750 After November and through winter no reproducti@cws and the population decreased whith temperatur
751 drops. As a response to low temperatures, a redueedgeneration moves down to deep layers, where it
752 takes refuge (Esser et al., 2004; Costello e2@06; Javidpour et al., 2009a).

753 However, from 2011 to spring 201Ml. leidyi was almost entirely absent in Kiel Bight, most
754  probably due to cold winters in those years. Oply Epecimens were recorded sporadically. Sincerautu
755 2014 M. leidyi has occurred again in Kiel Bight with a populatioumtbreak in late summer. The similar
756 pattern was observed in 2015-2016 with maximumitien§ over 200 ind. i recorded in September 2015
757 (Javidpour data).

758 From the southwestern Baltic along the northerrstcofGermanyM. leidyi spread to the central Baltic
759 Seathe Bornholm and north Arkona Basin) in subseqyeats (Huwer et al., 2008; Javidpour et al., 2006;
760 Kube et al., 2007; Schaber et al., 2011). Obsamatindicated that there is no self-sustaining fadfmn of

761 M. leidyiin the central Baltic Sea due to low salinity (F&3. M. leidyi most likely re-introduces into the
762 Bornholm Basin every year via lateral advectiomfrthe southwestern Baltic. It may live seasonaitlg a
763 reproduces in this area where salinity >7. Theasdirfigs are important for further assessment ofrtipact

764 of M. leidyi on the pelagic ecosystem of the central Baltich@ber et al., 2011; Jaspers et al., 2013).
765 Investigations of the seasonal changes in abundamgalistribution oM. leidyi in the central Baltic Sea
766  from April 2007 to May 2010 (Schaber et al., 20icated highest abundances in spring and autanuh,
767 absence or only sporadic appearanc®¥ ofeidyi during summer. The vertical distribution M leidyi was

768 mostly confined to water layers below the permareibcline. Schaber et al. (2011) assumed that food
769 limitation plays a major role in the decline Mt leidyi in the central Baltic during summer. Observation i
770 northwesten Baltic proper, Bothnian basin showedeabe ofM. leidyi in the areas with salinity <7

771 (Haraldsson et al., 2013). So, in the low saliii8@) Central BaltiaV. leidyi was sporadically observed with
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low abundance (mean 0.02 ind® ml.16 ind. M) (Fig. 9). Probably, low salinity restricts refuwtion and
establishment dfl. leidyithere (Jaspers et al., 2011).

Bolte et al. (2013) studield. leidyiin the North and Baltic Seas by analyzing gengti@nges over 3
years (2008-2010) and found limited gene flow betwthe North Sea and the southwestern Baltic $eh, a
successful reproduction in both areas. In the gagi@t of central Baltic Sea (Bornholm Basin), gemnetic
diversity decreased during the study, indicatirag this area is a sink fou. leidyi.

Dispersal models suggested tihvat leidyi undergoes wind driven dispersal in the brackishaser
layer east- and northward from the Bornholm Baswhere M. leidyi has been observed since 2007.
However, in the northern Baltic survival is possildnly in its southernmost part, like Pomeraniad an
Gdansk Bays (Janas et al., 2007; Jaspers et 4B).20. leidyi is absent in the Gulf of Bothnian, Finland
and Riga Bays and along Estonia, Latvia, Lithuamd Russian coast due to low salinity (3-6.5) (Big.
Nevertheless, the observations of penetration andrmeproduction oM. leidyi in the waters with salinity
6, observed in the Northern Caspian and Azov seddarragansett Bay and Chesapeake Bay (Costello et
al., 2012; Purcell et al.,, 2001; Shiganova et 2004 b), should be taken into consideration if the
temperature continue to rise in the Baltic Sea.(Ejg

Thus, the environmental conditions fdr leidyi reproduction are most favorable in the southwaster
Baltic. It reaches high abundances in the distudretioften euthrophicated Kiel Bight and Danishsbaryd
fjords and adjacent waters.

Among predatorshould be mentione@yanea capilattawhich occurs in Kiel Bight; it preyed dvi.
leidyi in feeding experiments by Hosia et al. (2011) % of encounters ended in escape. In addition,
seasonal overlapping of these two species in tle¢ Bight is limited by the early autumn whéh leidyi
population is already diminished. Among predatargebruary 2016 in Kiel BighBeroe spwas recorded
sporadically, but species-level identification i@possible (Javidpour, pers.obs).

