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voor jullie diversiteit en om altijd paraat te staan en me uit de nood te helpen. Merci Karl, als
peetvader van het zodplanktononderzoek in Belgié sinds Gilson, was het een voorrecht om
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eenzaam in het pelagics team, maar gelukkig is lidmaatschap voor het leven. Laten we hopen
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dat onze doctoraten genoeg signalen geven van het belang van zodplanktononderzoek en
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But the arms of the ocean delivered me

Florence + the machine — never let me go






Summary

In recent years, abundances of gelatinous zooplankton are thought to have increased all
over the world, resulting in jellyfish-dominated ecosystems and food webs. This trend, also
referred to as ‘jellification’, is mainly based on a few local case studies and media-driven
public perception, because long-term jellyfish datasets are scarce. Sudden increases in
jellyfish densities (blooms) are a common life cycle characteristic, mainly driven by natural
fluctuations in the climate. However, certain anthropogenic pressures, such as overfishing,
eutrophication, non-deliberate transport of non-indigenous species can be correlated with
varying jellyfish abundances. Moreover, gelatinous zooplankton blooms can directly
interfere with anthropogenic activities, for example by clogging and rupturing of commercial
fishing nets, by stinging beach tourists or by killing fish in sea farms. To be able to manage
and reduce the potential problems and economic costs related to jellyfish outbreaks,
understanding the mechanisms driving these outbreaks is imperative.

In the 1980s, the ctenophore Mnemiopsis leidyi A. Agassiz 1865, indigenous to the Atlantic
coast of North and South America, was introduced in the Black Sea through ballast water of
ships. The densities of this invasive species rapidly increased in the Black Sea, and in addition
to overfishing and eutrophication led to a collapse of the major fisheries, causing vast
ecological and socio-economic losses. Consequently, the first observations of M. leidyi in
northern European marine waters in 2005, and the subsequent sightings of this non-
indigenous ctenophore in Belgian marine waters in 2007 caused the appropriate concern.
This PhD thesis, as part of the Interreg Iva 2 Seas MEMO project, aimed to assess the
structural and functional role of the non-indigenous ctenophore Mnemiopsis leidyi in the
southern North Sea. More specifically, we focussed on (1) the current distribution of M.
leidyi in Belgian marine waters, the adjacent ports and the Westerschelde estuary, related
to other gelatinous zooplankton, (2) the trophic ecology and interactions of M. leidyi in the
planktonic food web, (3) the potential ecological and socio-economic effects of the
presence of M. leidyi and other gelatinous zooplankton in these waters, and (4) the overall
threat of M. leidyi and the implications for non-indigenous species’s management.

After a general introduction (Chapter 1) on jellyfish and gelatinous zooplankton, the
potential introductory pathways of invasive species and the life cycle characteristics of M.
leidyi, the data and results are presented in seven chapters. Different approaches were used
to tackle the research questions and objectives, including field studies, experimental and
laboratory work, database analyses and public questionnaires. In this PhD study, the term
‘gelatinous zooplankton’ was narrowed down to the planktonic medusa phase (jellyfish) of
the phylum Cnidaria (classes Hydrozoa and Scypohozoa) and the phylum Ctenophora.

In the southern North Sea, long-term data on gelatinous zooplankton are scarce, which is
partly driven by the difficulties to sample and preserve these often ‘fragile’ organisms, M.



SUMMARY

leidyi in particular. Therefore, in Chapter 2, methodological issues concerning sampling and
preservation were investigated. We focused on two different types of plankton nets: a WP2
net (mesh size 200 um) and ring trawl net (mesh size 1000 um). Based on their different
mesh size and way of deployment (vertical versus undulating trawl), we evaluated whether
they can be compared in terms of M. leidyi density and size distribution. Mnemiopsis leidyi
densities from 245 sampling events were analysed according to net type and revealed that
WP2 nets do not provide a good estimate of its presence compared to ring trawl nets.
Moreover, when M. leidyi was present in both nets, much larger density estimates were
found by the WP2 net (45.2 + 114.0 ind.m™ for WP2 net versus 12.8 + 28.5 ind.m™ for ring
trawl net). The ring trawl net gave a good overview of adult population structure, but may
underestimate some of the small ctenophores. Consequently, both the filtered volume and
the mesh size largely determine the catch. We also tested different preservation solutions
and methods with respect to morphological and genetic identification of M. leidyi and in
function of stable isotope analyses. From our experiments it became clear that unpreserved
samples are preferred for any type of analysis. However, in many situations, direct
identification in the field is not possible and preserving the sample is inevitable. Then, short-
term preservation in Lugol's solution or RCL2® may provide a good alternative, but shrinkage
was observed in both preservatives. For stable isotope analyses, different preservation
methods resulted in significant differences in both &3C and 6N, which should be
considered when comparing different isotopic compositions. The findings and
recommendations formulated in this study should be considered in future M. leidyi
monitoring. Zooplankton samples collected during this PhD were analysed on board and M.
leidyi was morphologically identified and measured alive (except for Tentaculata larvae
which were genetically identified).

The discovery of M. leidyi in Belgian waters in 2007 created a unique opportunity to enhance
our knowledge on the distribution of gelatinous zooplankton in the southern North Sea
(Chapter 3). Monthly and seasonal CalCOFI ring trawl plankton net samples (mesh size 1000
pum, undulating trawl) from the Belgian part of the North Sea and the adjacent
Westerschelde estuary were gathered between March 2011 and February 2012. The
gelatinous zooplankton in these samples consisted of three Scyphozoa, three Ctenophora
and 27 Hydrozoa taxa, including three non-indigenous species: M. leidyi, Nemopsis bachei
and Lovenella assimilis. In an addendum (Addendum 11), we also described the re-discovery
of larval mantis shrimp (Rissoides desmaresti), which has not been observed in the Belgian
part of the North Sea since 1913. Average gelatinous zooplankton densities reached up to 18
ind.m3 near the coast, gradually declining towards the open sea, while in the brackish
Westerschelde, average densities remained below 3 ind.m=3. Gelatinous zooplankton
densities were highest in summer and autumn, and the ctenophore Pleurobrachia pileus and
the hydromedusa Clytia sp. were present year-round and at every location. Gelatinous
zooplankton densities never outnumbered the non-gelatinous zooplankton densities from
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the CalCOFI net. Due to the larger mesh size (1000 um) of this net, only the larger fraction of
the zooplankton is captured. The spatial and temporal distribution patterns seemed to be
mainly driven by temperature (season) and salinity (location). In terms of population
dynamics, the predatory ctenophore Beroe sp. followed the three reproductive cycles of its
prey P. pileus, but may profit from the high abundances of M. leidyi in summer and autumn
by reaching higher densities. This study provides a firm baseline to evaluate potential
gelatinous zooplankton increases in the Belgian part of the North Sea and the Westerschelde
estuary.

The analysis of the spatio-temporal distribution and population dynamics of M. leidyi in the
southern North Sea and its main coastal ports (Chapter 4) revealed that M. leidyi occurred
from August to December, but was never found more than 30 km offshore. Densities were
generally low (average 0.8 + 2.8 ind.m3) compared to other invaded ecosystems in Europe
(densities up to 867 ind.m3). Highest densities of M. leidyi were found in the semi-enclosed
basin in the port of Oostende (18.4 ind.m3) and the Westerschelde estuary (1.9 ind.m™3). The
presence of larvae and the sudden appearance of high numbers across the size distribution
in August indicated that ports and estuaries may act as sources, populating the adjacent
coastal (sink) areas. By means of a zero-inflated negative binomial regression model, the
observed variation in M. leidyi densities was related to temperature (highest densities when
temperature starts to decrease), wave height (higher densities in low energetic systems) and
dissolved oxygen concentrations (higher densities at low oxygen concentrations). Although
M. leidyi densities remained relatively low since its first appearance in Belgian waters in
2007, a permanent M. leidyi population has established in the southern North Sea. As
outbreaks may happen with only small changes in environmental parameters, further
monitoring of this notorious non-indigenous species is recommended.

Knowledge on the diet of M. leidyi and its interactions with other components of the pelagic
food web will largely contribute to assess the impact of this non-indigenous species on the
ecosystem. Using both stable isotope (SI; 8'3C and 8'°N) and fatty acid (FA) analyses, we
revealed spatial and temporal variation in the trophic ecology of M. leidyi in different
ecosystems in the southern North Sea (Chapter 5). Based on the isotopic composition, we
found that spatial differences were largely driven by variation at the base of the food web
rather than diet changes of M. leidyi in the different ecosystems. Temporal variation in M.
leidyi SI composition was also influenced by shifting baseline values and driven by seasonal
changes in the associated plankton communities. In this chapter, we provide the first data on
the FA composition of M. leidyi as compared to FA concentrations of two other (indigenous)
ctenophores. The total FA concentration of M. leidyi was three to four times lower
compared to Pleurobrachia pileus and Beroe sp., categorising this non-indigenous
ctenophore as a lipid-poor organism. Trophic interactions between M. leidyi and the two co-
occuring ctenophores (P. pileus and Beroe sp.) showed considerable resource differentiation,
which could be the result of competition or both ctenophores could have different diets. A
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mixture of zooplankton was identified as potential food source for M. leidyi. FA markers
supported the carnivorous diet of Beroe sp., but its SI composition did not confirm it as a
predator of M. leidyi.

The feeding ecology of M. leidyi was further investigated as its invasive success is partly
related to a broad and flexible planktivorous diet. In Chapter 6, we investigated the feeding
rates and carbon assimilation of M. leidyi by means of grazing experiments with a pelagic
diatom species Phaeodactylum tricornutum and three potential mesozooplankton prey
species: nauplii from brine shrimp Artemia salina, a copepod Acartia tonsa, and eggs and
larvae of European sea bass Dicentrarchus labrax. Clearance rates were on average 0.2 £ 0.1
L.mLwm.eigyi .h?, with no significant differences in clearance rates between prey type or prey
size. The assimilation of carbon by M. leidyi for these different prey types was determined
using 13C tracer experiments. Highest carbon assimilation was observed for Acartia and sea
bass larvae (most efficiently assimilated), and lowest for the pelagic diatom P. tricornutum.
To further elucidate the prey-dependent variation in carbon uptake, we investigated the
effect of each prey type in terms of fatty acids as a proxy for food quality. The consumption
of sea bass larvae, characterised by higher levels of DHA (an essential fatty acid), resulted in
significantly higher FA concentrations in M. leidyi. As M. leidyi does not convert excess food
into storage lipids, survival, growth and reproduction are likely enhanced by the higher food
quality, which might contribute to its invasive success. As global warming may result in an
earlier appearance of M. leidyi and thus temporal overlap with high quality prey such as fish
larvae, a substantial impact on the ichthyoplankton community in the southern North Sea
might be expected.

