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Summary

Summary

Pelagic invertebrates are conspicuous members of the zooplankton in the oceans world
wide. They have a wide prey spectrum and may constitute important predators in the
pelagial. When reaching high abundance they can affect and reduce the stocks of several
zooplankton species and fish larvae considerably. This study analyses the impact of
pelagic invertebrate predators in the two connected ecosystems Baltic Sea and North Sea.
Both ecosystems have different hydrographic conditions, but also show similarities in their
reaction to changing ocean conditions (synchronous regime shifts) and were object of
comparative studies in the framework of the German GLOBEC Project.

The main focus of this study was on investigations in the central Baltic Sea (Bornholm
Basin) in the years 2002 and 2003. A Major Baltic Inflow event (MBI) of high saline water
masses from the North Sea in January 2003 allowed a comparative study of this
ecosystem under different hydrographic conditions. The main group of invertebrates
investigated in the central Baltic Sea were the Scyphomedusae, but data on Chaetognatha
and Mysidacea were also collected and analysed. The study in the southern North Sea was
conducted in the years 2004 and 2005 and focused only on Scyphomedusae.

Only two Scyphomedusae species occurred in the central Baltic Sea: Aurelia aurita and
Cyanea capillata. Both species showed the same low abundance in 2002 and 2003. In the
North Sea four Scyphomedusae occurred during this investigation in 2004 and 2005: A.
aurita, C. capillata, C. lamarckii and Chrysaora hysoscella. Compared to adjacent areas,
abundance of all species was also low. The medusae mainly preyed on crustacean species
in both ecosystems. Due to the low medusae and high zooplankton abundance the
predatory impact on the zooplankton community in the central Baltic Sea was low. For the
southern North Sea, predatory impact was not calculated, but the low medusae abundance
lets assume, that the impact was low, too.

In the central Baltic Sea, A. aurita did not feed on fish eggs and larvae, as medusae and
the eggs and larvae of dominant fish species showed a clear seasonal and vertical
mismatch in their patterns of occurrence. These mechanisms prevented fish eggs and fish
larvae from predation and competition in this area. In the southern North Sea medusae
consumed high numbers of fish eggs and larvae, but it was assumed that medusae did not
control the fish populations, due to their low abundance.

Sagitta elegans was the only species of Chaetognatha caught in the central Baltic Sea. It
occurred sporadically and was generally low abundant. The abundance maximum was
recorded in January 2003 and was clearly related to the MBI. Due to their low abundance,
it was assumed that Chaetognatha in the central Baltic Sea had no negative impact on the

zooplankton community and fish populations in 2002 and early 2003.
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The only species of Mysidacea caught in this investigation was Mysis mixta. Swarms of M.
mixta were found from July to November. They were mainly located at more shallow
stations in the north-east and in the south of the study area. Hence, a higher impact on the
populations of zooplankton may occur only locally. Although the investigated specimens
consumed the same food as fish larvae in this area, no competition for food is expected, as
the big swarms of M. mixta appeared mainly after the mass occurrence of larvae.

The occurrence patterns of the Scyphomedusae A. aurita and C. capillata in the central
Baltic Sea were completely different in both years. In 2002 first individuals appeared in
early July and no ephyrae of either species occurred. These observations were congruent
with earlier investigations and suggest, that A. aurita and C. capillata do not strobilate in
this region. In contrast, in 2003 ephyrae were caught in April and small medusae of A.
aurita and C. capillata appeared already in May. The observations in 2002 and 2003
allowed an inter-annual comparison under different hydrographic conditions. Information on
strobilation regions and timing in the western Baltic Sea were combined with a 3-
dimensional baroclinic model of the Baltic to prove the possibility of advection of medusae
from the western to the central parts. For 2002 the model predicted an arrival of medusae
in the central Baltic Sea at the end of June. This arrival fits in time exactly with the
observations. In 2003 the successive inflow events associated with the MBI most likely
caused earlier arrival in the central Baltic. The results explain the absence of ephyrae in the
central Baltic Sea in 2002 and in earlier investigations. The ephyrae developed into
medusae until late June during their drift before reaching the central Baltic Sea. High
transport rates, associated with the inflows in 2003 were necessary to advect ephyrae into
the central Baltic, prior to their development into medusae. It is still unclear, whether
settlement and strobilation occur in the central Baltic Sea, however, strobilation success
would be probably low, and the population is likely to depend on early stages of medusae
advected from the western parts of the Baltic Sea. The earlier occurrence of medusae in
the central Baltic Sea in 2003 resulted in an overlap of medusae with fish larvae and eggs
and may have caused a higher impact on fish populations by predation and competition.
These observations clearly demonstrate the impact of physical forcing on the polyp and
ephyrae stages and its effects on abundance and occurrence patterns of medusae, which
in turn may affect the populations of zooplankton and fish. Hence, information about the
biology and the location of polyp populations is essential to predict the abundance and

distribution of medusae to the point of medusae “blooms”.



Zusammenfassung

Zusammenfassung

Pelagische Wirbellose sind ein wichtiger Bestandteil des Zooplanktons in allen Ozeanen
weltweit. Da sie ein breites Nahrungsspektrum besitzen, kénnen sie wichtige Rauber im
Pelagial darstellen und in hohen Abundanzen die Populationen von Zooplankton und
Fischlarven betrachtlich reduzieren. Diese Studie untersucht daher den Einfluss von
pelagischen wirbellosen Raubern in den zwei zusammenhangenden Okosystemen Ost-
und Nordsee. Diese Okosysteme weisen unterschiedliche hydrographische Merkmale auf,
reagieren aber ahnlich auf sich verandernde Situationen in den Ozeanen (synchrone
.regime shifts“) und sind daher Gegenstand vergleichender Untersuchungen im Rahmen
des Projekts GLOBEC Germany.

Das Hauptaugenmerk dieser Untersuchung lag auf der zentralen Ostsee (Bornholm
Becken) in den Jahren 2002 und 2003. Ein “Major Baltic Inflow event” (MBI) mit dem
Einstrom von salzreichem Wasser aus der Nordsee im Januar 2003 erlaubte eine
vergleichende Studie in zwei Jahren mit unterschiedlichen hydrographischen Bedingungen.
In der zentralen Ostsee wurden hauptsachlich die Scyphomedusen untersucht, aber auch
Daten Uber Chaetognathen und Mysidaceen gesammelt und analysiert. In der sudlichen
Nordsee waren hingegen nur die Scyphomedusen Gegenstand der Untersuchungen, die in
den Jahren 2004 und 2005 durchgefiihrt wurden.

In der zentralen Ostsee traten nur zwei Arten von Scyphomedusen auf, Aurelia aurita und
Cyanea capillata. Beide Arten wiesen sowohl 2002 als auch 2003 eine geringe Abundanz
auf. In der Nordsee wurden hingegen vier Arten von Scyphomedusen gefangen: A. aurita,
C. capillata, C. lamarckii and Chrysaora hysoscella. Verglichen mit angrenzenden Gebieten
war ihre Abundanz in den Jahren 2004 und 2005 ebenfalls gering. In beiden
Untersuchungsgebieten fralken die Medusen Uberwiegend verschiedene Krebsarten.
Aufgrund ihrer geringen Haufigkeit und der hohen Zooplanktondichte in der zentralen
Ostsee war der rauberische Einfluss der Medusen nur gering. Fiur die sudliche Nordsee
wurde der Einfluss zwar nicht berechnet, wird aber aufgrund der vergleichbar niedrigen
Medusenabundanz ebenfalls als gering eingeschatzt.

Die Analyse des Mageninhalts zeigte, dass A. aurita in der zentralen Ostsee keine
Fischeier und —larven gefressen hat. Medusen und die Eier und Larven dominanter
Fischarten kommen in dieser Region zu unterschiedlichen Zeiten und in verschiedenen
Tiefenstufen vor. Dieser Versatz schiutzt Fischeier und —larven in der zentralen Ostsee vor
Nahrungskonkurrenz und davor, gefressen zu werden. In der sudlichen Nordsee hingegen
haben die Medusen eine grof3e Anzahl von Fischeiern und —larven konsumiert. Aufgrund
der geringen Medusenabundanz wurde aber wiederum kein Einfluss auf die

Fischpopulationen angenommen.
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Die einzige Chaetognathenart, die in der zentralen Ostsee gefangen wurde, war Sagitta
elegans. Sie kam nur sporadisch und in niedriger Abundanz vor. Maximale Mengen wurden
im Januar 2003 gefangen. Dieses Abundanzmaximum war eindeutig verbunden mit dem
MBI. Wegen ihrer geringen Abundanz hatten Chaetognathen in der zentralen Ostsee in
den Jahren 2002 und 2003 wahrscheinlich keinen negativen Einfluss auf die
Zooplanktongemeinschaft und die Fischpopulationen.