In Danish fijords three speci&eroe: Beroe cucumiB. gracilisandB. ovatawere observed, with
the latter two species observed for the first time¢he Baltic Sea (Shiganova et al., 2014B¢roe spp
probably arrive from the North Sea, but at irregufdervals and therefore their effect on the leidyi

population size was not clearly seen (Riisgard,7201
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4. Conclusions

4.1 Summary of M. leidyi distribution patter nsand seasonal dynamicsin recipient and
native areas

We have summarized current harmful invadler leidyi expantion around the Eurasian seas and
patterns of its establishment and distribution. Bheck Sea has been the first recipient and therodarea
of M. leidyi introduction in the most of the Southern seas @bk et al., 2011, 2013). Supposedly in late
1980s,M. leidyi has expanded from the Black Sea, with the curreastward in the Sea of Azov, which
became a sink area, and with ballast waters wasghtan the Caspian Sea and south-westward to¢he S
of Marmara and the eastern Mediterranean Sea. pogenic and climatic changes of environmental
conditions made these locations physiologicallyofable forM. leidyi. Since 2009M. leidyi has become
widespreaded further throughout the Western Mediteran and established, mainly in disturbed coastal
areas, bays, estuarias, and lagoons, which becaumees for its continued expansion as far as astuaf
southern Portugal (Cruz et al., in press). Sth bacal currents and shipping were the probabtegors for
M. leidyi transportation around the Mediterranean and ddloeithern Eurasian seas. However, it should be
taken into consideration that current advectionecs\a relatively short distance (e.g., particleardor 300
km takes 350 days, with the typical mean curretdory 1 cm/s), which is much longer than the diaraof
M. leidyi annual reproductive age. That may explain whipdak long time (from 1990 to 2009) foa.
leidyi to spread throughout the Mediterranean Sea. Meredhis is an overestimation since the eddy
dynamics patterns of the flow may slow down therent transportation. One more requirementMoteidyi
during dispersal is to find somewhere on the wakable conditions for reproduction and creatioracdelf-
sustaining population. Otherwise dispersed poparativanish with the advent of unfavorable condgion
such as a strong decrease or increase of tempe@textreme salinity or oligotrophic conditionghviack
of enough food. So, the currents can be only oéllamportance. The primary vector of the multiple
introductions is the ship ballast waters.

In the Northern regioM. leidyi was first introducted in the North Sea (Reustlal, 2010) where
it has been recorded in several locations sinc&.2@ne of the main source areas, where it reachigs
high abundance became southeastern coastal am&stalaries along the northern Dutch coast antdan t

German Bight influenced by riverine inflow, wheleetenvironment allows overwintering (Lepparanta &
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Myrberg, 2017). In addition, comparison of firstoeds and subsequent observations in the North Sea
provide us understanding tht leidyi established local source populations in fjords laawgs of Skagerrak
and western coast of Norwey as well.

From the Dutch areas with the northward coastaleots (Fig. 7) during spring warmirlg. leidyi
spreads every year in the Baltic Sea, in Danishi§j@nd adjacent waters (Riisgard, 2017). In thed Right
M. leidyi created permanent population originated from tbetiNSea with possible elimination during cold
winters (as it happened in 2011-2014) and re-ingdden the North Sea again (Jaspers et al., 2018).

Recently Jaspers et al. (2018) hypothesizedNhdeidyi could be transported by currents from the
English Channel, the Southern North Sea and Norwasards north-west Denmark, continuing with an
anticlockwise gyre through the Skagerrak and therthwards along the western Norwegian coast as far
north as 62 N. However, the quoted rates of that re-colonaratif up to 2000 km per season seem to be
doubtful. For instance, to transport a particlero@00 km during one season the mean current wgloci
should be 25 cm/s, which is unrealistic.

Our assessment has confirmed that invasion sucsedstermined by the complex interaction of
global shipping and local population dynamics atiexadescribed by Seebens et al. (2019).

We intently investigated seasonal and interannaahbility of permanent and temporal occurrence
of M. leidyi throughout the Eurasian recipient seas with seursieaks and refugia areas. We have figured
out temporal characteristics of development andodtion of M. leidyi population during the year in
studied areas based on authors’ long-term datafowre thatM. leidyi with its high physiological tolerance
and capacity for adaptation demonstrated diffepatterns of spatial distribution and seasonal dyosm
depending on environmental conditioi. leidyi has adapted to local conditions, changing its plogyy to
maximize duration of seasonal development and avkdsstribution in different Eurasian seas, inchgl
sources and sinks. In addition, we found out thgssmlogical limitations and environmental resioats of
M. leidyi reproduction and its duration is different in Eiaa seas. The seasonal start and duration of
reproduction depend on temperature, salinity aod favailability, i.e. concentrations of microzoagktton

for larvae and mesozooplankton for juveniles andtad
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Table 3. Periods of M. leidyi reproduction (grey stripes) and peaks of abundance and reproduction
(black stripes) and corresponding favor able environmental conditions. temperature (T), temperature
of reproduction (T, R) salinity (S), peak of zooplankton (Z) in the recipient habitats