The third aim of this PhD study was to determine the potential ecological and socio-
economic effects of the presence of M. leidyi in Belgian waters. For the latter, we needed to
broaden our scope by focusing on the impact of all prevailing jellyfish on beach tourism in
Belgium, as M. leidyi is too small and fragile, and thus rarely noticed by tourists (except for
divers). In Chapter 7, we examined to what extent the main jellyfish messages in the Flemish
media corresponded with the knowledge and perception in the tourism sector along the
Belgian coast. We searched Flemish newspapers for jellyfish-related articles issued between
January 2000 and September 2012 and executed questionnaires at the Belgian coast in the
summer of 2012. The number of Flemish newspaper articles increased from less than 5 in
2000 to 27 articles in 2010. Almost 75 % of these articles reported on the causes and
economic consequences of jellyfish blooms, and many articles mentioned the dramatic
consequences of stinging, poisonous and invasive species. The analysis of the questionnaires
showed that the perception of beach tourists on jellyfish is only partly driven by the general
media (mainly related to the causes of jellyfish blooms), while personal experience (e.g.
stinging, slimy organisms) was at least an equally important driver. As public perception is a
key driver for certain policy decisions, integrated coastal zone managers should consider the
provision of simple and good information concerning jellyfish (e.g. billboards or aquaria) at
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the beach. The results of this socio-economic study might serve as a baseline for future

citizen science programs.

Finally, the main results of this PhD study were discussed in a broader perspective to
manage the introduction and presence of non-indigenous or invasive species (Chapter 8).
We performed a risk assessment for M. leidyi in the southern North Sea by means of the
online Harmonia+ tool, which generates exposure (introduction, establishment and spread)
and impact (on the environment and human activities) scores. An overall risk of 0.286 was
calculated for the non-indigenous ctenophore M. leidyi in the southern North Sea, which is
considered to be low. Up to 2012, M. leidyi showed a clear seasonal outbreak between
summer and autumn. Relatively high densities (up to 18 ind.m3) were only observed in the
ports, which are considered to be of lower ecological value compared to the ‘richer’ coastal
zone or Westerschelde estuary, where M. leidyi densities mostly remained below 1 ind.m3.
The combination of periods with unfavourable environmental conditions, the diverse
gelatinous zooplankton community (potential competition) and the presence of predators
such as Beroe sp., probably has limited the success of M. leidyi in the southern North Sea.
However, this PhD study (including the more recent observations in 2014) showed that the
population of M. leidyi is fully established in the different southern North Sea ecosystems.
Therefore, M. leidyi should remain under close observation by means of regular monitoring
surveys, and management actions should not be postponed in order to safeguard the
current ecosystem services. As such, trying to keep the population under control is most
probably the only way forward for a proper management of this non-indigenous species.
Ratification of the Ballast Water Convention by all countries around the world is another key
issue to at least prevent the introduction of new species and to avoid potential re-
introduction of M. leidyi in our waters. In light of the Marine Strategy Framework Directive,
the early detection (and subsequent eradication) of non-indigenous species (many of them
appearing in the water column as some sort of zooplankton stage), for example by means of
automated sampling tools, needs to be promoted. This PhD study is a baseline for future
(gelatinous) zooplankton monitoring in the Belgian part of the North Sea and Westerschelde
estuary (and by extention the southern North Sea).






Samenvatting

De laatste jaren wordt gedacht dat abundanties van gelatineus zooplankton wereldwijd
toenemen, met als gevolg ecosystemen en voedselwebben gedomineerd door kwallen. Deze
trend, ook ‘verkwalling’ genoemd, is vooral gebaseerd op enkele lokale case studies en
publieke perceptie onder invioed van de media, want lange-termijn datasets zijn schaars.
Plotse toenames in kwallendensiteiten (bloeien) maken een normaal deel van de
levenscyclus uit en worden vooral gedreven door natuurlijke fluctuaties in het klimaat.
Echter, de druk van verschillende menselijke activiteiten (vb. overbevissing, eutrofiéring,
onopzettelijk transport van niet-inheemse soorten) kan bijdragen tot variatie in
kwallenabundanties. Bovendien kunnen bloeien van gelatineus zodplankton direct
interfereren met menselijke activiteiten, bijvoorbeeld door het opstoppen en scheuren van
commerciéle visnetten, het netelen van badgasten of het doden van vis in open
zeekwekerijen. Voor een goed beheer en om potentiéle problemen en kosten gerelateerd
aan kwallen bloeien te reduceren, is het noodzakelijk om de mechanismen achter deze
bloeien te begrijpen.

In de jaren 80 werd de kamkwal Mnemiopsis leidyi A. Agassiz 1865, die oorspronkelijk
voorkomt langs de Atlantische kusten van Noord- en Zuid-Amerika, geintroduceerd via
ballastwater in de Zwarte Zee. De densiteiten van deze invasieve soort namen snel toe en
samen met overbevissing en eutrofiéring, droeg deze soort bij aan de ineenstorting van de
belangrijkste visserij in dat gebied, wat enorme ecologische en socio-economische verliezen
met zich meebracht. De eerste waarnemingen van deze niet-inheemse kamkwal in Noord-
Europese mariene wateren in 2005 en de daaropvolgende observaties van M. leidyi in
Belgische mariene wateren in 2007 zorgde bijgevolg voor de nodige bezorgdheid. Deze
doctoraatsthesis, kaderend in het Interreg IVa 2 Zeeén MEMO project, heeft als doel de
structurele en functionele rol van de niet-inheemse kamkwal Mnemiopsis leidyi in de
Zuidelijke Noordzee te bepalen. Deze studie zal in het bijzonder focussen op (1) de huidige
verspreiding van M. leidyi in Belgische mariene wateren, de aangrenzende havens en het
Westerschelde estuarium gerelateerd aan ander gelatineus zo6plankton, (2) de trofische
ecologie en interacties van M. leidyi in het zooplankton voedselweb, (3) de potentiéle
ecologische en socio-economische effecten van de aanwezigheid van deze soort in deze
wateren, en (4) de algemene bedreiging van M. leidyi en de implicaties voor beheer van
niet-inheemse soorten.

Na een algemene inleiding (hoofdstuk 1) over kwallen en gelatineus zooplankton, de
potentiéle introductieroutes van invasieve soorten en de karakteristieken van de
levenscyclus van M. leidyi worden de data en resultaten gepresenteerd in zeven
hoofdstukken. Er werden verschillende benaderingen gebruikt om de onderzoeksvragen en
doelstellingen aan te pakken, waaronder veldonderzoek, experimenten en
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laboratoriumwerk, databankanalyses en enquétes. In deze doctoraatsthesis betekent de
term ‘gelatineus zooOplankton’ de planktonische kwallenstadia (kwallen) van het fylum
Cnidaria (classen Hydrozoa en Scyphozoa) en het fylum Ctenophora.

In de Zuidelijke Noordzee zijn lange-termijn data voor gelatineus zooplankton schaars, wat
deels het gevolg is van de moeilijkheden bij het nemen van stalen en bij het bewaren van
deze vaak ‘fragiele’ organismen, en M. leidyi in het bijzonder. In hoofdstuk 2 worden daarom
methodologische aspecten omtrent staalname en bewaring onderzocht. We focusten op
twee verschillende planktonnettypes: een WP2 net (maaswijdte 200 um) en een ring trawl
net (maaswijdte 1000 um). Gebaseerd op hun verschillende maaswijdte en gebruik (verticale
versus undulerende sleep) evalueerden we of deze netten konden worden vergeleken in
zake densiteit en grootteverdeling van M. leidyi. Mnemiopsis leidyi densiteiten van 245
staalname evenementen werden geanalyseerd volgens nettype en hieruit bleek dat WP2
netten geen goede inschatting geven van de aanwezigheid van M. leidyi in vergelijking met
de ring trawl netten. Als M. leidyi aanwezig was in beide netten, dan werden veel hogere
densiteitsschattingen gevonden voor het WP2 net (45.2 + 114.0 ind.m™3 voor het WP2 net
versus 12.8 + 28.5 ind.m3 voor het ring trawl net). Het ring trawl net gaf een goed overzicht
van de adulte populatiestructuur, maar kan mogelijks de kleine kamkwallen onderschatten.
Zowel het gefilterde volume als de maaswijdte bepalen dus grotendeels de vangst. We
testten ook verschillende bewaringsmiddelen en -methodes met betrekking tot
morfologische en genetische identificatie van M. leidyi en in functie van stabiele isotopen
analyses. Uit onze experimenten konden we afleiden dat onbewaarde stalen worden
verkozen voor elk type analyse. In verschillende situaties is onmiddellijke identificatie in het
veld echter niet mogelijk en het staal bewaren is dan onvermijdelijk. In dit geval kunnen
Lugoloplossing of RCL2® voor kortetermijnbewaring een goed alternatief bieden, hoewel het
krimpen van specimens werd geobserveerd voor beide bewaringsmiddelen. Voor stabiele
isotopen analyses leidden de verschillende bewaringsmethodes tot significante verschillen in
zowel 8'3C als 8"°N. Hiermee dient rekening te worden gehouden wanneer verschillende
isotopen samenstellingen worden vergeleken. De bevindingen en aanbevelingen die
geformuleerd worden in deze studie moeten worden overwogen in toekomstige monitoring
van M. leidyi. Zooplanktonstalen verzameld tijdens dit doctoraatsonderzoek werden aan
boord geanalyseerd en M. leidyi werd levend geidentificeerd en gemeten (behalve voor
Tentaculata larven, deze werden genetische geidentificeerd).

De ontdekking van M. leidyi in Belgische wateren in 2007 vormde een unieke opportuniteit
om onze kennis omtrent de verspreiding van gelatineus zodplankton in de Zuidelijke
Noordzee te verbeteren (hoofdstuk 3). Maandelijkse en seizoenale CalCOFI ring trawl stalen
van het Belgische deel van de Noordzee en het aangrenzende Westerschelde estuarium
werden verzameld tussen maart 2011 en februari 2012. Deze stalen onthulden de
aanwezigheid van drie Scyphozoa, drie Ctenophora en 27 Hydrozoa taxa, inclusief drie niet-
inheemse soorten: M. leidyi, Nemopsis bachei en Lovenella assimilis. In een addendum
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(Addendum 1) beschrijven we de herontdekking van larvale bidsprinkhaankreeften
(Rissoides desmaresti) die niet meer waargenomen waren sinds 1913. Gemiddelde
densiteiten van gelatineus zodplankton waren hoogst nabij de kust (tot 18 ind.m3), en
namen gradueel af naar de open zee toe, terwijl in de brakke Westerschelde, gemiddelde
densiteiten onder 3 ind.m™ bleven. Densiteiten van gelatineus zoéplankton waren hoogst in
de zomer en herfst, maar de kamkwal P. pileus en de hydromeduse Clytia sp. waren jaarrond
en op elke locatie vertegenwoordigd. De ruimtelijke en temporele verspreidingspatronen
lijken vooral gedreven door temperatuur (seizoen) en saliniteit (locatie). Qua
populatiedynamiek lijkt de kamkwal Beroe sp. de drie reproductieve cycli van zijn prooi P.
pileus te volgen; maar deze soort kon ook profiteren van de hoge abundanties aan M. leidyi
in de zomer en herfst. Deze studie biedt een stevige basis om potentiéle gelatineuze
zobplankton toenames in het Belgisch deel van de Noordzee en de Westerschelde te

evalueren.