Mysis mixta war die einzige Mysidaceenart, die in der zentralen Ostsee gefangen wurde.
M. mixta trat in Schwarmen von Juli bis November auf. Die Schwarme wurden
Uberwiegend auf den flacheren Stationen im Nordosten und Siden des
Untersuchungsgebiets gefunden. Ein Einfluss auf die Zooplanktonpopulationen trat daher
wahrscheinlich nur lokal auf. Obwohl die untersuchten Tiere das gleiche Beutespektrum
wie Fischlarven in dieser Region hatten, ist keine Nahrungskonkurrenz anzunehmen, da
die Schwarme von M. mixta Uberwiegend nach dem Abundanzmaximum der Fischlarven
auftraten.

Die Vorkommensmuster der Scyphomedusen A. aurita und C. capillata in der zentralen
Ostsee unterschieden sich in den beiden untersuchten Jahren. Im Jahr 2002 erreichten die
ersten Tiere das Untersuchungsgebiet Anfang Juli, Ephyren konnten nicht beobachtet
werden. Diese Ergebnisse waren in Einklang mit friheren Untersuchungen und flhren zu
dem Schluss, dass keine der beiden Arten in der zentralen Ostsee strobiliert. Im Jahr 2003
hingegen traten im April die ersten Ephyren auf und im Mai wurden bereits kleine Medusen
gefangen. Die Beobachtungen in 2002 und 2003 erlaubten einen Vergleich von zwei
Jahren mit unterschiedlichen hydrographischen Bedingungen. Informationen Uber
Strobilationsorte und —zeiten in der westlichen Ostsee wurden in ein 3-dimensionales
Modell der Ostsee eingespeist, um die Moglichkeit der Advektion von Medusen aus der
westlichen in die zentrale Ostsee zu Uberprifen. Fir 2002 sagte das Model eine Ankunft
der Medusen Ende Juni voraus, was exakt mit unseren Beobachtungen in diesem Jahr
Ubereinstimmte. Im Jahr 2003 bewirkten die mit dem MBI assoziierten Einstrome von
Nordseewasser hochstwahrscheinlich eine frihere Ankunft der Medusen in der zentralen
Ostsee. Die Ergebnisse erklaren das Fehlen von Ephyren in der zentralen Ostsee im Jahr
2002 und in friheren Untersuchungen, da die Ephyren bis Ende Juni wahrend ihrer langen
Drift in die zentrale Ostsee zu Medusen auswachsen. Hohere Transportraten, wie sie mit
dem MBI im Jahr 2003 verbunden waren, sind nétig, um die Ephyren in die zentrale Ostsee
zu verbringen, bevor sie zu Medusen auswachsen. Es ist nicht geklart, ob strobilierende
Polypen in der zentralen Ostsee vorkommen. Wahrscheinlich ist der Strobilationserfolg
gering und die Medusenpopulationen hangen mit Sicherheit von einem Zustrom aus der
westlichen Ostsee ab. Das frihe Auftreten der Medusen in der zentralen Ostsee im Jahr

2003 filhrte zu einer Uberschneidung im Vorkommen mit Fischlarven und —eiern und

W
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kénnte daher zu einem grofReren Einfluss auf die Fischpopulationen durch direkten Fraf}
und Nahrungskonkurrenz gefuhrt haben.

Diese Ergebnisse machen deutlich, wie wichtig der Einfluss physikalischer Faktoren auf die
Polypen- und Ephyrenstadien ist, und wie er die Abundanz und Verteilung der Medusen
beeinflusst. Diese wiederum haben einen wechselnden Einfluss auf Zooplankton- und
Fischpopulationen. Es ist daher essentiell, Informationen Uber das Vorkommen und die
Biologie von Polypenpopulationen zu erhalten, um Vorhersagen Uber die Abundanz und

Verteilung von Medusen machen zu kénnen, bis hin zur Vorhersage von ,Quallenbliten®.

Vi



1 Introduction

1 Introduction

Marine ecosystems are mostly self-sustaining systems of life forms and the physical
environment. Interactions between species and their environment are correlated in complex
food webs. Subsequent advances in the understanding of structure, function and dynamics
of the food webs are of vital importance to ecosystem management and conservation
(Belgrano et al. 2005). Two main concepts have been proposed to specify the mechanisms
regulating the biomass and abundance of organisms in aquatic food webs (e.g. McQueen
et al. 1986; Pitta et al. 1998):

1. Resource availability regulates the biomass on a trophic level from the bottom
=>» bottom-up force
2. Predation affects the biomass on a trophic level from the top

=> top-down force

Studies of marine pelagic ecology are biased towards bottom-up force, as for a long period
of time this was regarded to be a more important factor in ecosystem control than top-down
effects. However, in recent years top-down effects were considered to be of equal
importance (Verity and Smetacek 1996). Top-down and bottom-up mechanisms interact in
concert to determine population size and ecosystem structure (Hunter and Price 1992;
Hunt et al. 2002; Sinclair et al. 2003), but their relative importance may vary by location
(Hunt and McKinnell 2006). Therefore, a combined investigation of both aspects is
necessary in modern large-scale ocean science. In addition, physical effects of changing
ocean conditions, often related to “climate change”, have to be considered. They may
affect the biology and abundance of predators in terms of bottom-up forcing by controlling
their reproductive success (Lynam et al. 2004; Hunt and McKinnell 2006) and by regulating
plankton abundance as their food (Hays et al. 2005).

GLOBEC Germany combined all these aspects in an interdisciplinary project. The project
aims for a better understanding of trophodynamic interactions between zooplankton and
planktivorous fish in relation to reproductive success under the impact of physical forcing.
Top-down and bottom-up processes were studied comparatively in the Baltic Sea and the
North Sea. Several fish and copepod populations have experienced high fluctuations in
biomass and recruitment in both ecosystems over the last decades, which were related to
climatic induced regime shifts (Alheit et al. 2005; Mollmann et al. 2003; Beaugrand 2004).
Fish are important predators in both ecosystems (Kornilovs et al. 2001; Mélimann et al.
2004; Floeter and Temming 2005), but also pelagic invertebrates may be functionally
paramount, as they are conspicuous members of the zooplankton in the oceans world

wide. Pelagic invertebrate predators have a wide prey spectrum. When reaching high
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abundance they can affect and reduce the stocks of several zooplankton species and fish
larvae considerably (e.g. Mdller 1980a; Purcell 1992; Schneider and Behrends 1998; Baier
and Purcell 1997; Tonnesson and Tiselius 2005; Rudstam and Hansson 1990). As they
feed on the same kinds of prey, they often directly compete for food with planktivorous
adult and larval fish. In addition, many invertebrate species are known to feed on fish eggs
and larvae (Purcell 1985; Brodeur et al. 2002; Feigenbaum and Maris 1984; Feigenbaum
1991; Alvarez-Cadena 1993) and thus directly affect the recruitment of fish stocks.

The diversity of pelagic invertebrates in the North Sea and Baltic Sea is different. In the
southern North Sea Hydromedusa, Chaetognatha, Appendicularia and Ctenophora are
found commonly and may reach high densities during their seasonal cycles (reviewed in
Krause et al. 2003). In spring and summer months also meroplanktonic larvae (e.g.
Polychaeta and Decapoda) may reach high abundance (Martens 1980; Gerdes 1985). The
Baltic Sea has a considerably lower number of species, since compared to freshwater and
seawater, brackish waters are characterised by the lowest number of indigenous species
(Remane 1934). Hence, the importance of food web complexity for ecosystem functioning
can be studied in a comparative manner between the two systems. As scyphozoan
medusae were the main obvious pelagic invertebrate predators in both seas, this study
concentrated on their predatory impact on the zooplankton communities in the Baltic Sea
and the North Sea, with the main focus on the Baltic Sea. Research in the Baltic Sea was
completed with investigations on occurrence, abundance and predatory impact of
Chaetognatha and Mysidacea, as they were the main additional pelagic invertebrate
predators in this area (Mauchline 1980; Salemaa et al. 1990; Margonski and Maciejewska
1999; Maciejewska and Margonski 2001).
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2 Overview

This overview will shortly introduce the Chaetognatha and Mysidacea, which played a

minor role in this investigation. The main focus is on topics related to Scyphomedusae.