AREA/MONTH | J [F M| A M| J |1|A[s|o|N|D] T°% |T°%R]| s |Z|References
Black Sea (<2006) —— e 5-25 21-25 12-22 | 4+ | Shiganova et al., 2004
Black Sea (>2006) 8-30 18-26 12-22 | 4 | Shiganova et al., 2018
Sea of Azov ‘ -0.8-30 18-26 6-14 | 4+ | Mirzoyan et al., 2006
Southern Caspian —— e 10-30 10-30,5 | 12.6-13 | + | Shiganova, 2011
Middle Caspian —— —‘— 5.8-26 18-26 121- | + | shiganova, 2011

12.6
Northern Caspian ‘ P—‘ 3.8-28 23-27 6.1- + | Shiganova, 2011

10.0
Sea of Marmara D G G 8-29 21-26 22-29 + Isinibilir, 2012;

Shiganova,1993

Northern Aegean — | c— ND | ND ’ ND 12-27 21-25 33-39 | 4+ |Siapatis, 2014
Southern Aegean —— e— — 14.5-29 |18-26.5 37.3- | + | Gulsahin, 2013

39.6
Levantine Sea o "0 | ND [ ND ‘_ 17,5-31 | 195-23.5 | 393- | ND | Galil pers.com.

40.0
Northern Adriatic a— 6-29 17-28 11-38 Malej et al., 2017
Legurian Sea D | — 127 17-21.9 37.9- | 4+ | Lilley, Lombard pers.com.

38.2
Catalan Coast | — o 10-30 10-25 34-38 | ND | Marambio pers.com.
Berre Lagoon ‘ 3,4-28.2 10-25.2 15.9- | + | Delpyetal., 2016

26.2
Bages-Sigean —— 9,6-27,1 18-27 189- | 4+ | Delpy et al., 2016

343
Portugal coast ommmm P [ND | ND | ND ND | ND 17.2-22.2 | 17.4-20 349- | 4+ |Crusetal, 2018

353
Kiel Bight — c— | e— 3.5-22.2 13.1-22.2 14-20 | + |Javidpour et al., 2009a
Danish Fjords -0.5-24 12-24 19-34 | 4+ | Riisgard, etal., 2015- 17
Central Baltic — 2-20 |8.4-10.7(>) | 7.8+0.3 | 4+ |Jaspers et al. 2011,2013
Kattegat 0-21 11.7-21 2513 - |Jaspers et al. 2011;

Haraldsson et al.,2013

Skagerrak — c— 6-20 >9-20 25-29 | . | Haraldsson et al.,2013
Wadden Sea o e— —— l 1.7-22 18-21 34-35 | ND | Van Walraven et al., 2013

ND - no data

In temperate Southern seas (Black, Azov, most apaa and Marmara) reproduction reaches its
peak in summer-early autumn depending on temperatad zooplankton concentration (Table 3). During
last decade, reproduction tends to start earlidday-June due to an earlier increase of springsamdmer
temperature (Fig. 2) and earlier development ofmwvearater zooplankton species (Shiganova et al., 2014
2018).

In the subtropical conditions of the oligotrophie8iterranean regions with hot summevs,leidyi
increases seasonal abundance and reproduces g sprd autumn and sometimes in winter, which
coincides with seasonal zooplankton developmettiese areas (Aegean Sea, Levantine Sea, Ligurast co
of France and Italy) (Fig. 5A, B and C; Table 3)hbt summeM. leidyi disappears from water column and
a reduced new generation occupies deep refugiagdBbtwva et al., 2004c; Lombard et. al., obs.). In
productive northern Adriatic Selsl. leidyi reaches high abundances and high reproductionimakate
summer and autumn (Malej et al., 2017). Open prtise Mediterranean Sea became sinks wierkeidyi

may spread with the local currents. Part of thipdrsal is propagules potentially seeding populatio the
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coastal zones, lagoons estuaries and bays. Anpéreis a sterile dispersal, wheve leidyi may survive
temporally without reproduction.