Een analyse van de ruimtelijke en temporele verspreiding en populatie dynamiek van M.
leidyi in de Zuidelijke Noordzee en de belangrijkste havens (hoofdstuk 4) toonde aan dat M.
leidyi voorkomt van augustus tot december, en dat de soort nooit verder dan 30 km uit de
kust werd teruggevonden. Densiteiten waren algemeen laag (gemiddeld 0.75 + 2.84 ind.m3)
vergeleken met andere gebieden in Europa waar de soort voorkomt. De hoogste densiteiten
van M. leidyi werden in het half-ingesloten bekken in de haven van Oostende (18.4 ind.m3)
en het Westerschelde estuarium (1.9 ind.m3) vastgesteld. De aanwezigheid van larven en de
plotse verschijning van hoge aantallen over de hele lengteverdeling in augustus tonen aan
dat havens en estuaria kunnen optreden als bronnen (sources) die de aangrenzende
kustgebieden kunnen bevolken. Met behulp van een zero-inflated negatief binomiaal
regressiemodel, werd aangetoond dat de geobserveerde variatie in M. leidyi densiteiten
vooral gerelateerd is aan temperatuur (hoogste densiteiten als temperatuur begint te
dalen), golfhoogte (hoogste densiteiten in laag energetische systemen) en
zuurstofconcentraties (hogere densiteiten bij lage zuurstofconcentraties). Hoewel M. leidyi
densiteiten relatief laag bleven sinds de eerste waarneming in Belgische wateren in 2007,
konden we aantonen dat er een permanente populatie is gevestigd in de Zuidelijke
Noordzee. Gezien ‘bloeien’ kunnen optreden bij slechts kleine veranderingen in
omgevingsparameters, wordt verdere monitoring van deze beruchte niet-inheemse soort
aanbevolen.

Kennis van het dieet van M. leidyi and zijn interacties met andere componenten van het
pelagisch voedselweb zullen grotendeels bijdragen aan het bepalen van de impact van deze
niet-inheemse soort op het ecosysteem. Door gebruik te maken van stabiele isotopen (SI;
813C and 6%°N) en vetzuuranalyses (FA) konden we ruimtelijke en temporele variatie bepalen
in de trofische ecologie van M. leidyi in verschillende ecosystemen in de Zuidelijke Noordzee
(hoofdstuk 5). Gebaseerd op de isotopische samenstelling vonden we dat ruimtelijke
verschillen eerder worden bepaald door variatie aan de basis van het voedselweb dan
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veranderingen in het dieet van M. leidyi in de verschillende ecosystemen. Temporele variatie
in de stabiele isotopen samenstelling van M. leidyi werd eveneens beinvloed door het
verschuiven van de baseline en gedreven door seizoenale veranderingen in de geassocieerde
planktongemeenschappen. In dit hoofdstuk leveren we de eerste data aan betreft de
vetzuursamenstelling van M. leidyi vergeleken met vetzuurconcentraties van twee andere
(inheemse) kamkwallen. De totale vetzuurconcentratie van M. leidyi was drie tot vier keer
lager dan die van Pleurobrachia pileus en Beroe sp. Hierdoor wordt deze niet-inheemse soort
gecategoriseerd as vetarm organisme. Trofische interacties tussen M. leidyi en de twee
daarmee samenvoorkomende kamkwallen (P. pileus en Beroe sp.) toonden bron
differentiatie aan, wat het resultaat kan zijn van competitie of van het feit dat beide
kamkwallen verschillende diéten hebben. Een mengeling van zooplankton werd
geidentificeerd als potentiéle voedselbron van M. leidyi. Vetzuurmerkers ondersteunden het
carnivore dieet van Beroe sp., maar zijn stabiele isotopensamenstelling bevestigde niet dat
het zich voedt met M. leidyi.

De voedingsecologie van M. leidyi werd verder onderzocht gezien zijn invasief succes deels
gerelateerd is aan een breed en flexibel planktivoor dieet. In hoofdstuk 6 onderzoeken we
de voedingssnelheden en assimilatie van koolstof door M. leidyi d.m.v.
voedingsexperimenten met een pelagische diatomeeénsoort Phaeodactylum tricornutum en
drie potentiéle mesozooplankton prooisoorten: nauplii van pekelgarnalen Artemia salina, de
copepode soort Acartia tonsa en eieren en larven van Europese zeebaars Dicentrarchus
labrax. ‘Clearance rates’ waren gemiddeld 0.2 + 0.1 L.mLwm.eiayit.h™}, maar er waren geen
significante verschillen aanwezig in clearance rates tussen prooitype en prooigrootte. De
assimilatie van koolstof door M. leidyi voor deze verschillende prooitypes werd bepaald met
behulp van *3C tracer experimenten. De hoogste koolstofassimilatie werd geobserveerd voor
Acartia en zeebaarslarven (meest efficiént geassimileerd), en laagst voor de pelagische
diatomee P. tricornutum. Om verder de prooi afhankelijke variatie in koolstofopname op te
helderen, werd het effect van elk prooitype uitgedrukt in vetzuren als proxy voor
voedselkwaliteit onderzocht. De consumptie van zeebaarslarven, gekenmerkt door hoge
niveaus van het essentiéle vetzuur DHA, resulteerde in significant hogere totale
vetzuurconcentraties in M. leidyi. Gezien M. leidyi overschot aan voedsel niet omzet naar
vetreserves, geeft de hogere voedselkwaliteit van vislarven aanleiding tot verbeterde
overleving, groei en reproductie van deze soort, wat op zich bijdraagt aan zijn invasief
succes. Gezien hogere temperaturen, gerelateerd aan de opwarming van de aarde kunnen
leiden tot het vroeger voorkomen van M. leidyi, zal de temporale overlap met vislarven
groter worden en zou een substantiéle impact op de ichthyoplankton gemeenschap in de
Zuidelijke Noordzee kunnen worden verwacht.

De derde doelstelling van deze doctoraatsstudie was het bepalen van de potentieel
ecologische en socio-economische effecten van de aanwezigheid van M. leidyi in Belgische
wateren. Voor het bepalen van deze socio-economische effecten verbreedden we onze
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scope en focusten we op de impact van alle aanwezige kwallen op het toerisme aan de
Belgische kust. Mnemiopsis leidyi is namelijk te klein en te fragiel is en wordt dus zelden
opgemerkt door toeristen (behalve door duikers). We onderzochten in welke mate de
belangrijkste kwallenberichten in de Vlaamse media overeenkwamen met de kennis en
perceptie in de toeristische sector langs de Belgische kust (hoofdstuk 7). We doorzochten
Vlaamse kranten naar artikels over kwallen gepubliceerd tussen januari 2000 en september
2012 en we voerden enquétes uit aan de Belgische kust in de zomer van 2012. Het aantal
Vlaamse krantenartikels steeg van minder dan 5 in 2000 naar 27 artikels in 2010. Bijna 75%
van deze artikels rapporteerde over oorzaken en economische gevolgen van kwallenbloeien
en veel artikels vermeldden de dramatische gevolgen van netelende, giftige en invasieve
soorten. De analyse van de enquétes toonde dat de perceptie van badgasten omtrent
kwallen slechts deels wordt bepaald door de algemene media (vooral gerelateerd met de
oorzaken van kwallenbloeien), terwijl persoonlijke ervaring (bv. netelende, slijmerige
organismen) op zijn minst even belangrijk was. Gezien publieke perceptie een belangrijk
aspect is voor bepaalde beleidsbeslissingen, zou in het kader van geintegreerd kustzone
beleid eenvoudige en goede informatie over kwallen (vb. borden op het strand) moeten
voorzien worden. De resultaten van deze socio-economische studie kunnen dienen als basis
voor toekomstige burgerwetenschap (citizen science) over kwallen.

Uiteindelijk werden de belangrijkste resultaten van deze doctoraatsstudie bediscussieerd in
een breder perspectief naar het beheer van niet-inheemse of invasieve soorten (hoofdstuk
8). We voerden een risico analyse uit voor M. leidyi in de Zuidelijke Noordzee met behulp
van de online Harmonia+ tool. Deze tool genereert blootstellingsscores (introductie,
vestiging en verspreiding) en impactscores (op de omgeving en op menselijke activiteiten).
De algemene risicoscore voor de niet-inheemse kamkwal M. leidyi in de Zuidelijke Noordzee
was 0.286, wat als laag wordt beschouwd. Tot 2012 vertoonde M. leidyi duidelijke seizoenale
bloeien in de zomer en herfst. Relatief hoge densiteiten (tot 18 ind.m3) werden enkel
vastgesteld in de havens, die worden aanzien als gebieden met een lage ecologische waarde
vergeleken met de ‘rijkere’ kustzone en Westerschelde, waar M. leidyi densiteiten onder 1
ind.m3 bleven. De combiantie van periodes met ongunstige omgevingscondities, de
competitie voor voedsel binnen de gelatineuze zodplankton gemeenschap en de
aanwezigheid van predatoren zoals Beroe sp., beperken wellicht het succes van M. leidyi in
de Zuidelijke Noordzee. Toch toont deze doctoraatsstudie (inclusief de recentere
waarnemingen in 2014) dat de populatie van M. leidyi zich heeft gevestigd in de
verschillende ecosystemen van de Zuidelijke Noordzee. Daarom moet M. leidyi van dichtbij
gevolgd worden met behulp van regelmatige monitoringscampagnes, en acties vanuit het
beleid mogen niet worden uitgesteld. Enkel zo kunnen de huidige ecosysteemdiensten
worden gevrijwaard. De populatie onder controle houden is nu wellicht de enige optie met
het oog op een gepast beleid van deze niet-inheemse soort. Ratificatie van de
ballastwaterconventie door alle landen over de hele wereld is ook belangrijk om zo
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introducties van nieuwe soorten en mogelijke herintroducties van M. leidyi in onze wateren
te vermijden. Met het oog op de Kaderrichtlijn Mariene Strategie moeten vroege detectie en
bestrijding van niet-inheemse soorten, bijvoorbeeld door middel van geautomatiseerde
toestellen gepromoot worden. Tenslotte is deze doctoraatsstudie de basis voor toekomstig
monitoring van gelatineus zodplankton in het Belgisch deel van de Noordzee en het
Westerschelde estuarium (en bij uitbreiding de Zuidelijke Noordzee).
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GENERAL INTRODUCTION

1.1 Jellyfish and their blooms

1.1.1 Jellification: a real problem?

In recent decades, jellyfish (Text box 1) abundances are thought to have increased all over
the world, resulting in jellyfish-dominated ecosystems and food webs. This trend, also
referred to as ‘jellification’, is based on a few local case studies (e.g. in the Black Sea (Kideys,
2002) or the Sea of Japan (Uye, 2008)) and media-driven public perception (Condon et al.,
2012). Overall, jellyfish have been neglected in traditional ecological surveys, resulting in
only a few long-term jellyfish datasets (Brotz et al., 2012). The lack of research interest is
likely the result of the difficulties to sample and preserve these ‘fragile’ organisms, and by
the absence of a direct (global) economic interest (e.g. as compared to fish) (Boero et al.,
2008; Laakmann and Holst, 2014). However, based on the available long-term jellyfish
datasets, Condon et al. (2013) conducted a comprehensive analysis of the global temporal
trends in jellyfish populations, but found no real evidence for ‘jellification’ of the world’s
oceans. Instead, they showed that jellyfish populations worldwide undergo large oscillations
with a periodicity of approximately 20 years.