2.1 Chaetognatha and Mysidacea

Chaetognatha occur in nearly every marine habitat. All species are either marine or
estuarine. They are strictly carnivorous and may feed on several trophic levels
(Feigenbaum and Maris 1984). Planktonic chaetognaths are often abundant and play an
important role in the marine food web as the primary predators on copepods. They are
thought to be an important link in the energy conversion from primary producers, via
copepods, into higher trophic levels (Reeve 1980). In addition Chaetognatha were found to
feed on fish larvae (Alvarez-Cadena 1993; Baier and Purcell 1997). Sagitta elegans and S.
setosa are the most abundant chaetognaths in European and boreal waters (Jdresland
1987). Both species may occur in the Baltic Sea, but they are most probably allochthonous
in this region. Their occurrence depends on advection with saline waters from the Kattegat
(Maciejewska and Margonski 2001).

Species of the group Mysidacea occur in vast numbers in coastal regions. There are many
brackish water species and a few species that occur in freshwater (Mauchline 1980).
Mysidacea are an important element of the food web in the Baltic Sea. They may constitute
important competitors with fish larvae (Rudstam and Hansson 1990), but are in turn an
essential food source for coastal fish (Mauchline 1980). There are several dominant
resident species in the Baltic Sea, whereof Mysis mixta is common throughout the whole
Baltic Proper (Mauchline 1980).

2.2 Scyphomedusae

Scyphomedusae are probably the most obvious pelagic invertebrate predators in marine
ecosystems worldwide. They represent a conspicuous component of the plankton,
especially during summer months (Brodeur et al. 2002). In recent years medusae are
gaining substantial interest in many aspects, especially related to their increasing
abundance observed in several ecosystems (e.g. Mills 2001; Parsons and Lalli 2002;
Purcell 2005). The following chapter will introduce some important topics related to
Scyphomedusae, starting with basic information about their life cycle and mortality to the

point of their role in different ecosystems and factors controlling their abundance.
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2.2.1 Life cycle

The life cycle of Scyphozoa is characterised by an alternation of generations
(metagenesis). It includes a planula larva that develops into a polyp. The polyp asexually
buds more polyps and produces ephyrae by strobilation, which develop into medusae, and
finally reproduce sexually. The ephyrae are produced and released from sessile polyps,
which are living on hard substrate in coastal areas. Strobilation is triggered by a seasonal
progression or combination of environmental changes in sea temperature, salinity, food
and light, and may differ among species (e.g. Spangenberg 1965; Russel 1970; Brewer
and Feingold 1991; Miyake et al. 2002). The life cycle of Scyphomedusae often leads to
transient “blooms”, as the asexual production process is usually seasonal (Mills 2001). The
majority of medusae e.g. Aurelia aurita and Cyanea capillata degenerate and die after the
sexual reproduction (Hamner and Jenssen 1974; Moller 1979, 1980a; Hay et al. 1990; Barz
and Hirche 2005, PUBLICATION I). However, over-wintering specimens of this species often
contributed significantly to the biomass found in spring and early summer (Hay et al. 1990;
Barz and Hirche manuscript, PUBLICATION III). A lifespan of two years with a second
reproduction phase has been suggested for A. aurita in Japanese waters (Omori et al.
1995; Miyake et al. 1997).

Most investigations on Scyphozoa focused on the medusae stage, as it is readily found in
conventional plankton samples. Polyp populations are hard to find in the field. They
preferentially settle in shaded places, upside down from a hard surface (e.g. Brewer 1976).
Studies on polyp behaviour and production of ephyrae therefore are mostly conducted in
the laboratory (e.g. Spangenberg 1965, 1967; Brewer 1976, 1978; Svane and Dolmer
1995; Kroiher et al. 2000; Siefker 2004). In the Baltic Sea and the North Sea ephyrae are
produced during winter and early spring (Moller 1980a; Schneider and Behrends 1994;
Grondahl and Hernroth 1987; Grondahl 1988; Olesen et al. 1994). An abundance peak of
ephyrae in the western Baltic was found in April (Moller 1980b; Olesen et al. 1994). In the
southern North Sea as well as in the central Baltic Sea locations of polyp populations are
rarely known. Most reports refer to regions outside the study area or were performed >40
years ago (e.g. Hartlaub 1894; Kiihl 1964). In the Skagerrak polyp populations (A. aurita,
C. capillata, C. lamarckii) are reported from the Gullmar Fjord (Hernroth and Grondahl
1983; Grondahl 1988). In the Baltic Sea A. aurita polyp populations are known from more
recent and older investigations in the Kiel Bight (western Baltic Sea) (Kandler 1961; Thiel
1962; Moller 1980a; Schneider and Behrends 1994) and Kerteminde Fjord (Belt Sea,
Denmark) (Olesen et al. 1994). In former publications, the Archipelago of south-west
Finland was also mentioned as a strobilation area (Wikstrém 1932; Palmen 1953). In the
central Baltic Sea no locations of large polyp populations are known. This region is

characterised by the absence of ephyrae and a late appearance of young medusae (Janas
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and Witek 1993; Lischka 1999; Barz and Hirche 2005, PUBLICATION I). Knowledge about
the location of polyp populations in the southern North Sea is also mostly based on
assumptions and historical findings. A. aurita populations are known from Helgoland Island
(Sabine Holst pers. comm.), Borkum Island and Wilhelmshaven (Kuhl 1964). Often the
existence of polyp populations was derived from the regional distribution of small ephyrae
such as described for A. aurita in the Dutch Wadden Sea (van der Veer and Oorthuysen
1985), and C. hysoscella in the Elbe Estuary (Kihl and Mann 1967; Merck 1989). The
absence of polyps was assumed, when no ephyrae were caught or the ephyrae were too
large to have been recently released, as in the northern Wadden Sea of Sylt Island
(Kopacz 1994).

2.2.2 Mortality

Scyphozoa are eaten by a wide variety of predators. They are consumed by other jellyfish,
planktonic and benthic invertebrates, sharks, bony fish, turtles and birds (e.g. Harrison
1984; Ates 1988, 1991; Arai 1997). In the laboratory, Aurelia aurita were eaten by several
hydrozoan medusae as well as by Cyanea capillata and Chrysaora hysoscella (Arai and
Jacobs 1980). In the field A. aurita may constitute an important prey source for C. capillata
(Bamstedt et al. 1997; Hansson 1997). Polyps of C. capillata and A. aurita are subject to
predation by nudibranchs, as in the Gullmar Fjord (western Sweden), where the main
predator is Coryphella verrucosa (Hernroth and Gréndahl 1985; Gréndahl and Hernroth
1987). Beside the natural predation, Scyphozoa are the basis of commercial fisheries in
different parts of the world (reviewed in Kingsford et al. 2000). There is an increasing
interest in processing and marketing new species, mainly of the rhizostome medusae
group, as this contains many large species. However, semaeostome medusae, such as A.
aurita, Cyanea spp. and Chrysaora spp. are of poor quality after processing and therefore
of less interest (Sloan and Gunn 1985).