In the Northern European seas seasonal dynamicsirarar to those in temperate Southern seas
(Table 3) but reproduction time and duration hashean studied in details. Probably, reproductioration
is shorter and the peak has to be in the warmesithmoin most of cases coinciding with peak of
zooplankton abundance. In specific conditions beé Wadden Sea with flood and ebb tides reproduction
was observed during two periods (May-June and midust) and remained high until October (Van
Walraven et al. 2013) (Table 3).

Meanwhile, modeling assessment for the North Sealli(@ridge et al., 2014) indicated that
reproduction might be possible for most of the yaarording to estimated environmental conditionsttu
212 days in 2011), but this is highly improbableéha Northern sites.

In the Baltic SeaM. leidyi reproduces most intensively in the productive KBgght and Danish
Fjords with a peak of abundance in late summeseadtumn (Fig. 8C, D; Table 3) with highest
concentration in Limfjorden (Javidpour et al., 202609a; Riisgard and Goldstein, 2014). In Limfjemd.
leidyi probably re-invades from the North Sea every yasrinto sink area of south-eastern coastal
populations of the North Sea. On the other hanthfjporden is probably a source area for other Danish
fiords and adjacent waters (Riisgard, 20M).leidyi reproduction was observed also in the centraliBalt
Sea, but it was indicated that it is a sink areamfthwest Baltic wherbl. leidyi may live seasonally and
reproduce if salinity >7 (Schaber et al., 2011;dHdsson et al., 2013).

Thus, in the disturbed areas of the North Sea (Datastal waters including Wadden Sea) and the
Baltic Sea (Kiel Bight, LimfjordenM. leidyi could reach much higher abundances than in the ofidee
southern seas and amounts to abundance compai#ibkbevSea of Azov and the Caspian Sea (Figs). 4, 8

Our general assessment suggests multiple and soesesimultaneoull. leidyi introductions in the
main harbors of Southern (Mediterranean areas)Nwmrhern seaspresumably by large ships, and its
subsequent local dispersal throughout the conneetasl and water bodies.

The transfer oM. leidyi with aquacultures activities indicates a new veaotointroduction to the

hypersaline Fayum lakes of Egypt.
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To summarize, we conclude th\dt leidyi found suitable temperature, salinity and produttivi
conditions to create populations in the Black, Gaspnd Azov Seas, including source and sink aredke
coastal areas, bays and lagoons of the Meditemaaed in the coastal waters, fjords and estuaffi¢seo
Baltic and North seas. In the seas where it capadist during the full annual cycle!. leidyi could find
sink areas or suitable refugia to survive througihmost unfavorable conditions (very low tempeegias
sometimes in the Black, Baltic and North seas oy \sgh temperature as in Southern Aegean, Levantin
Ligurian seas) and recover populations with impngviconditions or re-introductions in the case of
extinction. We showed the possibility of this sjgscto establish autonomous populations in clossthba
(isolated Caspian Sea, Egyptian land-locked lakeisg¢re it may complete its annual cycle. In songgores
populations are eliminated during sharp winter i@pin the sink areas (Sea of Azov, Northern anddé
Caspian) and re-builds again every year with alrof a new generation from the source area (Biek;
Southern CaspianM. leidyi has been found throughout a wide range of enviesrtat conditions, from
temperate to subtropical regions, in brackish aratime and even hyperhaline waters. Environmental
conditions shape its parterns of spatial distrioutand phenology. There are at least two eco-typéise
resipient seas of Eurasia. The temperature andityathresholds of establishment and life cycletiod
southern (the Black, Caspian, Azov, Mediterraneaasy and the northern (the Baltic and North Seas)
reflect conditions in their donor areas (the GdilMexico and Narragansett Bay).

Apart of that, we compared environmental conditjdime and rate of reproduction in the recipient
Eurasian seas with the native locations in the iNort America from where they were introduced (Gloéibo
et al., 2011; 2013; Reusch et al., 2010, Bayhd, é&1045). Native subtropical estuaries of Biscay&ay,
Florida are indicated as a donor for the Black &ee consequently to the most of the Southern Eanasi
populations (Ghabooli et al., 2013). In those estiea temperature range is 18-32 °C and salinitgea
from mesohaline <20 to hypersaline >40 dependingeason and locatioM. leidyi does not reproduce in
summer in high salinity and high temperatures,pgaks of abundance and reproduction is observed in
spring, autumn and early winter (Table 4) (Kremk994; Purcell et al., 2001). Similar environmental
conditions and, consequently, seasonal dynamics tameé of reproduction are observed in the

Mediterranean Sea, where reproduction occurrs imgmnd autumn and in some areas in early winter
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(Table 3).