The formation of blooms or sudden increases in jellyfish densities during favourable
conditions are a normal part of the population dynamics of jellyfish and inherent to their life
cycle (Mills, 2001; Purcell, 2005). Judging from fossilised mass strandings, this phenomenon
is probably ongoing for more than 500 million years (Hagadorn et al., 2002). Inter-annual
oscillations in jellyfish densities are mainly driven by natural fluctuations in the climate
(Purcell et al., 2007; Purcell, 2012; van Walraven et al.,, 2014). Lynam et al. (2004) for
example found a relation between jellyfish blooms in the northern North Sea and the North
Atlantic Oscillation (NAO) climatic cycle. Another example is the recurrent presence and
blooms of the scyphozoan jellyfish Pelagia noctiluca in the western Mediterranean, which
has been linked to the combined effect of specific environmental parameters, i.e. lack of
rainfall, high temperatures and high atmospheric pressure between May and August (Goy et
al., 1989).
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: ‘Jellyfish’ and ‘Gelatinous zooplankton’: what’s in a name?

The broad terms ‘jellyfish’ and ‘gelatinous zooplankton’ are used to describe a broad spectrum of
marine planktonic organisms, which are mostly transparent, characterised by a soft, gelatinous
body and a total water content of approximately 95%. The term ‘ellyfish’ usually refers to the
bell-shaped scypho-, hydro- and cubomedusae (Purcell, 2012), while ‘gelatinous zooplankton’
comprises the Ctenophora, scypho-, hydro- and cubomedusae, Siphonophora, Pteropoda,
Thaliacea, Appendicularia (Larvacea) and a number of meroplanktonic larvae (Hamner, 1975). As
such, approximately 2000 species are lumped together (Daly et al., 2007; Mills, 2011). In this PhD
study, the term ‘gelatinous zooplankton’ was narrowed down to the planktonic medusa phase
(jellyfish) of the phylum Cnidaria (classes Hydrozoa and Scyphozoa) and the phylum Ctenophora.

Armed with cnidocysts or colloblasts, most gelatinous zooplankton are carnivores feeding on
almost anything, from unicellular organisms to much larger prey (Alvarifio, 1985; Purcell and
Mills, 1988). In favourable conditions, they can reach high abundances, often referred to as
‘blooms’. However, the ecological role of jellyfish or gelatinous zooplankton is regularly
oversimplified and even misunderstood. Therefore, Brotz et al. (2011) recommended to group
jellyfish based on functional diversity (e.g. based on diet, metabolic demand, reproductive
strategy, life history) rather than on taxonomic diversity. In this PhD study, a combination of both
taxonomic and functional approaches has been used.

Besides natural inter-annual fluctuations in jellyfish densities, some human activities may
locally contribute to jellyfish increases especially in coastal waters (Mills, 2001; Purcell,
2012). Anthropogenic proliferations and pressures resulting in global warming, overfishing,
eutrophication, habitat modification and transport of non-indigenous species cumulatively
change the ecosystem. Although direct evidence is often lacking, these pressures, and more
specifically the combination of changing environmental parameters and shifts in the food
web, can be related to varying jellyfish abundances in certain areas (Mills, 2001; Purcell et
al., 2007; Richardson et al., 2009). For example, eutrophication encourages flagellate
phytoplankton blooms. These flagellates are smaller than diatoms and therefore favour
jellyfish instead of fish (Richardson et al., 2009). Moreover, eutrophication may result in
reduced oxygen levels, which are better tolerated by jellyfish than fish. Another example are
the outbreaks of the scyphozoan jellyfish Chrysaora hysoscella in the Benguela upwelling
system. Human overexploitation of the locally dominant, small filter-feeding anchovy stock
resulted in altered competition relationships, in favour of this scyphomedusa (Lynam et al.,
2006). Both natural fluctuations as well as human pressures work simultaneously, which
makes it difficult to distinguish whether an increase in jellyfish densities is a true increase as
a result of human pressures or is part of the natural fluctuation in jellyfish blooms.

1.1.2 Interference with human activities

In many cases, vast jellyfish blooms leave an impression on the rather narrow human frame
of reference, which probably nurtured the above described jellification paradigm. Moreover,
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gelatinous zooplankton blooms may directly interfere with human activities such as fisheries
(e.g. net clogging), tourism (e.g. stinging swimmers), aquaculture (e.g. killing farmed fish)
and coastal industries (e.g. clogging of cooling-water intake screens) causing adverse socio-
economic effects (Purcell et al., 2007; Brotz et al., 2012; Purcell, 2012). Purcell (2012) stated
that problems with jellyfish will probably continue to increase due to human population
growth and development, especially in the coastal areas. Therefore, understanding the
mechanisms driving jellyfish outbreaks, by distinguishing natural and human-induced
variations in jellyfish densities, is imperative in order to develop management actions
(Richardson et al., 2009). Additionally, Condon et al. (2013) recommended to invest in
jellyfish monitoring to prepare our society for the recurrent phases of rise and fall in jellyfish
populations.

1.2 Invasive versus non-indigenous species

1.2.1 Definitions and invasion process

According to the EU regulation on invasive alien species (1143/2014), ‘non-indigenous or
alien species’ are “species (...) introduced [by natural means or human actions] outside their
natural range (..), which might survive and subsequently reproduce”. The same EU
regulation defines ‘invasive species’ as “non-indigenous species whose introduction or
spread has been found to threaten or adversely impact upon biodiversity and related
ecosystem services”.

Invasive species have been identified as a major threat to marine ecosystems, leading to
biodiversity loss, changes in the community structure and food webs, and causing adverse
environmental, economic and social consequences (Darrigran and Pastorino, 1995;
Occhipinti-Ambrogi and Savini, 2003; Molnar et al., 2008).

The invasion process and the succession from ‘non-indigenous’ to ‘invasive’ species is shown
in Figure 1.1. A successful invasion depends on both the recipient environment (the area’s
“invasibility”) and the species’ characteristics (Leung and Mandrak, 2007). The migration
pathway represents the first step in this process and certain human activities, such as cross-
oceanic ballast water transport, have shown to facilitate the ability of a certain species to
reach new areas (“propagule pressure”) (Lockwood et al., 2005). Upon arrival, invaders must
persist in the new environment and persistence depends upon the match between the
individual species’ traits and the new environment, which may be influenced by both
evolutionary and environmental changes (Facon et al.,, 2006). Evolutionary changes entail
genetic changes in the invader’s behaviour or feeding strategy resulting in a better match
between species and environment. Wide physiological tolerances and a wide dietary niche,
but also high fecundity, rapid growth and short generation times are common features of
colonising species (Sakai et al., 2001). Environmental changes (biotic or abiotic) may result in
a better fit between the environment and the niche requirements of an invader. When the
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recipient system is already under pressure (e.g. overfishing resulting in disturbed
communities and the lack of top-predators) or when the ecological niche of the invader is
not occupied, the chance for a successful invasion increases (Daskalov et al, 2007;
Richardson et al., 2009).

Figure 1.1 Different successive steps in the biological invasion process (based on Sakai et al., 2001; Lodge et al., 2006; and
EU regulation on invasive alien species 1143/2014)

An overview of the non-indigenous species in the Belgian part of the North Sea up to 2012

has been described in Kerckhof et al. (2007) and by the VLIZ alien species consortium

(Vandepitte et al., 2012).

1.2.2 Ballast water as an introductory pathway

Due to increased globalisation, geographical barriers can be crossed and the numbers of
marine biological invasions are rising (Carlton and Geller, 1993; Molnar et al., 2008). The
main introductory pathway of non-indigenous species at sea is international shipping, and
more specifically by means of ballast water transport and hull fouling (Ruiz et al., 1997;
Streftaris et al., 2005; Molnar et al., 2008). Figure 1.2 illustrates that the areas frequently
visited by cargo vessels and tankers are also most affected by invasive species.
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Figure 1.2 (A) map showing shipping routes of cargo vessels and tankers in 2014, colour gradient from green to red
indicating increasingly crowded areas (from marinetraffic, 2015); (B) map with number of harmful alien species by
coastal ecoregion, with darker shades of red indicating a greater number of species with high ecological impact;
ecoregions with less harmful alien species are shown in dark blue (from Molnar et al., 2008)

Ballast water is considered the most important vector for the transport of planktonic
organisms. Since the 1880s, ships have used water as ballast to maintain the balance and
stability of the ship when it is empty or only partially loaded with cargo (Figure 1.3). Globally,
3-5 billion tonnes of ballast water are transferred each year (GloBallast, 2015). These large
volumes of ballast water contain entire coastal planktonic assemblages, which are
transported from shallow, coastal waters across oceanic barriers within days or weeks to
similar coastal habitats. Carlton and Geller (1993) analysed plankton samples from Japanese
ballast water released in Oregon and identified 367 taxa. Of course not all transported
organisms survive in the hostile environment of the ballast tanks, especially when large
temperature differences are encountered, for example when crossing the equator (Zaiko et
al., 2015). Nevertheless, Kaluza et al. (2010) accounted for this limited amount of survivors
in their stochastic population model, and still found that approximately 300 ports could be

invaded by an invasive species from a random port within 50 years of the initial invasion.
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Figure 1.3 Ballast water is discharged in the port when the ship is loaded with cargo, the opposite happens at the port of
destination when cargo is discharged (From Globallast, 2015)
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Once non-indigenous species have established populations in the invaded habitat, it is nearly
impossible to eliminate them (Thresher and Kuris, 2004). Therefore, a precautionary
approach is highly recommended entailing the interception or removal of pathways (Carlton
and Ruiz, 2005; Ojaveer et al., 2015). In 2004, the international convention on the control
and management of ships’s ballast water and sediments (BWM Convention) was adopted,
which aims to prevent the adverse effects of biological invasions by ballast water and
sediments (GloBallast, 2015; IMO, 2015). It requires all ships to implement a ballast water
management plan. Two main approaches have been developed to meet the Ballast Water
Performance Standard: 1) ballast water exchange and 2) ballast water treatment (David and
Gollasch, 2008; IMO, 2015). The BWM convention is a crucial step towards the reduction of
the spread of non-indigenous species regionally and worldwide. The convention will enter
into force 12 months after ratification by 30 states, representing 35% of world merchant
shipping tonnage, which is currently not yet the case (dd. 22 September 2015 last update on

www.imo.org).