Another mortality factor of Scyphomedusae is the infestation by parasites. A wide range of
possible metazoan parasites such as trematode and cestode larvae has been recorded
(reviewed in Arai 1997). Hyperiid amphipods are also infesting Scyphomedusae. Thus,
Hyperia galba is a widespread parasite infesting all large medusae, which occur in the
North Sea (Dittrich 1988). It is not known to what extent this parasite reduces the fecundity
of the medusae or contributes to their mortality, but according to Dittrich (1988) heavy
infestation by H. galba may lead to a weakening and progressive breakdown of medusae

populations in the North Sea.
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2.2.3 Changing abundance and possible causes

In recent times Scyphomedusae attract more attention by unusual “blooms”, non-
indigenous species invading new ecosystems (reviewed in Mills 2001) or plagues of giant
medusae in Japan (Kawahara et al. 2006). Medusae generally show high inter-annual
fluctuations in their abundance (Schneider and Behrends 1994), but native and non-
indigenous species have increased in local or regional ecosystems in the last years
(reviewed in Mills 2001). Their abundance was increasing in the Bering Sea, Benguela
Current and Yangtze Estuary (Brodeur et al. 1999, 2002; Brierley et al. 2001; Purcell 2005;
Xiang et al. 2005), but also decreases in medusae populations were reported (Mills 2001;
Dawson et al. 2001). Changes are probably caused by pollution or overfishing (Brodeur et
al. 1999; Arai 2001; Purcell and Arai 2001). Massive removals of fish from ecosystems
open up food sources for gelatinous predators and allow the population to expand (Mills
2001). Also an increase in man-made structures such as floating piers in coastal areas may
lead to mass occurrence of medusae (Miyake et al. 2002), as they often provide an
adequate hard substrate for polyp settlement. In addition, there is evidence that changes in
medusae abundance are indicators of climate induced regional regime shifts (Brodeur et al.
1999; Lynam et al. 2004, 2005a). These climate effected changes in the oceans may be
man-made, but also natural climate cycles may affect jellyfish populations. Because of their
short generation times, populations of scyphozoan medusae appear to respond to climate
forcing without a time lag (Lynam et al. 2005a). To identify the influence of climate
variations, records of jellyfish abundance were related to indices of climate oscillations
such as El Nino Southern Oscillation or North Atlantic Oscillation (NAO) (reviewed in
Purcell 2005). Overlaid on natural climate variation is the potential effect of global warming,
which indicates an average warming (0.31°C) in the upper 300m of the world ocean since
the mid-1950s (Levitus et al. 2000). The abundance of many jellyfish species may increase
in warm conditions (reviewed in Purcell 2005), whereas cold conditions were associated
with high medusae abundance in the North Sea (Lynam et al. 2005a).

The abundance of Scyphomedusae in the Baltic Sea and the North Sea showed inter-
annual fluctuations and large variability between regions (Hay et al. 1990; Janas and Witek
1993; Schneider and Behrends 1994). Their abundance variability in the North Sea
appears to be linked to climatic variations. Lynam et al. (2004, 2005a) found high medusae
abundance related to a low NAO Index (NAQOI) and vice versa. In the North Sea and also in
the Baltic Sea production of ephyrae occurs in autumn and winter, when the NAO has
greatest influence. Hence, it might play an important role in mediating the environmental
conditions that effect the strobilation of polyps (Lynam et al. 2004, 2005a). In addition, the

patterns of abundance and occurrence of Aurelia aurita and Cyanea capillata in the central
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Baltic Sea are related to inflow events, which in turn are also induced by meteorological
forcing (Barz et al. 2006, PUBLICATION II).

2.2.4 Regime shifts in the Baltic Sea and North Sea

Climate variability is often associated with “regime shifts” defined as “changes in marine
system functioning that are relatively abrupt, persistent, occurring at a large scale,
observed at different trophic levels, and related to climate forcing” (deYoung et al. 2004).
Changes in the ecosystems of the North Sea and Baltic Sea, especially in their fish stocks,
were subject of investigations since the beginning of the last century (Hempel 1978). North
Sea fish stocks experienced large fluctuations in abundance and biomass during this time.
In the 1960s and 1970s the major gadoid species, cod (Gadus morhua), whiting
(Merlangius  merlangus), saithe (Pollachius virens) and particularly haddock
(Melanogrammus aeglefinus) produced some of the largest year classes on record
(Hempel 1978a). Cushing (1984) related the “gadoid outburst” to a seasonal delayed peak
abundance of Calanus sp., leading to a longer temporal overlap of fish larvae with their
main prey. In contrast to the development of the gadoids, the pelagic stocks of herring
(Clupea harengus) and mackerel (Scomber scombrus) started to decline sharply in the
1960s (Hempel 1978b). Another ecological regime shift occurred in the North Sea during
the period 1982-1988. It has been correlated to a change of the North Atlantic Oscillation
Index (NAOI) from a negative to a positive phase (e.g. Reid et al. 2003; Beaugrand 2003,
2004; Beaugrand et al. 2002). Alheit et al. (2005) postulated a teleconnection between
regime shifts in the central Baltic Sea and the North Sea. Increasing air and sea surface
temperature were the main direct and indirect driving forces, affecting all trophic levels in
the pelagial. The composition of phyto- and zooplankton communities in both ecosystems
changed conspicuously. Copepod species, which are essential for pelagic invertebrate
predators and fish (Purcell 1992; Kornilovs et al. 2001; Voss et al. 2003; Dickmann 2005;
Koster et al. 2005), experienced pronounced changes in biomass and recruitment. In the
Baltic Sea the dominance of the mesozooplankton community shifted from Pseudocalanus
sp. to Temora longicornis and Acartia spp. (Méllmann et al. 2003). In the North Sea the
abundance of Calanus finmarchicus fell to low levels, whereas C. helgolandicus was
persistently abundant (Beaugrand 2003). These changes had dramatic consequences on
sprat (Sprattus sprattus), herring and cod stocks in both ecosystems (Alheit et al. 2005;
Méllmann et al. 2005). Due to a combination of high fishing pressure and unfavourable
hydrographic conditions (decreasing salinity), Baltic cod stocks declined dramatically at the
end of the 1980s (Bagge and Thurow 1993). The concurrent increase in sprat stock is
thought to result from the release of predation pressure by cod and a high reproductive

success (Parmanne et al. 1994). The high reproductive success was coupled to the direct
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effect of warmer temperature on sprat egg survival and an increased Acartia spp.
population, the major food of sprat larvae (Voss et al. 2003; Koéster et al. 2005). In addition
to overfishing, cod recruitment in the North Sea was negatively affected by higher
temperatures and an increasing mismatch between larval cod and its prey, as C.
helgolandicus appears later in the year than C. finmarchicus. Both factors are associated
with a high NAO (Beaugrand et al. 2003).

The future state of the Baltic Sea and North Sea ecosystems likely depends not only on the
levels of fishing pressure on cod or sprat, but on climate-related changes in biotic and
abiotic conditions, with their effects on all members of the ecosystems including the

Scyphomedusae.

2.2.5 Consequences of high medusae abundance

High abundance of Scyphomedusae is hindering human activities from the Yangtze
Estuary to the Black Sea and the Benguela Current. They hamper fishing activities by
clogging and bursting trawl nets or blocking the suction devices in diamond mining
industries (Brierley et al. 2001; Graham et al. 2003; Xiang et al. 2005). Medusae interfere
with tourism and are medical liabilities for swimmers since their venoms can injure man by
allergic or toxic reactions (Burnett 2001).

Scyphomedusae utilize a wide selection of zooplankton prey, but generally, estimated
predation rates on copepod populations are too small (e.g. <10% day™) to cause prey
population declines (reviewed in Purcell and Arai 2001). Other studies have shown that
they can have a strong impact on zooplankton standing stocks, as suggested for Chrysaora
melanaster in the Bering Sea (Brodeur et al. 2002) and Aurelia aurita in Tokyo Bay (Japan)
(Omori et al. 1995; Ishii and Tanaka 2001). Chrysaora quinquecirrha may feed a maximum
of 94% day™ of the copepod population in Chesapeake Bay (USA) (Purcell 1992). Matsakis
and Conover (1991) attributed the population decrease of the hydrozoan Rathkea
octopunctata to predation by A. aurita. The abundance of zooplankton in the Kiel Bight
(Germany) was negatively correlated with the density of A. aurita (Schneider and Behrends
1994; 1998), which was assumed to be the regulating factor in bloom years (Méller 1980a).
In addition, the high prey pressure on zooplankton may result in a negative impact on fish
populations. Scyphomedusae and fish larvae as well as planktivorous fish often have an
overlapping prey spectrum. If the same prey is utilized it is tempting to assume, that
competition occurs, but only a few studies have attempted to directly examine this (Purcell
and Sturdevant 2001).

A major source of mortality in fish eggs and larvae is predation. Many scyphozoan species
are known to feed on fish larvae and eggs (reviewed in Purcell 1985, Fancett 1988; Purcell

et al. 1994). When reaching high abundance they may reduce the stocks of many important
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fish species. In years with high densities of A. aurita in the western Baltic Sea, a decline in
the abundance of herring larvae was observed (Moéller 1980a, 1984). Lynam et al. (2005b)
found a significant negative relationship between the survival of herring larvae and the
abundance of A. aurita in the North Sea. They postulated an adverse impact of A. aurita on
the North Sea herring population.