Table 4. Periods of M. leidyi reproduction (grey stripes) and peaks of abundance and reproduction
(black stripes) and corresponding favor able environmental conditions. temperature (T), temperature
of reproduction (T, R) salinity (S), peak of zooplankton (Z) in the native habitats

AREA/MONTH | J | F M|A|M|J | J|A ‘ SIO|N|D|T% |T%CR| S |Z References

Narragansett 1-25 10-23 21-32 + | Costello et al., 2012

Bay, RI

Mid Chesapeake 2-30 12-29 5-16 + | Lonsdale, 1981; Olson, 1987;

Bay, MD Purcell et al., 2001

Biscayne Bay, FL ‘ | CE— 18-32 18-28 14-45 + | Baker, 1973

Nueces Estuary, T — 10-30 10-30 20-38 + | Buskey, 1993

TX

Rio de la Plata 7.5-25 10--25 9-24 + | Mianzan et al., 1996;

estuary, ARG — Sorarrain, 1998

Blanca bay, ARG — — 5-24 10-24 24-38 + | Mianzan & Sabatini, 1985;
Mianzan, 1986

Nord Patagonic 10-16 10-16 33 + | Mianzan et al., 1996, 2010;

Tidal front, ARG C— Mianzan pers. obs

In warm coastal waters of the Gulf of Mexico indhgl subtropical waters of both St. Andrey Bay,
Florida and the Nueces (Texas) Estuaries, the amanrgperature range is 10-30 °C and salinity rarifes
33. M. leidyiis abundant there year-round with peaks in latenseimn areas where zooplankton biomass is
high (Table 4) (Kremer, 1994). Environmental coiotis and seasonal dynamics similar to subtropical
waters of Gulf of Mexico are observed in the Souih@aspian (Table 3).

In the colder waters such as Narragansett Bay,thearorthern end of the geographical rangeMor
leidyi, annual temperature ranges 1°85with temperature >20 °C from June to Septemlzinit/ range
25-32 (Table 4). This area is indicated as a ddoothe Northern seas populations (Reusch et alLp2
Ghabooli et al., 2011). Minor eggs releases at eatpres as low as &C, but 10°C is a good
approximation of a threshold for successful egglpation and its rates increase with the temperaises
Thus, temperature range for reproduction is 10Q@3with some reproduction at Z& (Costello et al.,
2012). Recipient Northern European seas have teyve close to that in Narragansett Bay. However
salinity values are close to Narragansett Bay amlthe North Sea, whengl.leidyi first established, and
which is the main source area for both northers.s€lae beginning of reproduction (April, at 14 €@\ the
peak occurs earlier (July-August) than in the Nantlkd Baltic seas but at the same temperature, whaars
become warmer.

In Chesapeake BaM. leidyireproduction starts from mid-April to early Jumeat is most intensive

between June and September (Table 4) at the tempsaf 12—29C and at salinity 6-16 (Kremer, 1994;



952 Purcell et al., 2001). The seasonal pattern andgr@mental conditions in Black, most of Caspiand an
953 Azov seas are close to Chesapeake Bay, Howevenduwgtion in all three seas are observed in summer.
954  During recent years with temperature is rising pnireg and summemM. leidyi begin to reproduce in late
955 spring (Fig 4, Table 3).

956 Based on the analyses of conditions in recipiedtdonor areas we identify the following constraints
957 onM. leidyi occurance and reproduction and population growth:

958 Occurrence conditions. There areareas of occurrence of self-sustainatldeidyi populations with the

959 possibility to reproduce in certain seasons. Aretd are areas, where it can spread and surviyeotany

960 without reproduction in the unfavorable conditiosceptable environmental conditions fbf. leidyi

961 occurence have been summarized in Fig 10A, C.

962 Acceptable water temperatures under wihtheidyi occurs are variable and range between >3 and
963 30°C for southern seas and 1 -24°C (maximal tenpexs) for northern sea recipient areas (Fig. 10A).

964 Acceptable salinity at whicM. leidyi occurs ranges between 3.5-45 in southern sead.&b in
965 northern seas (Fig 10A).

066 Surface chlorophyll concentration has been takemndgator of ecosystem productivity and is
967 similar to using the concentration of microplanktomd mesozooplankton. According to field d&faleidyi

968 requires a mean Chl level above 0.1 md.(Rig 10C).
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Fig.10. Ranges of SST, SSS and Chl values, sufficientMorleidyi general occurrence (A, C) and
reproduction and population growth (B, D). Compifemim in situ data from various recipient basins.