1.3 The ctenophore Mnemiopsis leidyi

1.3.1 Invasion history

One of the most notorious marine invasive species is the ctenophore Mnemiopsis leidyi A.
Agassiz 1865. From its native range along the temperate and subtropical Atlantic coasts of
North and South America, this species has been transported several times across the Atlantic
most likely in ballast waters (Figure 1.4; Purcell et al., 2001).

Figure 1.4 Worldwide distribution of Mnemiopsis leidyi in its native area (green) and invaded areas (red) based on
Costello et al., 2012 and Javidpour et al., 2006; Van Ginderdeuren et al., 2012b; van Walraven et al., 2013; Antajan et al.,
2014; Hosia and Falkenhaug, 2015
Especially the invasion of M. leidyi in the Black Sea in the 1980s did not remain unnoticed.

The population expansion of the non-indigenous ctenophore coincided with a collapse in
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commercial fisheries, causing large socio-economic and ecological losses (Vinogradov et al.,
1989; GESAMP, 1997; Kideys, 2002; Knowler, 2005; Oguz et al., 2008). Research showed that
concurrent environmental problems, including overfishing and eutrophication, contributed
to both the collapsing fish stocks and the invasive success of M. leidyi (Bilio and Niermann,
2004; Daskalov et al., 2007). In the 1990s, M. leidyi densities had reached up to 304 ind.m3
(Vinogradov et al, 1989) and the ctenophore had spread to adjacent seas (secondary
introduction), including the Sea of Azov and Marmara, the Caspian Sea and Eastern
Mediterranean ‘Aegean’ Sea (Studenikina et al.,, 1991; Ivanov et al., 2000; Shiganova et al.,
2001). Roohi et al. (2010) showed that the predatory impact of M. leidyi also had substantial
effects on the Caspian Sea ecosystem causing trophic cascades (Text box 2). More recently,
M. leidyi has spread in the Mediterranean Sea and has been reported since 2005 in the
northern Adriatic Sea and the southern coast of France (Shiganova and Malej, 2009), and
since 2009 from coastal waters in Israel (Galil et al., 2009), Italy (Boero et al.,, 2009) and
Spain (Fuentes et al., 2010).

: “Massacre in the Caspian Sea”

Stone (2005) described the invasion of M. leidyi in the Caspian Sea rather theatrically.
Nevertheless, the seriousness of the situation and its devastating consequences are clear.

“Bandar-E Anzali, Iran — The invasion began 6 years ago, when an advance force slipped into the
Caspian Sea. A massacre followed. Three-quarters of the zooplankton species in the southern
Caspian were annihilated, sending a shock wave through the food chain that dealt the biggest
blow to kilka, a favourite of Iran’s fishing industry. The aggressor — one of the most feared and
reviled invasive species, the comb jelly Mnemiopsis leidyi — had transformed the world’s largest
lake into a killing field.”

In northern Europe, M. leidyi was first observed in autumn 2005, more specifically in the
Norwegian Oslo fjord (Oliveira, 2007). Furthermore, in several estuaries in northern France
and in some important ports along the English Channel area (Calais, Gravelines and
Dunkerque), M. leidyi was present from 2005 onwards (Antajan et al., 2014). One year later,
in 2006, M. leidyi was observed in the Baltic and North Sea, including the southern Dutch
Zeeland estuaries (Faasse and Bayha, 2006; Javidpour et al., 2006; Boersma et al., 2007). The
first record of M. leidyi in Belgium was reported by Dumoulin (2007) in the port of Zeebrugge
in summer 2007. The species remained unnoticed at sea until 2009 (Van Ginderdeuren et al.,
2012b), most probably due to the lack of regular zooplankton monitoring in the Belgian part
of the North Sea.

Both Reusch et al. (2010) and Ghabooli et al. (2011) found evidence of multiple introductions
in different European areas, based on microsatellites and sequence variation in the ITS
(Internal Transcribed Spacer) region, respectively. They concluded that the Black Sea was
colonised from Central American populations (Florida, USA; Gulf of Mexico) while in
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northern Europe organisms originated from North American populations (Narragansett Bay,
Woods Hole, USA).

The most recent and detailed update on the distribution of M. leidyi in Europe is shown in
Figure 1.5 (Jaspers et al., 2014a). A recent modelling study based on temperature, salinity
and food requirements for M. leidyi survival and reproduction showed that certain areas
along the southern North Sea, which are currently not yet invaded, also serve as a potential
habitat (Collingridge et al., 2014): for example the Thames estuary (Bandura, 2013; Antajan
et al., in prep.). Furthermore, van der Molen et al. (2015; Addendum 1) calculated that M.
leidyi might be transported over considerable distances via currents in the North Sea and
that colonisation from estuaries to other potential habitats is possible.

32°N 37°N 41°N 45°N 49°N 53°N 56°N 59°N 62°N  65°N

8°W 2°W 2°E 6°E 12°E 18°E 24°E 30°E 36°E 42°E 48°E 54°E

Figure 1.5 Recent and detailed overview of the distribution of M. leidyi in Europe with red = presence and blue = absence
based on sampling locations (black dots) (adapted from Jaspers et al., 2014)

1.3.2 Study area: The southern North Sea ecosystem

In this PhD study, we focus on the southern North Sea and in particular on the Belgian Part
of the North Sea (BPNS) and the Westerschelde estuary (Figure 1.6). The BPNS has a surface
of nearly 3500 km? and is bound by a 67 km sandy coastline. The Westerschelde (The
Netherlands) covers 310 km? and stretches from Vlissingen (lower estuary) to Bath (upper
estuary) over 58 km. It is characterised by a macro-tidal current regime, which keeps the
water column (average depth 30 m) well mixed (Meire et al., 2005). The estuary connects
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important ports in Terneuzen and Antwerp with the North Sea through busy shipping lanes.
Atlantic water is transported in a north-easterly direction through the Channel towards the
BPNS, where the currents meet the south-westerly oriented Westerschelde estuarine
outflow near the Dutch-Belgian border (Vlaeminck et al., 1989; Lacroix et al., 2004).

Figure 1.6 Study area southern North Sea with indication of wave power (left) and dominant currents (right)

The North Sea and English Channel follow the classic seasonal pattern for temperate regions.
In winter, the water is well-mixed, nutrients are replenished and light is limited. Spring is
characterised by a strong phytoplankton bloom (diatoms and flagellates) followed by a
zooplankton bloom (Daro et al., 2006; Van Ginderdeuren et al., 2014), often becoming
nutrient-limited when summer stratification sets in. Finally, in autumn, a smaller secondary
bloom occurs, as increased mixing breaks down the thermocline and nutrients are released
again (Hay et al., 2011). In the shallower southern North Sea (depth rarely exceeds 80 m),
locally-strong tidal and shelf fronts interfere with this general Atlantic pattern, leading to
permanently mixed water columns.

The zooplankton community of the BPNS is a mixture of coastal species, combined with
oceanic plankton species, that are occasionally imported with the inflow of oceanic water
masses via the English Channel. The recent study of Van Ginderdeuren (2013a) gives a
detailed overview of the species composition and its dynamics in the BPNS. Four species of
scyphomedusae, 11 taxa of hydromedusae and three species of ctenophores (i.e. Beroe
gracilis, Pleurobrachia pileus and M. leidyi) were described. Finally, the Belgian Register of
Marine Species (BERMS, Vandepitte et al., 2010) provides a list of all (zooplankton) species
recorded in the BPNS up until 2010. Data from this PhD study will be included in the online
version of this list (www.marinespecies.org/berms).

1.3.3 Identification

Mnemiopsis leidyi is a lobate ctenophore (Ctenophora: Tentaculata order Lobata),
characterised by the presence of eight comb rows (i.e. cilia used for locomotion) and two
large lobes. Costello et al. (2012) reviewed the taxonomic debate on whether or not there
are two species in the genus Mnemiopsis: M. leidyi and M. mccradyi, the latter having
papillate warts as only morphological difference. Based on molecular analysis, they
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concluded that there was more evidence for the monospecific identity of Mnemiopsis. Any
morphological differences observed can thus be attributed to phenotypic plasticity in
respons to changes in the environment.

Mnemiopsis leidyi resembles Bolinopsis infundibulum, another lobate ctenophore, which is a
native species in the North Sea, but prefers colder waters such as the northern North Sea,
Baltic Sea and Arctic waters (Greve, 1975). During the first years of its introduction in
northern Europe, M. leidyi might have been misidentified (morphologically) as B.
infundibulum (Faasse and Bayha, 2006). The termination of the oral lobes is the main
morphological feature that distinguishes adults of these two species. In M. leidyi, lobes
terminate near the statocyst, whereas in B. infundibulum they end half-way between the
mouth and the statocyst (Faasse and Bayha, 2006) (Figure 1.7).

Gorokhova and Lehtiniemi (2009) pointed to the importance of a correct identification and
encourage genetic identification to support the morphological identification. Van
Ginderdeuren et al. (2012b) used the internal transcribed spacer (ITS) DNA sequence as a
genetic biomarker with primers KN8-9-11 (based on Fuentes et al., 2010; Ghabooli et al.,
2011) to identify M. leidyi in Belgian waters. In this PhD study, these molecular techniques
are used in particular to identify ctenophore larvae, because the cydippid stage of M. leidyi
resembles that of any other tentaculate (Tentaculata), for example Pleurobrachia pileus
larvae, which hampers morphological identification.