Competition and direct predation on fish eggs and larvae could impact commercial fish
stocks in both investigated areas, the central Baltic Sea and the southern North Sea. In the
brackish Baltic Sea, spawning of marine fish species with pelagic eggs, such as sprat and
cod, occurs in the deep basins (Nissling et al. 2002). The Bornholm Basin, one of the three
central Baltic Sea deep basins, is the most important spawning ground for cod and sprat,
where both species find adequate hydrographic conditions in different depth levels (Koster
et al. 2001). The southern North Sea is an important spawning ground for sprat (Aurich
1941), plaice (Pleuronectes platessa) and flounder (Platichthys flesus) (Harding et al.
1978). The larvae of both flatfish species migrate into their nursery areas in the adjacent
Wadden Sea (Creutzberg et al. 1978). During transport toward the nursery areas, eggs and
larvae have high rates of mortality (Harding et al. 1978), partly due to predation by
Scyphomedusae (van der Veer 1985). As many North Sea fish stocks are presently in an
endangered stage (Lynam et al. 2004) increasing medusae abundance could deteriorate
the situation in this area. Therefore, the investigation of the impact of Scyphomedusae on
the populations of zooplankton and fish in the central Baltic Sea and the southern North
Sea is a main topic in this thesis (Barz and Hirche 2005, PUBLICATION |; Barz and Hirche
manuscript, PUBLICATION IlI).

2.3 Objectives of this thesis
The overview deals with interactive aspects controlling occurrence, abundance and impact
of pelagic invertebrate predators on different marine ecosystems. The aim of this thesis
was to evaluate the situation in two connected ecosystems, the Baltic Sea and the North
Sea. In detail my objectives were to assess:

¢ Which pelagic invertebrate predators occur in the central Baltic Sea?

e What are their patterns of occurrence in season and space?

o What are they feeding on?

o What is their predatory impact on the zooplankton communities?

¢ Which physical factors are controlling their occurrence in the central Baltic Sea?

o What are the patterns of occurrence and the prey composition of Scyphomedusae

in the southern North Sea?
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2.4 Thesis outline

This thesis focuses on the impact of pelagic invertebrate predators on zooplankton
compositions in North and Baltic Sea. Therefore, at first the two study areas are shortly
introduced. In the following “Material and Methods” section the sampling strategy and
handling are described, with focus on the methods not mentioned in the PUBLICATIONS I-IlI.
Chaetognatha and Mysidacea were found to have a low to negligible impact in the central
Baltic Sea. Hence, the related results are only shortly presented and discussed in the
beginning of the “Results and Discussion” section. Scyphomedusae were the main
invertebrate predators in the Baltic Sea. Therefore, the focus of this study was on their
seasonal and spatial occurrence and on the estimation of their impact on the populations of
zooplankton (Barz and Hirche 2005, PUBLICATION |). The results supported earlier
assumptions, that Scyphomedusae do not reproduce in high numbers in that area (Janas
and Witek 1993). A 3-dimensional baroclinic model of the Baltic Sea was used to detect the
role of advection from the western parts on the occurrence patterns of medusae in the
central Baltic Sea (Barz et al. 2006, PUBLICATION II). In addition, the seasonal and spatial
occurrence and the prey composition of four medusae species in the southern North Sea
were investigated (Barz and Hirche manuscript, PUBLICATION Ill). The results from both
ecosystems are compared in the “Synthesis”, which also provides insight in investigations

needed in the future.

10



3 Study areas

3 Study areas

58° X £5°
L North Sea
fre ER°
P
540 P £4°
Great Britain
02° 27
o° 5% 10° 157 20°
v
a @ &5 o Y
| o o o' oll2g!
o ¢ o5 o7 .
| o2 o’ ¢ o o o ¢° o2 ¢2g®
35 4 3 32 31 q
® . o ® ® i
Pe'e3e’ i o' ¢ ¢ &' ¢'° &' & oT
39 38 37 36 22 215 212 25 23]
L4 ® L L e e 000 N @21 g2 o283 224 o255 @26
o 'e'te’ e ¢ LA A R S A4
o“ o8 o2 o' ¢ ¢Vg'7g0q7 gl o2 o7 o¥ ¥ o® o
eVe'e’ 8t .
lo® o9 o8 o of o5 =" o® ¥ ¢F o% &%
s
& o2 of f/w b. | ¢’ e o'l g% ¢ ¢
o5 ¢ 0 @' gila gl gt g5

Fig. 1: Sampling areas. Southern North Sea: a. station grid b. transects; c. central Baltic

Sea, station grid

3.1 Baltic Sea

The Baltic Sea is the largest brackish water area worldwide. It is connected with the North
Sea only via narrow passages and built up by a series of deep basins, which are separated
by shallow sills. These narrow passages and the sills limit the inflow of North Sea water
masses. Inflows of North Sea water in the entire basins are relatively seldom, and
depending on meteorological events in autumn and winter. They are driven by special
atmospheric conditions, which cause large and long-lasting sea level differences between
the Kattegat and the western Baltic Sea (Mohrholz et al. in press). These inflow events may
bring high saline and oxygenated water into the basins and change the hydrographic

conditions.
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The hydrography of the Baltic Sea is characterised by a clear stratification (Fonselius
1970). The surface water has a low salinity, due to the fresh water discharge of more than
200 rivers. It is separated by a strong pycnocline from the more haline waters in the deep.
In summer a thermocline separates the surface layer from the colder intermediate water
masses above the halocline. The salinity in the surface layers as well as near the bottom is
decreasing from west to east. In the surface layer salinity decreases from 15-25 in the Belt
Sea to less than 2 in the Bothnian Bay. Due to these changing salinities from marine, via
brackish, to freshwater, animals and plants reach the limits of their distributional and
reproductive ranges at the different isohalines and their composition is changing all over
the Baltic Sea along this gradient (Rheinheimer 1996).

This study was carried out in the Bornholm Basin (BB) (Fig. 1c; Fig. 1 in PUBLICATION 1),
which is one of the deep basins in the central Baltic Sea, with a maximum depth of 96m.
From July to September 2002 a thermocline was found between 15 and 25m, separating
the surface layer from the colder (5-6°C) intermediate water layer. Temperature in the
surface layer increased from 16°C in the beginning of July to the maximum summer
temperature of 20.8°C in August. In November the surface water had cooled down to 9°C
and merged with the intermediate water. Salinity was rather constant between the surface
and the halocline (7) and increased beneath the halocline up to 15.5 (Fig. 2). Oxygen

concentration decreased rapidly below the halocline to values <2ml I".
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Fig. 2: Salinity in the Bornholm Basin in 2002 and early 2003, with changed salinity

signature after the Major Baltic Inflow event in January 2003

In January 2003 a Major Baltic Inflow (MBI) of cold (2°C) and oxygen rich (7ml I'") water
from the Kattegat reached the central Baltic Sea (Feistel et al. 2003) (Fig. 2). It was the first
MBI event since 1993 (Mohrholz et al. in press), and was detected in the BB in late
January. This large inflow event was followed by two minor inflows: (i) One in March, with

12
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the same temperature and oxygen signature as the MBI, and (ii) one in May, which was

significantly warmer (Feistel et al. 2003).

3.2 North Sea

The North Sea is a shelf sea adjacent to the Atlantic Ocean. It is connected to the rest of
the Atlantic through the English Channel in the south and through the Norwegian Sea in the
north. The salinity of the inflowing Atlantic water reaches more than 35.

The study area was located in the southern North Sea, covering the German Bight as well
as Dutch and Danish territorial waters (Fig. 1a; Fig. 1 in PUBLICATION 3). The southern
North Sea is a temperate shallow shelf sea. It is bordered in the south and east by
extensive areas of inter-tidal mudflats (German and Dutch Wadden Sea). In general, two
main water masses are found in this area. The Continental Coastal Water, which is a
mixture of water from the Atlantic, the English Channel and several rivers, and the central
(southern) North Sea Water (Becker et al. 1992). The German Bight is characterised by
strong mesoscale variability in physical properties such as fronts and eddies. A permanent
feature is the river plume front in the south-east, which is produced by the inflow of fresh
water from the river Elbe (Becker et al. 1992). The tides in the southern North Sea are
strong and cause turbulent horizontal and vertical exchanges. A tidal mixing front reaches
from the surface to the ground and is advected as a whole by the tides (Dippner 1993).
Water depth in the investigation area was between 15 and 48m. Due to the shallow depths
the water column is mostly completely mixed and well oxygenated. Stratification is
sometimes observed during the summer months. The seasonal cycle of water temperature
is more pronounced than that of salinity. Around Helgoland Island (Germany) the surface
temperature and salinity vary from 2 to 20°C and 28 to 33, respectively.