Reproduction conditions. Areas with environmental conditions favorable feproduction and growth

of M. leidyi self-sustaining population, which includes sowand sink areas summarized in Fig 10B and D.

The range of water temperature favorable Kbr leidyi reproduction and population growth is
12°C<SST<27°C for the Southern seas. Below 11.8VtCeidyi stops active reproduction. However, in
productive areas of the Southern Caspian and Nuworthelriatic reproduction was recorded at higher
temperature, such as 29 °C and 28 °C respecti#ayl©B). In the Northern seas, temperature favertds
reproduction ranges between 10-24 °C (Fig 10B)the Northern Caspian, in Narragansett Bay and
Chesapeake Bay minor reproduction is recorded@t(€ostello et al., 2012; Purcell et al., 2001).

Water salinity foM. leidyireproduction and growth of a population is in thege 6-40 (Fig 10B).

Productivity conditions, favorable fod. leidyi reproduction starts from Gt0.5 mg. nit® (Fig. 10D).
The data array oM. leidyi occurence, reproduction and population growtmmited in this study, were
also used to generate a model that successfulbuats for past and current patterns and uses dpihality

to predict future invasive patterns (Shiganovd.e2819).
4.2. Impact

M. leidyi's impact on zooplankton was considerable in termjgesouthern seas (Black, Azov, and in
some years in the Sea of Marmara and its baysjhelse seas bottom up and top down impact on tist mo
of trophic levels was observed befd@eovataarrived (Shiganova et al., 2004 a, b). Now thesesgstems
are recovering, but still there is an impact dutimg summer peak ®f. leidyi. However, its effect is getting
shorter with each year. There is no predator inGaspian Sea and ecosystem disruption at all tcdphels
increases from year to year (Shiganova, 2011). khgbacts were found in the Baltic in Kiel Fjord and
Limfjorden (Javidpour et al. 2009a; Riisgard anddstein, 2014). In the North Se. leidyi impact on
zooplankton seems considerable in regions suctheadutch coastal areas and the Wadden Sea (Van
Walraven et al., 2013). This is the result of mbaygher abundances than recorded in native reghsre
the highest biomass estimated in the Narragansgtis up to 100 ml. th(Kremer, 1994). Therefore, the

dramatic expansion oMnemiopsis leidyiin the seas of Eurasia and in saline lakes ismatay, in
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combination with enlargement of euthrophicated sr@agrowing aquaculture sector and decreasing fish
stocks. The only positive factor is the increagiigpersal of the invasivB. ovata which followsM. leidyi

to new areas and the active migration of naieeoe sppinto areas oM. leidyi blooms.
4. 3. Prey

Food for juveniles and adultd M. leidyi includes mesozooplankton, meroplankton, smallgiela
fish and fish eggs (Costello et al., 2012).

It is important to stress out that in all brackssas (north-western Black Sea; Sea of Azov, Caspian
and Baltic Seas, parts of the Sea of Marmara aadtabwaters of brackish Mediterranean lagoons) the
main food is the non-native copepédaartia tonsaand in most of them also larvae of the non-native
barnacleAmphibalanus improvise8oth species were introduced in the Black, Baltid Caspian seas and
to Berre Lagoon (Gomoiu and Scolka, 1996; Guban@@80, Delpy, 2012) probably from the Atlantic
coast of America. From the Black Sea they wereothiced into the Sea of Azov and Caspian Sea
(Shiganova, 2009). Interestingly, the same fastvgrg, warm water copepoAd. tonsais also aM. leidyi
prey in coastal waters of America (Kremer, 1994).

Unusual prey consumption was observed seasonaliehBright. In winter, the diet was mostly
composed of slow-moving mesozooplankton like laAalphibalanus improvisu®n average, 82% of total
prey found in the gut). In contrast, the relatimiadance of crustacean zooplankton in the dietloms
copepods reached 6% and cladocerans 1% of totaljaeidpour et al, 2009). In August, ctenophoreda
larger than 5 mm were dominant in the gastrovasaaleity of adults and contributed up to 76% of tbil
while copepods ranked second in prey captured (2B%ate summenM. leidyi fed mostly on planulae of
Aurelia aurita(57% in September and 72% in October), while #iative share of copepods was only 14%.
Predation of\M. leidyi on planulae ofurelia auritaand on own larvae, which were observed in the Kiel

Bight (Javidpour et al, 2009), has not been obsemnvether habitats to date.
4.4. Predators and competitors

Our results show that in the most temparete sezsstal waters, lagoons, fijords and estuarias
Aurelia auritais the main native competitor M. leidyi (Table 5), which abundance was suppressed.by

leidyi as more successful competitor in most of areaswveder, in the northern Adriatic periods of
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abundance of largest individuals in late autumn).