Figure 1.7 Morphological identification of Mnemiopsis leidyi (left) and Bolinopsis infundibulum (right) focussing on the
termination of the oral lobes (2) relative to the position of the statocyst (1) and the mouth (3) (oral-aboral length (4) ~50
mm) © Bram Conings and Gordon Lang

1.3.4 Life cycle characteristics

Mnemiopsis leidyi is a holoplanktonic organism, which means that all four stages in the life
cycle occur in the water column (Figure 1.8). Being a simultaneous, self-fertile

10
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hermaphrodite, one adult can produce more than 11000 fertilised eggs per day (Baker and
Reeve, 1974; Jaspers et al., 2014b). Jaspers et al. (2015) showed that M. leidyi adults
continue to produce eggs, even when starved for up to 12 days. The eggs (+ 0.5 mm) hatch
into tentaculate cydippid larvae. Ontogeny from cydippid to lobate stages entails the
development of rudimentary oral lobes during the transitional stage. This generally begins
when larvae are about 5 mm in total length, although some variability in size exists (Rapoza
et al., 2005). Additionally, Martindale (1987) described dissogony (i.e. the sexual maturity of
larvae) at this stage. The transformation into a lobate adult is accomplished when tentacle
regression is complete (+ 15 mm; Rapoza et al., 2005). Generation times can be short: at
favourable temperatures (15-30 °C) and food levels (>24 pg C.L), eggs can hatch and
develop into reproducing adults within 13 days (Baker and Reeve, 1974; Kremer and Reeve,
1989).
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Figure 1.8 Four stages in the M. leidyi life cycle; note the different scale bars; cydippid larva is shown in both lateral and
aboral view © ILVO and Bram Conings
The feeding mechanisms of M. leidyi vary depending on its ontogenetic stage. Cydippid
larvae are ambush predators and use their tentacles to catch microplankton (Rapoza et al.,
2005; Sullivan and Gifford, 2007; Sullivan 2010). From the transitional stage onwards, a diet
of microplankton alone is not sufficient to maintain growth (Sullivan and Gifford, 2007) and
with the lobes expanding and the tentacles reducing, two other feeding mechanisms
develop. The first involves creating a feeding current through the continuous beating of the
cilia lining the four auricles (Waggett and Costello, 1999). This current entrains prey between
the oral lobes without generating mechanical disturbances detectable by the prey

11
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(Colin et al., 2010). Prey with reduced mobility (e.g. larvae of crustaceans or fish eggs) are
collected by the colloblasts on the tentillae and subsequently transported to the mouth
(Waggett and Costello, 1999). Larger prey that can actively escape (e.g. copepods and fish
larvae) are unresponsive to this current until they are surrounded by the lobes. When these
prey collide with the inner surfaces of the lobes, the second feeding mechanism is triggered:
contraction of the lobes. The prey are trapped, which reduces their chances to escape
(Costello and Coverdale, 1998). Both prey capture mechanisms function simultaneously, and
allow M. leidyi to feed on a broad range of prey, including micro-, meso- and ichtyoplankton
(Javidpour et al., 2009b; Granhag et al., 2011; Costello et al., 2012). Consequently, when M.
leidyi densities are high, a considerable impact on the mesozooplankton populations may be
measured (Deason and Smayda, 1982).

Other than its broad and flexible planktivorous diet, the invasive success of M. leidyi can be
attributed to its broad tolerance to different environmental parameters, such as salinity (0-
40), temperature (0-32 °C) or oxygen levels (as low as 1.0 mg L) (Table 1.1; Purcell et al.,
2001; Decker et al., 2004; Fuentes et al., 2010; overview in Haraldsson et al., 2012).
However, the survival threshold of M. leidyi depends upon a combination of these
parameters. For example, in the sea of Azov with surface salinities ranging between 0 and
14, M. leidyi does not survive temperatures <4 °C (Shiganova and Malej, 2009).

Table 1.1 (A)biotic survival and reproduction thresholds of Mnemiopsis leidyi

Survival Reproduction References

Temperature (°C) | 0-32 >12; 15-30 Kremer and Reeve, 1989; Purcell et al, 2001;
Lehtiniemi et al., 2011

Salinity 0.1-40 >67? Shiganova et al., 2004; Fuentes et al., 2010; van
Walraven et al., in prep.

Oxygen (mg.L?) >1.0 Decker et al., 2004; Greve and Breitburg, 2005
Food (ug C.LY) >3 >24 Reeve et al., 1989; Kremer, 1994; laspers et al.,
2015

The combination of high feeding, growth and reproduction rates and a broad environmental
tolerance enables M. leidyi populations to thrive when conditions are favourable, but also
gives it a competitive advantage when conditions are less favourable in a variety of
ecosystems.

12
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1.3.5 Dynamics of M. leidyi populations in native and exotic habitats

The native range of M. leidyi spreads over a large geographical area from temperate to
subtropical latitudes (Purcell et al., 2001; Figure 1.4). To elucidate the dynamics of M. leidyi
in its native habitat, we focus on the northern populations (Atlantic coasts of North America)
and more specifically on Narragansett Bay (Rhode Island, USA) and Chesapeake Bay (Virginia,
USA), which harbour well-studied populations (reviewed in Purcell et al., 2001). Differences
with more southern populations are mainly situated in the size and timing of the peak
abundances, being smaller and later in the year (Purcell et al., 2001). In the northern
populations, the ctenophore occurs year-round in the coastal waters, but shows clear
seasonal dynamics. Three factors determine the abundance of M. leidyi with temperature
being the most important, followed by food availability and mortality through predation
(Kremer, 1994). During the warm (late) summer period, M. leidyi is capable of supporting
extensive biomass and may dominate the planktonic biomass and planktonic community
structure (Deason and Smayda, 1982; Condon and Steinberg, 2008). During the colder winter
periods, M. leidyi is unable to reproduce and densities are reduced (Purcell et al., 2001; see
§1.3.4). However, also predation was considered as an important driver of the distribution
and abundance of M. leidyi. Three predators co-occur in the native habitat of M. leidyi
(Purcell et al., 2001; Condon and Steinberg, 2008). In Narragansett Bay, Cyanea capillata
scyphomedusae feed on the ctenophores in spring, Chrysaora quinquecirrha scyphomedusae
excert predation pressure in summer, and Beroe ovata was shown to reduce M. leidyi
populations in September (Kremer and Nixon, 1976; Purcell et al., 2001). In addition, a
variety of fishes are known to consume gelatinous species. Especially harvestfish, Peprilus
alepidotus and butterfish P. triacanthus are known predators of M. leidyi, but predation is
often inhibited due to their poor tolerance for low salinities in contrast to M. leidyi
(GESAMP, 1997).

A successful invasion of M. leidyi in the Black Sea (exotic habitat) was facilitated by changes
in the ecosystem due to several anthropogenic pressures (reviewed in Purcell et al., 2001).
Similar to its native habitat, M. leidyi prefers the inshore waters, where two density peaks
(instead of one in the native area) were measured in spring and autumn respectively.
Provided that inter-annual variation occurred, these two peaks yearly persisted until the
arrival of the ctenophore Beroe ovata in the late 1990s (Finenko et al., 2003). This new
predator was present from spring until late summer and substantially reduced M. leidyi’s
population outbreaks. Besides predation pressure, also temperature and salinity influence
survival especially in winter (e.g. Shiganova and Malej, 2009; §1.3.4).

1.4 Research framework and objectives
1.4.1 The MEMO project

This PhD study was part of the Interreg IVa 2 Seas project ‘MEMO’ (Mnemiopsis ecology and
modelling: Observation of an invasive comb jelly in the southern North Sea). The motivation
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to start this EU-project was driven by three facts: 1) a non-indigenous ctenophore (M. leidyi)
was present in the southern North Sea, 2) the same species had caused dramatic changes in
the Black Sea ecosystem and 3) very little was known on the distribution, ecology and
potential impact of the species in the southern North Sea area. This caused concern and lead
to a partnership between five scientific research institutes from France (Ifremer — Institut
frangais de recherche pour I'exploitation de la mer and ULCO-LOG — Université du Littoral
Cote d’Opale — Laboratoire d’Océanology et de Géosciences), the UK (CEFAS — Centre for
Environment, Fisheries and Aquaculture Science), Belgium (ILVO — Institute for Agricultural
and Fisheries Research) and The Netherlands (Deltares). Between January 2011 and
December 2013, the following activities were investigated in the MEMO project:

In activity 1, we explored the spatial and temporal distribution of M. leidyi based on existing
and dedicated sampling surveys by all partners using the same protocol for sampling and
preservation (Van Ginderdeuren et al., 2012b; Bandura, 2013; Antajan et al., 2014;
Vansteenbrugge et al., 2015b; Antajan et al., in prep; Chapter 2 (Vansteenbrugge et al., in
prep.a)). The obtained information was compiled into an integrated database and used to
develop several models regarding reproduction, survival and dispersal of M. leidyi
(Collingridge et al., 2014; van der Molen et al., 2015; David et al., 2015).

In activity 2, the physiology and feeding ecology of M. leidyi were studied through laboratory
experiments and field measurements. More specifically, grazing experiments were executed,
field samples were analysed using biochemical markers and a Dynamic Energy Budget (DEB)
model was developed (Augustine et al., 2014; Chapter 5 (Vansteenbrugge et al., in revision);
Chapter 6 (Vansteenbrugge et al., in prep.b)).

In activity 3, socio-economic studies were conducted in Belgium, the UK and France by
means of questionnaires. These results were used to estimate the (potential) impact of M.
leidyi (and jellyfish in general) on several groups of stakeholders, i.e. tourists, fishermen,
local officials of seaside communities and coastal industries with cooling-water intake
screens (Schaafsma et al., 2013; Vandendriessche et al., in revision).

The different chapters of this PhD thesis contributed to each of the three activities
investigated in the MEMO project.

1.4.2 Research objectives

For the Belgian part of the North Sea, only few historic zooplankton studies are available and
they sporadically mention gelatinous species (Van Meel, 1975; Rappé, 1989; Gilson
collection (1898-1939) as presented in Van Loen and Houziaux, 2002; De Blauwe, 2003). In
addition, these studies mostly present qualitative (e.g. beach findings) rather than
quantitative data. The discovery of M. leidyi in our waters created a unique opportunity to
enhance our knowledge on gelatinous zooplankton as an often ‘forgotten’ ecosystem
component.

14
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This PhD thesis aimed to assess the structural and functional role of the non-indigenous
ctenophore Mnemiopsis leidyi in the southern North Sea. More specifically, we focused on
(1) the current distribution of M. leidyi in Belgian marine waters, the adjacent ports and
the Westerschelde estuary, related to other gelatinous zooplankton, (2) the trophic
ecology and interactions of M. leidyi in the planktonic food web, (3) the potential
ecological and socio-economic effects of the presence of M. leidyi and other gelatinous
zooplankton in these waters, and (4) the overall threat of M. leidyi and the implications for
non-indigenous species’s management.

The following research questions were investigated:

e What are the effects of using different net types for quantitative sampling of M. leidyi
and how do different preservation techniques influence morphological and genetic
identification of this fragile species?

e What is the current spatial and temporal distribution of M. leidyi in relation to the
associated zooplankton community in the Belgian part of the North Sea (BPNS) and
the adjacent Westerschelde estuary?

- How is the gelatinous zooplankton community distributed in terms of density
and diversity?

- Which environmental drivers govern the current spatial and temporal
distribution of M. leidyi and what is the course of the population dynamics?

e How does M. leidyi behave in the food web of the southern North Sea (including the
BPNS and Westerschelde estuary)?

- How can the variation in the trophic ecology of M. leidyi be explained and
what are the trophic interactions of this species with co-occurring (native)
ctenophores and potential food sources in the southern North Sea food web?

- What is the effect of different prey types and their quality in terms of fatty
acids on the feeding rates and carbon assimilation of M. leidyi?

e What is the perception of the tourism sector at the Belgian coast on jellyfish
(blooms), compared to newspaper articles on this matter?

e What is the overall threat of M. leidyi to the southern North Sea ecosystem and what
are the implications for non-indigenous species’ management?

The knowledge and experience obtained in this PhD study is crucial for current and future
management decisions considering M. leidyi as a non-indigenous species in the southern
North Sea. It highlights the need to evaluate already-established non-indigenous species and
to take adequate management actions to prevent new introductions in order to preserve
current ecosystem services (in particular provisioning services). Finally, it illustrates the need
to invest in basic zooplankton (including gelatinous zooplankton) monitoring, with the
presented data forming the baseline against which a potential increase in gelatinous
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zooplankton in the Belgian part of the North Sea and Westerschelde estuary can be

measured.