While temperature was rather uniform across the sampling grids during the cruises, salinity
showed a wider variability, with lower values in the eastern part, which is more influenced
by freshwater discharge of several rivers (Elbe, Weser, Ems). In April 2004, temperature
varied from 6 to 7°C, whereas salinity reached 30.5 in the most eastern part and 34.5 in the

western side of the study area, both measured at 10m depth.
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4 Material and Methods

In this chapter a short overview on used sampling and analysing strategies is given. For

further and subsequent details see related PUBLICATIONS I-I1.

4.1 Sampling

4.1.1 Sampling dates

Sampling in the Baltic Sea was performed on cruises in 2002 and 2003. In 2004 and 2005

cruises were only conducted in the North Sea. Table 1 gives the complete cruise schedule.

Table. 1: Cruises in the Baltic Sea and North Sea. Data used for different analyses and

publications are marked by v. Chaet = Chaetognatha; Drift = Modelling of medusae

occurrence; Mysid = Mysidacea; Scyph = Scyphomedusa; PUBL = PUBLICATION

Baltic Sea North Sea
Year Date Chaet Mysid Scyph Drift Year Date Scyph
Publ. | Publ. Il Publ. Il
2002 12.03.-21.03. v v 2004  16.02.-05.03. v
02.04.-30.04. v v v v 06.04.-27.04. v
05.05.-25.05. v v 07.05.-26.05. v
15.05.-30.05. v v 17.06.-06.07. v
11.06.-23.06. v v v v 04.08.-23.08. v
22.07.-07.08. v v v v 06.09.-12.09. v
12.08.-21.08. v v v v 2005  14.04.-21.04. v
22.08.-30.08. v v v v 17.05.-24.05. v
03.09.-13.09. v v 30.06.-08.07. v
30.09.-10.10. v v v v
11.11.-29.11. v v v v
2003  13.01.-24.01. v v v v
10.02.-23.02 v
03.03.-22.03 v v v
17.05.-03.06. v
01.07.-19.07. v
07.08.-18.08. v
24.11.-05.12. v
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4.1.2 Central Baltic Sea

Abundance and distribution of zooplankton and pelagic invertebrate predators

The station grid included 52 stations (Fig. 1c¢). In 2002 and 2003 Scyphomedusae were
collected from Bongo net hauls. Their vertical distribution was studied by using a trawled
BIOMOC or a trawled multinet on four cruises at station 23. All medusae collected were
processed onboard, identified, weighed and measured to the nearest 0.5cm below (for

detailed description of sampling see PUBLICATION | and II).

Chaetognatha and Mysidacea were collected in the laboratory from fixed (4% borax-
buffered formalin-seawater solution) Bongo net samples (0.6m diameter, 500pm mesh
size). Under a dissection microscope they were identified to species level. Abundance and
distribution were analysed in 2002 and early 2003 at all grid stations. Samples with high
Mysidacea abundance were divided with a plankton splitter until a minimum of 300

individuals contained in the subsample.

Prey analysis, selection and predatory impact

For gut content analysis single Aurelia aurita medusae were scooped from the surface
water by using a dip net between July and October 2002. In the laboratory the medusae
were examined for prey organisms, which were counted and identified to genus or species
level.

Prey selection was calculated for A. aurita collected from surface waters at station 23 at
four cruises from July to October when data on zooplankton abundance were available.
Selectivity indices for the zooplankton taxa were calculated from the average numbers of
prey in the medusae guts and the corresponding numbers of prey m®. Statistical
significance was based on the y?-test as suggested by Pearre (1982). Feeding rates and
predatory impact of A. aurita were calculated for the focus stations on four cruises from
July to October when data on zooplankton abundance were available (for detailed
information on prey analyses, selectivity and predatory impact calculations for A. aurita see
PUBLICATION 1)

For easier identification of the gut content of Mysidacea, a digital picture catalogue with
fragments (legs, mandibles, characteristic body parts) of potential food items was
established.

Mysidacea for gut content analyses were collected from fixed Bongo net samples. The
individuals were dissected with a fine scalpel. The separated stomach and gut were
transferred to an object slide in a glycerine-water solution (1:1). Under a dissection
microscope, the stomachs were opened with fine dissection needles and prey fragments

separated. By comparing the fragments with pictures of potential prey, the gut content was
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mostly identified to species level. When all fragments were associated to single prey

individuals, the number of prey in the gut was counted.

Drift-modelling

Numerical simulations of the circulation were performed by application of a 3-dimensional
eddy resolving baroclinic model of the Baltic Sea. The model is based on the free surface
Bryan-Cox-Semtner model (Killworth et al. 1991) which is a special version of the Cox
numerical ocean general circulation model (Bryan 1969; Semtner 1974; Cox 1984). The
Baltic Sea model comprises the whole Baltic Sea, including the Gulf of Bothnia, Gulf of
Riga as well as the Belt Sea, Kattegat and Skagerrak. It is forced by realistic atmospheric
conditions taken from the SMHI (Swedish Meteorological and Hydrological Institute,
Norrkoping) meteorological data base, which covers the whole Baltic Sea drainage basin
on a regular grid of 1°x1°. Calculation of juvenile medusae (ephyrae) drift routes was
performed by utilising a Lagrangian particle tracking technique (Hinrichsen et al. 1997)
using a 4" order Runge-Kutta scheme (for detailed information on the modelling approach
see PUBLICATION ).

4.1.3 Southern North Sea

Abundance and distribution of Scyphomedusae

In 2004 the station grid included 55 stations and was divided in a small grid (10nm distance
between stations 1-23) and a large grid (20nm distance between stations 24-55) (Fig. 1a).
Scyphomedusae were collected at all grid stations from oblique Bongo net hauls. In 2005
the sampling strategy was different. During three cruises samples were taken with a
trawled multinet along a North-South-Transect (T1) and two West-East-Transects (T2, T3)
(Fig. 1b). All medusae collected were processed onboard, identified, weighed and
measured to the nearest 0.5cm below (for detailed description of sampling see
PUBLICATION ).

Prey analysis

For gut content analysis single medusae from Bongo and multinet hauls were measured
immediately after collection, weighed and preserved in a 4% borax buffered formalin-
seawater solution. In the laboratory the medusae were examined for prey organisms, which
were counted and identified to genus or species level (for detailed description of prey

analysis see PUBLICATION lII).
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5 Results and Discussion

In the central Baltic Sea, the most conspicuous invertebrate predators were
Scyphomedusae. Therefore, this thesis focused on this group (PUBLICATIONS | and II). In
addition the occurrence patterns of Chaetognatha and Mysidacea in the central Baltic Sea

were analysed.
For comparative studies in the Baltic Sea and North Sea, additional investigations were
conducted on the occurrence and abundance of Scyphomedusae in the North Sea

(PUBLICATION HlI).

The following species were analysed:

Baltic Sea North Sea
Chaetognatha Sagitta elegans
Mysidacea Mysis mixta
Scyphomedusae Aurelia aurita Aurelia aurita
Cyanea capillata Cyanea capillata

Cyanea lamarckii

Chrysaora hysoscella

5.1 Chaetognatha in the central Baltic Sea — occurrence and impact

Chaetognatha are highly abundant in nearly all oceans of the world. They often reach
values almost as high as copepods (Feigenbaum and Marris 1984). Chaetognatha are
strictly carnivorous and constitute important predators of zooplankton and fish larvae, but
the main prey are copepods (Reeve 1980; Feigenbaum and Maris 1984; Feigenbaum
1991; Alvarez-Cadena 1993; Baier and Purcell 1997). When reaching high abundance,
Chaetognatha may have a high impact on several zooplankton species (Baier and Purcell
1997; Ténnesson and Tiselius 2005). Sagitta elegans is abundant in boreal waters, and
one of the dominant species on the European shelf (QGresland 1987). Sameoto (1973)
estimated that S. elegans consumed 36% of the annual secondary production in Bedford
Basin (Canada). It was the most important predator on copepods in this region. In the
Gullmar Fjord (Kattegat, Sweden) S. setosa reached a peak abundance of 310 ind. m™ in
the surface water, whereas S. elegans reached maximum values of only 17 ind. m? in

deeper layers. When S. setosa was highly abundant, also the predation impact was high, it
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removed 26 to 48% d™' of the Pseudocalanus sp. population. S. elegans reached maximum
predation rates of 18% d™' on Calanus finmarchicus (Ténnesson and Tiselius 2005).