Adriatic in 2005 (Shiganova and Malej, 2009).

Table5. Native and non-native gelatinous speciesin studied areas

occurrence oA. auritaandM. leidyi do not overlapA. auritais most abundant from March to June, while
M. leidyi (since 2016) appears later in summer and is nimstdant in autumn. In contrast, occurrence of

Cotylorhizatuberculataoverlaps withM. leidyi as well asRhizostoma pulm@which also have a peak of

In Southern semi-enclosed seas with leidyi populations, its predatdBeroe ovatasensu Mayer
follows it shortly and these ecosystems are gragluacovering (Black Sea, the Sea of Marmara, and
Azov). InvadingB. ovata native B. cucumissensu Mayer an8. forskalii control the populations d¥l.

leidyi in the Levantine Sea. Their presence completelypsidthe establishment df1. leidyi in the northern

Location Native gelatinouslinvasive Native predatorsinvasive Reference
competitors gelatinous availability predators
competitors availability
Black Sea Aurelia aurita(L) |No No Beroe ovata  [Shiganova, 2009
Rhizostomaulmo
(Macri)
Pleurobrachia
pileus(Mdiller)
Sea of Azov No No No Beroe ovata Mirzoyan et al.,
2006
Caspian Sea No Aurelia aurita  |No No Ivanov et al.,
2000
Sea of Marmara |[Aurelia aurita No No Beroe ovata Isinibilir et al.,
Rhizostoma pulmo 2015
N. Aegean Sea |Aurelia aurita No Temporary Beroe ovata  [Shiganova et al.,
coastal waters Beroe forskalii, 2004
B. senswcucumis
S. Aegean Sea |Aurelia aurita No Beroe mitrata |No Gukahin and
Gokava Bay Cotylorhiza Tarkan, 2014
tuberculata
Cestum veneris
Levant Basin No Rhopilema Temporary Beroe ovata Galil et al., 2009
Israel coast nomadicaGalil, |Beroe forskalii, 2011
1990 B. senswcucumis
Beroe mitrata
N. Adriatic Sea | Temporary No Temporary Temporary Shiganova and
Aurelia aurita Beroe forskalii, |Beroe ovata Malej, 2009
Bolinopsis vitrea B. senswcucumis
(L. Agassiz) , Pelagia
Leucothea noctiluca
multicornis
(Quoy&Gaimard
NW Medi- No data No Pelagia No Tilves et al., 201
terranean noctiluca
S. Catalan Beroe spp
Coast
Berre Lagoon |Aurelia aurita No No Temporary Delpy et al., 2011
Beroe ovata
Bages-Sigean |Aurelia aurita No No No Delpy et al., 201

D
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lagoon
Ligurian Sea Bolinopsis vitrea |No Pelagia No Lilley M.
(L. Agassiz, noctiluca Lombard F.
1860),Leucothea B. sensu cucum pers.comm.
multicornis Mayer
(Quoy&Gaimard)
W. Baltic Sea |Aurelia aurita No No Temporary Javidpour et al.,
Kiel Fjord Beroe sp. 2009
Baltic Sea Aurelia aurita No Beroe gracilis |B. ovata Riisgard, 2017
Great Belt B. cucumis
Limfjorden
North Sea Aurelia aurita No Beroe gracilis | No Van Walraven et
B. cucumis al., 2013
Chrysaora
hysoscella

B. ovatawas recorded in the Limfjorden simultaneously withtive Beroe cucumiqredefined
preliminary asB.norvegica andBeroe gracilis,which arrived from the North Sea to prey Mn leidyi. All
of them controM. leidyi abundance temporally (Shiganova et al., 2014tsg@id and Goldstein, 2014). In
the North Sea in Norwegian coastal watergracilisandBeroe sp (redefined preliminary aB.norvegica
were first recorded in swarms BF. leidyi (Ringvold et al., 2015; Hosia and Falkenhaug, 20bBansson et
al.,2018). GenerallyB. ovatatends to followM. leidyi into new areas. However, it may create a self-
sustaining population and predator-prey cycles Withleidyi where both have a permanent occurrence.
Native Beroespecies both in the Mediterranean and the Nowrlk s@grate intdM. leidyi blooms and feed
on it. In recipient areafderoeovataplays a more significant role than in native Fdariand Narragansett
Bay, whereB. ovatadoes not occur regularly (Shiganova et al., 2014b) the southern Aegean Sea
(Gokova Bay)M. leidyiis controled regularly by nativig. mitrata(identification by Shiganova).