1.5 Outline of the PhD thesis

The current chapter (Chapter 1) provides a general background on M. leidyi (and jellyfish in
general) and summarises the objectives and outline of this PhD thesis. The main findings are
presented in the following seven chapters (Chapters 2-8) organised in five parts. The
interrelations between the different parts are presented in Figure 1.9. Different approaches
have been used to tackle the research questions and objectives, including field studies,
experimental and laboratory work, database analyses and public questionnaires.

In Part | (Chapter 2; Vansteenbrugge et al., in prep. a), sampling and preservation of M.
leidyi was discussed. Considering the potential threat of M. leidyi as an invasive species,
monitoring is imperative, but it is hampered by the species’ fragility. Different net types
were compared in terms of M. leidyi densities and population structure and different
preservation solutions and methods were tested regarding morphological and genetic
identification of M. leidyi. Additionally, the effect of several pre-treatment methods was
determined with respect to the outcome of stable isotope analyses. Several
recommendations were formulated for monitoring of M. leidyi.

In Part Il the current distribution of M. leidyi in relation to the associated zooplankton
community was investigated. More specifically, Chapter 3 (Vansteenbrugge et al., 2015a)
assembled detailed information on the current spatio-temporal distribution and population
dynamics of the gelatinous zooplankton community in the Belgian part of the North Sea and
the adjacent Westerschelde estuary. Both diversity and densities of Hydrozoa, Scyphozoa
and Ctenophora were discussed with respect to the non-gelatinous zooplankton community
and some environmental parameters. Chapter 4 (Vansteenbrugge et al., 2015b) zoomed in
on the spatio-temporal distribution of M. leidyi over a 2-year period. Source-sink dynamics
were identified for the study area and a zero-inflated logistic regression model was
developed to link the most important environmental drivers to the observed population
dynamics.

Part lll focused on M. leidyi in the food web of the southern North Sea. In Chapter 5
(Vansteenbrugge et al., in revision), the trophic ecology of M. leidyi was investigated in three
different systems: Belgian and Dutch coastal waters, major ports in northern France and
Belgium, and three estuarine systems (Westerschelde, Oosterschelde and Grevelingen).
Biochemical tracer analyses (stable isotopes and fatty acids) were performed, providing an
analysis of the diet integrated over time. The contributions from different food sources were
elucidated, based on the ‘you are what you eat’ principle. Spatial, temporal and ontogenetic
variation in the diet were investigated and the interactions with the associated planktonic
food web was examined. In Chapter 6 (Vansteenbrugge et al., in prep.b), lab experiments
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were performed to investigate the effects of different prey types and their quality in terms
of fatty acids on the feeding rates and carbon assimilation of M. leidyi using stable isotope
and fatty acid biomarkers.

In Part IV (Chapter 7; Vandendriessche et al.,, in revision), the perception of different
stakeholders from the tourism sector on jellyfish (blooms) was described. A questionnaire
survey (Addendum Ill) was performed in the summer of 2012 among tourists, recreational
users, professionals and local officials of seaside communities along the Belgian coast. The
answers were compared to what was presented on jellyfish in newspaper articles in the
general media in Flanders. Results were discussed with respect to integrated coastal zone
management.

Finally, in Part V (Chapter 8), the main results of this PhD study were discussed in the
broader perspective of non-indigenous species management. First, a risk assessment of M.
leidyi in the southern North Sea was performed (Addendum IV), based on expert judgement,
using the Harmonia+ protocol (D’hondt et al., 2015). The overall threat (risk) was estimated
based on the exposure (introduction, establishment and spread) and impact (on the
environment and human activities) scores. Then, implications of our results were translated
to policy and management recommendations. Finally, the main conclusions of this PhD study
were summarised and remaining challenges concerning M. leidyi and other non-indigenous
species were put forward.

Four addenda were added:

Addendum 1| is related to Chapters 1 and 8. A modelling study is presented focusing on
connectivity between different M. leidyi habitats in de southern North Sea and considering
the species’ characteristics in terms of survival and reproduction (van der Molen et al.,
2015).

Addendum Il is related to research performed in Chapter 3 and describes the re-discovery of
larval mantis shrimp (Rissoides desmaresti) in Belgian waters since 1913 (Gilson collection,
RBINS) (Vansteenbrugge et al., 2012).

Addendum Il is related to Chapter 7 and provides the questionnaire which was used to
evaluate the perception of the tourism sector concerning jellyfish (blooms)
(Vandendriessche et al., in revision).

Addendum IV is related to Chapter 8 and presents the risk assessment of M. leidyi in the
southern North Sea using the Harmonia+ protocol.
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EVALUATING DIFFERENT SAMPLING AND PRESERVATION TECHNIQUES
FOR THE FRAGILE CTENOPHORE MNEMIOPSIS LEIDYI (CTENOPHORA,
LOBATA)

Manuscript in preparation:

Vansteenbrugge, L., van Walraven, L., Antajan, E., Vincent, D., Pitois, S., Hoffman, S., Vincx,
M., De Troch, M., Hostens, K., in prep.a. Evaluating different sampling and preservation
techniques for the fragile ctenophore Mnemiopsis leidyi (Ctenophora, Lobata).

ABSTRACT

Gelatinous planktonic organisms are often excluded from zooplankton studies partly due to
their fragility. Especially the ctenophore Mnemiopsis leidyi frequently gets damaged during
sampling and standard preservatives hinder both morphological and genetic identification.
Considering its potential threat as an invasive species in the southern North Sea, monitoring
its distribution and abundance is imperative. Therefore, some methodological issues needed
to be solved. In this study, we focused on two different types of plankton nets: a WP2 net
(mesh size 200 um) and ring trawl net (mesh size 1000 um). Based on their different mesh
size and way of deployment (vertical versus undulating trawl), we evaluated whether they
can be compared in terms of M. leidyi density and size distribution. Mnemiopsis leidyi
densities from 245 sampling events were analysed according to net type and revealed that
WP2 nets do not provide a good estimate of its presence compared to ring trawl nets.
Moreover, when M. leidyi was present in both nets, much larger density estimates were
found by the WP2 net (45.2 + 114.0 ind.m™ for WP2 net versus 12.8 + 28.5 ind.m™ for ring
trawl net). The ring trawl net gave a good overview of adult population structure, but may
underestimate some of the small ctenophores. Consequently, both the filtered volume and
the mesh size largely determine the catch. We also tested different preservation solutions
and methods with respect to morphological and genetic identification of M. leidyi and in
function of stable isotope analyses. From our experiments it became clear that unpreserved
samples are preferred for any type of analysis. However, short-term preservation in Lugol's
solution or RCL2® may provide a good alternative, but shrinkage was observed in both
preservatives. For stable isotope analyses, different preservation methods resulted in
significant differences in both 8'3C and 8N, which should be considered when comparing
different isotopic compositions. The findings and recommendations formulated in this study
should be considered in future M. leidyi monitoring.
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CHAPTER 2

2.1 Introduction

Gelatinous planktonic organisms are often excluded from zooplankton studies, partly due to
their fragility (Boero et al., 2008). These organisms frequently get damaged during sampling,
and preservatives may hinder both morphological and genetic identification (Laakmann and
Holst, 2014). Recently, the adverse effects of jellyfish blooms on fisheries, industries and
tourism, gave rise to a growing interest in gelatinous zooplankton (Richardson et al., 2009;
Brotz et al., 2012; Purcell, 2012). Consequently, some methodological issues needed to be
solved (partly reviewed in Purcell, 2009). In this study, we focus on the ctenophore
Mnemiopsis leidyi A. Agassiz 1865. Considering its potential threat as an invasive species in
the southern North Sea, monitoring its distribution and abundance is imperative. However,
in comparison with native ctenophores, such as Pleurobrachia pileus and Beroe gracilis, M.
leidyi easily gets damaged when squeezed against the mesh of a net, when handled outside
the water and when preserved in standard preservation solutions (e.g. formaldehyde
solution) (personal observation).

Several sampling techniques have been used to study M. leidyi, from standard plankton nets
(e.g. MIK, Isaac-kid, Bongo, WP2, WP3, CalCOFI, MOCNESS and Multinet; as described in
UNESCO, 1968; Harris et al., 2000; Wiebe and Benfield, 2003) to handheld dip-nets, buckets
and simple home-made devices (Figure 2.1). Although the latter allow to obtain undamaged
specimens (Raskoff et al., 2003), these simple techniques are mainly appropriate for
qualitative sampling. For quantitative sampling, plankton nets are most frequently used and
the choice of a particular net mainly depends on the sampling environment. A multinet for
example allows to sample at different depths and has been succesfully used to study M.
leidyi in deep fjords (Haraldson et al., 2012). Closing the cod-end mesh in plankton nets (i.e.
a non-filtering cod end) and using a larger cod-end generally limits the damage to the
gelatinous organisms (Hosia and Pages, 2007). The mesh size is an essential net feature since
it determines the composition of the catch (Tseng et al., 2011). In fact, large-mesh-sized
plankton nets underestimate the smaller fraction of the zooplankton. Other factors to
consider are the capacity of the research vessel and the appropriate deployment of the
plankton nets in relation to water depth and current speed (overview in Wiebe and Benfield,
2003). There is a choice between vertical or oblique tows and also the tow speed and
duration can be adjusted (Wiebe et al., 2014). All these factors influence the filtered volume,
which is an important value to determine density. When standardised plankton nets cannot
be used for example due to logistic constraints, handheld dip-nets may still provide an
alternative for quantitative estimates by using the towed distance to determine the filtered
volume and density.

Other then plankton nets, scuba divers can gather information on the presence/absence of
M. leidyi and can visually estimate the abundance or collect qualitative samples (e.g. Costello
and Mianzan, 2003; Antajan et al., 2014; Chapter 4). Optical devices have also been used to
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investigate for example diel vertical migration of M. leidyi. Haraldson et al. (2014) operated a
video-plankton-net (a plankton net with a camera in the open cod end), which allowed to
quantify and measure the specimens passing through the net from the video footage (Figure
2.1E). Other optical tools include an In Situ Ichthyoplankton Imaging System (ISIIS; Luo et al.,
2014), Video Plankton Recorder (VPR; Davis et al., 1996), Shadowed Image Particle Profiling
and Evaluation Recorder (SIPPER; Remsen et al., 2004) and Zooplankton Visualisation and
Imaging System (ZOOVIS; Bi et al., 2012). As handling errors can be avoided, the popularity
of these optical tools is rapidly increasing, especially when focusing on small and fragile
animals.

All these sampling techniques have their advantages and disadvantages. However, it is
unclear to what extent results (e.g. in terms of densities and size distribution) can be
compared, especially for fragile gelatinous zooplankton.