In this study only S. elegans was identified in the central Baltic Sea, while also some
individuals of S. setosa were found in this area in former investigations (Maciejewska and
Margonski 2001). S. elegans was caught on only five cruises, with a low abundance (Fig.
3). It occurred in April, August, October, November 2002 and January 2003, with an
abundance maximum of 1.09 ind. 100m™ in January 2003. In March 2003 it had completely

disappeared.
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Fig. 3: Seasonal development of Sagitta elegans in the central Baltic Sea. nd = no data

Between 1993 and 1996 Maciejewska and Margonski (2001) found a decreasing mean
abundance of S. elegans in the central Baltic Sea. The abundance dropped from 3 ind.
100m™ in August 1994 to 0.01 ind. 100m™ in August 1996, and showed a clear
dependency on several inflow events. The values in this study in August were at the lower
end of the former investigation, but the abundance in January 2003 was the highest since
September 1994. Comparable to the results of Maciejewska and Margonski (2001) the high
abundance in January was most probably related to a MBI event. The water masses
reached the BB at the end of January 2003 (Feistel et al. 2003) and transported the
individuals in the high saline waters from the North Sea to the central Baltic Sea.
Maciejewska and Margonski (2001) found the maximum abundance of S. elegans in 60-
80m depth, where the inflow waters with a salinity of 15-17 were located. After the inflow
the conditions undergo remarkable changes (decreasing salinity and oxygen). In these

unfavourable conditions, combined with the low food abundance, the advected animals
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probably do not grow and reproduce (Maciejewska and Margonski 2001). These pseudo-
populations get extinct sooner or later and have to be renewed with the next inflow from the
Kattegat.

Due to the low abundance of S. elegans in the central Baltic Sea and the low feeding rates
found by Maciejewska and Margonski (2001) (only 3.5% of the analysed chaetognaths had
food in their guts), no investigations on gut content were conducted in this study. It is
assumed that S. elegans in the central Baltic Sea most probably had no negative impact on

the zooplankton community and fish populations during this investigation.

Due to their low abundance Chaetognatha had no negative impact on the zooplankton

community and fish populations in the central Baltic Sea in 2002 and early 2003.

5.2 Mysidacea in the central Baltic Sea — occurrence and impact
Mysidacea play a significant role in the food web of the Baltic Sea, and may constitute
important competitors with fish larvae (Rudstam and Hansson 1990). Mysis mixta is one of
the major zooplanktivores in coastal areas of the northern Baltic proper. Rudstam et al.
(1986) calculated that this species might consume about 20-50% of the zooplankton
production in the northern Baltic proper on an annual basis.

In this study only M. mixta was identified, and occurred mainly in summer and autumn (Fig.
4). In July and November 2002 mean abundance was about 4 ind. 100m™. During peak
abundance a mean of 9 ind. 100m™ was reached in August. In April and June 2002
individuals were found only sporadically (mean 0.17 und 0.23 ind. 100m™), and also in
January and March 2003 abundance was low (0.66 and 0.16 ind. 100m™). The life cycle of
M. mixta in the central Baltic Sea is about the same as in the northern Baltic Sea. The
juveniles are released in early spring, grow through the summer and mature in December
(Rudstam and Hansson 1990). Males do not survive the winter, therefore, the abundance

showed a clear decline from October on (Fig. 4).
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Fig. 4: Seasonal development of Mysis mixta in the central Baltic Sea. nd = no data

Swarms of M. mixta were found from July to November. They were mainly located at more
shallow stations (40-60m) in the north-east and in the south of the investigation area,
sometimes obviously related to the coast (Fig. 5). Abundance in the swarms reached a
maximum of 203 ind. 100m™in August. In the deep central basin M. mixta were caught only
seldom. Salemaa et al. (1990) and Margonski and Maciejewska (1999) found a similar

distribution in this area in former investigations.
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Fig. 5: Horizontal distribution of Mysis mixta in the central Baltic Sea in 2002. Numbers next

to the plots refer to abundance higher than plot size indicates. x = 0 ind.

Gut content analysis of M. mixta was carried out in July 2002. Main food items were the
cladocerans Bosmina coregoni maritima and Podon spp. In addition, fragments (mandibles,
legs) of the copepod species Temora longicornis and Centropages hamatus were identified
and also unidentified copepod mandibles were found (Fig. 6). Per individual 6 to 17 prey
organisms were found in the guts. In the northern Baltic Sea M. mixta was found to be a
selective feeder. M. mixta preferred the copepod Eurytemora hirundoides and cladocerans
to other common species (Hansson et al. 1990).
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Fig. 6: M. mixta gut contents: a.-c. Fragments of cladocerans (a., b. Bosmina coregoni

maritima, c. Podon sp.); d.-f. Leg and mandibles of copepods (d., e. Temora longicornis,

f. Centropages hamatus)

In the northern Baltic Sea M. mixta reached an abundance of 50-800 ind. 100m™ (Rudstam
and Hansson 1990). In this study abundance was much lower in general, and did not
exceed 203 ind. 100m™ in the only locally found swarms. Therefore, a high impact on the
populations of zooplankton as calculated by Rudstam et al. (1986) may occur only locally
during the investigated season in the central Baltic Sea. Although there is an overlap in
prey with sprat larvae (Voss et al. 2003; Dickmann et al. submitted), no competition for food
is expected, as the big swarms of M. mixta appeared mainly after the mass occurrence of

sprat larvae, which was in June and July (Dickmann 2005).

A negative impact of Mysis mixta on the zooplankton community and fish populations in the

central Baltic Sea in 2002 and early 2003 may occur only locally.
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5.3 Scyphomedusae
5.3.1 Central Baltic Sea

5.3.1.1 Abundance, seasonal occurrence and predatory impact

In the central Baltic Sea only two scyphozoan medusae occurred, Aurelia aurita and
Cyanea capillata. In 2002 the first medusae of both species were caught in July, maximum
abundance of A. aurita was found in August (2.3 ind. 100m™), whereas C. capillata reached
a maximum of only 0.07 ind. 100m™ (Fig. 7a; Fig. 2a in PUBLICATION 1). No ephyrae of
either species were caught. The horizontal distribution of A. aurita showed a maximum

abundance of 8 ind. 100m™ on single stations in October and November (Fig. 8).
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Fig. 7: Mean abundance (xSD) of Aurelia aurita and Cyanea capillata in the central Baltic
Sea in 2002 (a.) and 2003 (b.). nd = no data
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The abundance of A. aurita in this study was at the higher end of values reported for the
central Baltic Sea, but lower when compared to the western Baltic Sea (Table 5 in
PUBLICATION 1). Abundance peaks of 300 ind. m™ were reached in Kerteminde Fjord
(Danish Belt Sea), where individuals remained much smaller than in other areas (Olesen et
al. 1994). In Tokyo Bay (Japan) highest values of 153 ind. 100m™ were found (Omori et al.
1995). In general A. aurita abundance is higher in bays and fjords, it is known as a more
inshore species (Russel 1970).

From July to September, 80% of A. aurita medusae were found in the upper 20m, whereas
C. capillata showed a dependency on the intermediate water layer and the halocline (50-
60m), were salinity increased from 7 to 13 and oxygen was still available (Fig. 3 in
PuBLICATION |). Diel vertical migration patterns of A. aurita differ geographically (Yasuda
1970, 1973; Mackie et al. 1981; Hamner et al. 1982). However, in the central Baltic Sea no
vertical migration was observed during this study. The hydrographic conditions with a
stratified water column in summer seem to provide an optimal habitat above the
thermocline, with warmer water and high prey availability.