Among other predator&elagia noctilucahas the potential to limitl. leidyi population growth in
coastal waters of the Mediterranean (Tilves et2413). In the Baltic and North Se@yanea capillata

may be an important predator (Hosia et al., 2011).
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AREA/MONTH M AM|J|J/ASIOIN|D| TC| TCR | S |Z|References
Black Sea (<2006) e | m— 5-25 21-25 12-22 | 4 | Shiganova et al., 2004
Black Sea (>2006) e | S | | 8-30 18-26 12-22 | 4 | Shiganova et al., 2018
Sea of Azov s | E—— -0.8-30 18-26 6-14 + | Mirzoyan et al., 2006
Southern Caspian e | s | 10-30 10-30,5 | 12.6-13 | 4+ | Shiganova, 2011
Middle Caspian e | I | — 5.8-26 18-26 12.1- + | Shiganova, 2011

12.6
Northern Caspian | E— 3.8-28 23-27 6.1- + | Shiganova, 2011

10.0
Sea of Marmara I | N | 8-29 21-26 22-29 + Isinibilir, 2012;

Shiganova,1993

Northern Aegean e | — ND | ND | ND 12-27 21-25 33-39 | 4+ |Siapatis, 2014
Southern Aegean | — — 14.5-29 | 18-26.5 37.3- | + | Gulsahin, 2013

39.6
Levantine Sea [T ND ND ND [T 17,5-31 19.5-23.5 39.3- ND | Galil pers.com.

40.0
Northern Adriatic e ya 6-29 17-28 11-38 Malej et al., 2017
Legurian Sea LD —— — 1-27 17-21.9 37.9- | 4+ | Lilley, Lombard, Shiganova

38.2 unpublished
Catalan Coast I —— — mmm| 10-30 10-25 34-38 | ND | Marambio pers.com.
Berre Lagoon e | | — 3,4-28.2 10-25.2 15.9- + | Delpy et al., 2016

26.2
BagES'Sigean s | N | 9,6-27,1 18-27 18.9- + DEIPV et al., 2016

343
Portugal coast mamm| O | ND | ND | ND ND | ND 17.2-22.2 | 17.4-20 34.9- | 4+ |Crusetal,inpress

35.3
Kiel Bight | e | s 3.5-22.2 13.1-22.2 14-20 + | Javidpour et al., 2009a
Danish Fjords | —— | — -0.5-24 12-24 19-34 Riisgard, et al., 2015- 17
Central Baltic — 2-20 |8.4-10.7(>) | 7.8¥0.3| 4 |Jaspers et al.2011,2013
Kattegat 0-21 11.27-21 25%3 - | Jaspers et al. 2011;




Haraldsson et al.,2013

Skagerrak

6-20

>9-20

25-29

Haraldsson et al.,2013

Wadden Sea

1.7-22

18-21

34-35

ND

Van Walraven et al., 2013




AREA/MONTH M A/M|J|J A[S|O|N T°C |T°C-R| S References
Narragansett 1-25 10-24 25-32 Costello et al., 2012
Bay, RI
Mid Chesapeake 2-30 12-29 5-16 Lonsdale, 1981; Olson,
Bay, MD 1987; Purcell et al., 1994
Biscayne Bay, FL — 18-32 18-28 14-45 Baker, 1973
Nueces Estuary, — 10-30 10-30 20-38 Buskey, 1993
X
Rio de la Plata 7.5-25 10--25 9-24 Mianzan et al., 1996;
estuary, ARG Sorarrain, 1998
Blanca bay, ARG — — 5-24 10-24 24-38 Mianzan & Sabatini,
1985;
Mianzan, 1986
Nord Patagonic 10-16 10-16 33 Mianzan et al., 1996,
Tidal front, I 2010;
ARG Mianzan pers. obs




Harmful invader M. leidyi’s expansions in the Eurasian Seas have been synthesized
Ranges of sea surface temperature, salinity and chlorophyll values were assessed
These ranges sufficient for M. leidyi occurrence and reproduction were used

Two eco-types (Southern and Northern) in the recipient seas of Eurasia were revealed
Thresholds in both eco-types depend on environmental parameters in native habitats
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