A

Figure 2.1 Sampling jellyfish with plankton nets: (A) Multinet; (B) CalCOFI net (left) and WP3 net (right); (C) Bongo net;
(D) Isaac-kid mid water trawl; (E) video-plankton-net. Difference between vertical tow with WP2 net (F) and oblique haul
with CalCOFI net (G). (H) Different versions of ‘home-made’ devices (© C.E. Mills) for qualitative jellyfish sampling and (1)

handheld dip-net
Besides damage caused by sampling, fixation or preservation also hampers the
morphological and genetic identification of gelatinous zooplankton, and M. leidyi in

particular. Schuchert (2012) recommended to examine living gelatinous zooplankton
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specimens for morphological identification, because diagnostic features, such as
pigmentation, are often unrecognisable after preservation. Although most hydrozoan and
scyphozoan medusae are well-preserved in standard formaldehyde solution, ctenophores,
such as M. leidyi, are notably difficult to preserve in this solution (exception Pleurobrachia
sp.; personal observation; Sullivan and Gifford, 2009 and references therein). Purcell (1988)
described the disintegration of M. leidyi in formaldehyde solution, but argued that its
remaining tentacle bulbs still allow to determine its abundance in the sample. However,
during algal blooms (e.g. Phaeocystis sp.), this is rather difficult. To overcome the
preservation difficulties, Adams et al. (1976) suggested a protocol which targets histological
preparations, using Trichloroacetic acid (TCA), propylene phenoxetol, propylene glycol and
formaldehyde solution. This is a labour intensive technique and therefore rarely used in
monitoring studies (but see van Walraven et al., 2013 appendix).

Another commonly used preservative in monitoring studies is ethanol. Depending on the
concentrations, ethanol causes shrinkage, contraction and distortion of diagnostic features,
hampering proper morphological identification (Russell, 1953; Schuchert, 2012). However,
absolute ethanol (>99%) is recommended as the better preservative for subsequent DNA
analyses (Schuchert, 2005). Genetic identification is essential when morphological
identification is hampered or to identify ctenophore larvae, because the cydippid stage of
M. leidyi resembles that of any other Tentaculata. Therefore, complementary (preferably
time-saving and budget friendly) alternatives are needed, which allow for later analyses in
the laboratory.

In non-native habitats, M. leidyi may have an impact on the overall functioning of an
ecosystem, particularly on the food web (GESAMP, 1997; Thompson et al, 2012).
Biomarkers, such as stable isotopes (Sl), are useful tools to elucidate food web relationships
(e.g. Ying et al., 2012; Nagata et al., 2015). However, several studies have shown that the
outcome of Sl analysis may depend on the preparation and preservation of the samples prior
to analysis (e.g. freezing, freeze drying, ethanol-preserved; Pitt et al., 2009; Fleming et al.,
2011; D’Ambra et al., 2014). More specifically, 8'3C values and >N values may be
significantly more enriched in frozen or ethanol-preserved specimens compared to fresh
ones (Feuchtmayr and Grey, 2003; Fleming et al., 2011).

Considering the fragility of M. leidyi and existing methodological pitfalls, sampling and
preservation protocols of M. leidyi needed further investigation. In this study, we focused on
two different types of plankton nets: a WP2 net (mesh size 200 um) and ring trawl net (mesh
size 1000 um). Based on their different mesh size and way of deployment, we evaluated
whether they can be compared in terms of M. leidyi density and size distribution. We also
tested different preservation solutions and methods with respect to morphological and
genetic identification of M. leidyi and in function of stable isotope analyses. Several
recommendations are formulated for future monitoring of M. leidyi.
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CHAPTER 2

2.2 Material and Methods

2.2.1 Comparison of two plankton net types

Quantitative zooplankton samples were collected using two types of plankton nets during
several sampling surveys in different areas in the North Sea organised within the INTERREG
IVa 2 Seas MEMO project (06-008-BE-MEMO) (Figure 2.2; Table 2.1). During the same
sampling event (245 occasions in total, spread over 32 locations and 4 years), a WP2
plankton net (mesh size 200 um) and a ring trawl plankton net (mesh size 1000 um) were
deployed. The WP2 net (diameter 0.57 m; Fraser, 1966; UNESCO, 1968) was deployed in a
vertical tow (+1 m.sl; Wiebe et al., 2014). The ring trawl net (a WP3 or CalCOFI net with
diameter of 1 m and 1.13 m respectively; UNESCO, 1968; Wiebe and Benfield, 2003) was
towed through the water column, undulating three times from sea surface to bottom at a
speed of 3 knots relative to the bottom (single net towyo as described in Wiebe et al., 2014).
Considering their same mesh size and way of deployement, the WP3 net and CalCOFI net
were evaluated as one net type: the ring trawl net.

The obtained zooplankton samples were analysed on board and M. leidyi densities (ind.m3)
were determined based on morphological and genetic identification. Samples for genetic
identification (larvae) were preserved in 99.97% ethanol and analysed as described in
paragraph 2.2.2. All M. leidyi individuals from the BPNS and the Westerschelde estuary were

measured alive (oral-aboral length; £ 1 mm).

2E 4E 6E 8&E 10°E

Figure 2.2 Map of the southern North Sea with indication of locations where WP2 and ring trawl nets were deployed
during the same sampling event
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2.2.2 Testing preservation solutions and methods

With regard to morphological identification

A handheld dip-net (mesh size 200 um; diameter 0.20 m) and 1 L-beakers were used to
qualitatively collect M. leidyi in the port of Oostende (sluice dock, Belgium; 51.23°N 2.95°E).
Undamaged individuals were selected to test different preservation solutions and methods
with regard to (long-term) morphological identification. Fifteen M. leidyi individuals of
approximately the same size (31 £ 4 mm oral-aboral length; no significant difference MWU +
Bonferroni correction p >0.05) were transferred into petri-dishes for each treatment and
kept at room temperature (£ 20 °C). The different test solutions were: (1) absolute ethanol
(99.97%; VWR Chemicals), (2) 4% formaldehyde solution (buffered with sea water; salinity
33; VWR Chemicals), (3) Battaglia sauce, another formaldehyde solution (Lelievre et al.,
2012), (4) acid Lugol’s solution (1, 2, 5, 8 and 10% concentration mixed with seawater;
salinity 33; Edler, 1979 as referred to in Engell-Sgrensen et al., 2009), (5) RNAlater™ (patent
US 8178296 B2, Ambion Inc.), and (6) RCL2®, a formaldehyde-free fixative (patent WO
2004/083369, Alphelys, Plaisir, France). The six preservation solutions were selected based
on their frequent use in zooplankton (2 and 3) and phytoplankton (4) monitoring (Harris et
al., 2000). Furthermore, ethanol is generally recommended for genetic analysis (e.g.
Schuchert, 2012), RNAlater™ stabilises the nucleic acids (Gorokhova, 2005), and RCL2® is
often chosen as an alternative for formaldehyde solution in pathology and histological
studies (Delfour et al., 2006; Masir et al., 2012). At specific times (after 5h, 10h, 24h, 48h, 3d,
4d, 7d, 10d, 17d, 24d, 31d, 38d, 52d, 66d and 80d), the condition of each individual was
scored, with 3 = undamaged, 2 = damaged but morphological identification still possible, and
1 = completely damaged and morphological identification no longer possible. Petri-dishes
were removed from the experiment when the animal reached condition 1. Individuals in
condition 2 or 3 were also measured (without removing it from the sealed petri-dish) to
determine shrinkage.

With regard to genetic identification

In addition to the effects on morphological quality, we tested the effect of different
preservatives (1-17 individuals per treatment stored at room temperature) on the quality of
the DNA and the DNA concentration to determine the success of the DNA extraction using
the Invisorb® Spin Tissue Mini Kit (Invitek, Isogen Life Sciences), and on the amplification
strength of the ITS1 marker (1082 bp) with primers KN8-9 (Fuentes et al., 2010; Ghabooli et
al.,, 2011). For these analyses, samples preserved in ethanol (70% and 99.97%), Battaglia
sauce, RCL 2®, RNAlater™ and Lugol’s solution (1, 2, 5, 8 and 10%) were used. Additionally,
the effect of freezing at -20 °C and freezing at -80°C with subsequent freeze-drying on M.
leidyi DNA extraction and ITS1 amplification was verified.

For the DNA extraction, M. leidyi tissue was obtained from the samples using tweezers (max.
0.75 mL) and subsequently dried. Frozen samples were thawed first and then a pipet was
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used to retain 0.5 mL. The Invisorb® Spin Tissue Mini Kit protocol for 0.5-40 mg tissue was
followed (Invisorb® Spin Tissue Mini Kit, 2012). Crosslinking between DNA, RNA and proteins
can be facilitated by certain preservatives. In formaldehyde-based solutions, such as
Battaglia sauce for example, crosslinking is often encountered. Therefore, some of the
Battaglia sauce samples were treated according to the formaldehyde-preserved-tissue
protocol to check whether better results for DNA extraction could be obtained (instructions
from Invisorb® Spin Tissue Mini Kit, 2012). This protocol entails incubation with dithiothreitol
(DTT), a substance which reduces protein bonds. More specifically, samples were incubated
for 20 min at 99 °C in an Eppendorf Thermomixer® with DTT and phosphate buffered saline
(PBS) prior to DNA extraction. Subsequently, the rest of the Invisorb® DNA extraction
protocol was executed, but with DTT and PBS solution also added to the lysis solution for
incubation overnight at 52 °C. The DNA concentration (ng.uL!) was determined by using the
NanoDrop 2000 Spectrophotometer (Thermo Scientific) based on the absorbance at 260 nm.
The DNA purity was assessed from the ratio of the absorbance at 260 nm (A260) and 280 nm
(A280). A ratio of approximately 1.8-2.0 is an indication for a ‘pure’ DNA extraction (Thermo
Fisher Scientific-NanoDrop Products, 2011).

Amplification of the ITS1 fragment was performed in a 40 puL PCR mix volume using the VWR
Red Tag DNA Polymerase Master Mix (2x; 1.5 mM MgCly), the KN-8 and KN-9 forward and
reverse primers in a final concentration of 0.5 uM with 2uL of DNA template (Fuentes et al.,
2010). The PCR protocol consisted of 3 steps. First, an initial DNA denaturation and
polymerase enzyme activation step was run (1 cycle of 10 minutes at 95 °C), followed by a
second step involving the formation of the fragment (38 cycles of 45 s at 95 °C, 45 s at 47 °C
and 60 s at 72 °C). Finally, elongation was enhanced during 1 cycle for 5 minutes at 72°C. The
PCR product was preserved at 16°C until further processing. The PCR product length was
verified on a 1% agarose gel (LE, analytical grade, Promega), stained with Gelred™ nucleic
acid stain (Biotium, USA) and visualised and photographed under UV light
(UVtransilluminator 265 nm TFX20M).

With regard to stable isotope analyses

Finally, the effect of the preservation method was determined with respect to the stable
isotope composition of M. leidyi. A handheld dip-net (mesh size 200 um; diameter 0.20 m)
and 1 L-beakers were used to qualitatively collect M. leidyi individuals in the port of
Oostende (sluice dock, Belgium; 51.23°N 2.95°E) on