A. aurita fed on several zooplankton species. The guts contained cladocerans and
copepods (both groups mainly identified to species and stage level), bivalve and gastropod
larvae (Table 2 in PUBLICATION I). Daily feeding rates of medusae were relatively high (up
to 4815 cladocerans medusa™ day™), but due to the low medusae and high zooplankton
abundance the predatory impact on the zooplankton community was low. The mean impact
on the cladoceran standing stock was always <1.1% day™, and only a mean of 0.5% day
of the copepod standing stock were eaten. On stations with high medusae abundance the
predatory impact on copepods reached up to 1.2% day™ (station 12 in October 2002) and
even 7.8% of the cladoceran standing stock were consumed per day on station 21 in
August 2002 (Table 4 in PUBLICATION |). However, these high values were seldom and local
events, and are probably still too low to cause prey population declines (Purcell and Arai
2001). The impact rates in the central Baltic Sea were lower compared to other
ecosystems. Chrysaora quinquecirrha for instance, may feed a maximum of 94% day™ of
the copepod population in Chesapeake Bay (USA) (Purcell 1992). In Kiel Bight (western
Baltic Sea) A. aurita was supposed to be the factor regulating zooplankton density during
years of high medusae abundance (Moller 1980a; Schneider and Behrends 1994, 1998). In
these and many other ecosystems, A. aurita is known to feed mainly on copepod species
(Hamner et al. 1982; Matsakis and Conover 1991; Sullivan et al. 1994; Graham and Kroutil
2001; Mutlu 2001). In contrast, in the central Baltic Sea the cladoceran Bosmina coregoni
maritima was the main prey item. This endemic brackish water cladoceran is the
dominating zooplankton species in the upper 20m during the warm months (Hernroth and

Ackefors 1979), but in summer 2002, it reached the highest values ever reported in this
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area (max. 267,000 ind. m?). With its rapid parthenogenetic reproduction, it can

numerically outgrow its predators (Viitasalo et al. 2001).

Low medusae and high zooplankton abundance resulted in a low impact on the

zooplankton community in the central Baltic Sea. Higher impact occurred only locally.

A. aurita in the central Baltic Sea did not feed on fish eggs and larvae, although this
species is known for high predation rates on several fish species with negative effects on
their standing stocks (van der Veer 1985; Purcell 1985). In the western Baltic Sea for
example, predation by A. aurita resulted in a declining abundance of herring larvae (Moller
1980a, 1984). The BB is an important spawning ground for cod and sprat (Bagge et al.
1994; McKenzie et al. 2000; Koster et al. 2001). Cod eggs occur in the BB mainly from
April to July (Nissling 2004). For buoyancy reasons, they are restricted to salinities >11,
and are therefore distributed below 60m (Nissling et al. 1994). Cod larvae live in nearly all
depth layers in the BB, but their abundance peaks are always found deeper than 25m from
May to July (Grgnkjeer and Wieland 1997). During peak spawning in May and June sprat
eggs are distributed in and above the halocline from 20-60m depth (Makarchouk and
Hinrichsen 1998; Nissling et al. 2003). Sprat larvae co-occurred with medusae in the upper
water layers in summer, but reached numbers of only 0-0.3 ind. m? from August to October
2002, when their peak abundance was already over (Voss et al. 2004). Medusae and sprat
larvae in the central Baltic Sea feed on the same species (Voss et al. 2003; Dickmann et al.
submitted), but the amount of predation and competition is determined by the spatial and
temporal overlap of predator and fish larvae populations. Scyphomedusae and the eggs
and larvae of dominant fish species in the central Baltic Sea showed a clear seasonal and
vertical mismatch in their occurrence. These mechanisms prevent fish eggs and fish larvae

from predation and competition in this area.

The limited seasonal and vertical overlap of fish eggs and larvae with Scyphomedusae in

the central Baltic Sea protected them from predation in 2002.

The occurrence patterns of medusae in the central Baltic Sea in 2003 were completely
different from 2002. In April ephyrae were caught and small medusae of A. aurita and C.
capillata appeared already in May (Fig. 7b; Fig. 4a in PUBLICATION II). A. aurita was caught
only in 25m depth and deeper. C. capillata showed the same dependency on high salinity
as in 2002, it occurred in 40m depth and deeper, where salinity increased from 8 to 19 (Fig.

2 in PUBLICATION Il). Abundance of A. aurita was about the same in July, early August and
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November, with a lack of data in 2003 during the general peak abundance time in mid-
August and September.

This different pattern of occurrence in 2003 requires a different impact assessment in this
year. Medusae co-occurred with fish eggs and larvae for a longer time in the season. As
medusae appeared in May in 25m and deeper they had the opportunity to feed on cod
eggs, cod larvae and on sprat eggs. In addition, they co-occurred with sprat larvae in the
surface layer during their peak abundance in June and July (Dickmann 2005). Therefore, a
higher impact on fish populations was possible by both, direct predation and competition for

the same food resources.

Earlier appearance of medusae in the central Baltic Sea in 2003 may have caused a higher

impact on fish populations by predation and competition.

5.3.1.2 Origin of medusae in the central Baltic Sea

The occurrence patterns of Aurelia aurita and Cyanea capillata in the central Baltic Sea
found in 2002 were in agreement with earlier observations in this region (Janas and Witek
1993). It was remarkably, that no ephyrae occurred, and medusae appeared later, than in
more western parts of the Baltic Sea. In the Gullmar Fjord (western Sweden) ephyrae
appeared in October and had developed into medusae already in May (Hernroth and
Grondahl 1983; Gréondahl 1988). Olesen et al. (1994) found ephyrae in Kerteminde Fjord
(Danish Belt Sea) in February. In Kiel Fjord first ephyrae appeared in November (Mdller
1980b) and entered the medusae stage already in late April. All these areas contain
habitats for large polyp populations. Apart from some individual findings (Janas pers.
communication), no polyp populations are known in the central Baltic Sea and adjacent
areas. Although A. aurita medusae live in salinities as low as 3, the limiting salinity for
polyps appeared to be about 6 (Russel 1970). The occurrence patterns found in 2002 and
in earlier investigations (Janas and Witek 1993) suggest, that A. aurita and C. capillata do
not strobilate in that area. A surface salinity in the central Baltic Sea about 7-8 (Fig. 2; Fig.
3 in PUBLICATION 1), as found in this study, seems to inhibit at least strobilation of A. aurita.
The presence of C. capillata is known to be dependent on the inflow of North Sea waters
(Méller 1980c; Janas and Witek 1993). Its polyps need a salinity >20 (Cargo 1984), and

therefore cannot exist in the central Baltic Sea.

No large polyp populations of Scyphozoa seem to exist in the central Baltic Sea.
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The occurrence patterns of medusae in the central Baltic Sea in 2003 were completely
different from 2002. In April ephyrae were caught and small medusae of A. aurita and C.
capillata appeared already in May (Fig. 7b; Fig. 4a in PUBLICATION II).

Occurrence of Scyphomedusae is dependent on the existence of polyp populations and
advection of ephyrae. As mentioned before, no large polyp populations are known in the
central Baltic Sea and adjacent regions and the question arises where the Scyphomedusae
appearing in the central Baltic Sea originate.

The data from 2002 and 2003 allowed an inter-annual comparison under different
hydrographic conditions. The difference in both years either may originate in a different
timing of strobilation or might reflect the inter-annual variability of circulations and currents,
which control the transport of ephyrae from the strobilation areas to the central Baltic Sea.
In fact, there were remarkable differences in the circulation patterns between the two years.
In January 2003 a Major Baltic Sea Inflow (MBI) of cold and oxygen-rich water from the
Kattegat reached the central Baltic Sea. The inflow water was detected in the BB in late
January (Feistel et al. 2003). It was followed by some minor inflows in March and May, and
may have affected the occurrence and distribution of the medusae. To prove this
possibility, a 3-dimensional baroclinic model of the Baltic Sea was used to predict the
arrival of medusae in the central Baltic Sea. Known strobilation areas in the western Baltic
Sea were used as source regions in the model.

The different atmospheric forcing conditions and the corresponding varying hydrographic
situations were clearly reflected in the model results. In 2002 nearly all release dates from
mid-December 2001 to April 2002 resulted in a medusae arrival in the central Baltic Sea at
the end of June (Fig. 3 and Table 2 in PUBLICATION Il). This arrival fits in time exactly with
the observations, between absence of medusae (end of June) and the first observed
individuals (end of July). In 2003 the successive inflow events most likely caused earlier
arrival in the central Baltic Sea (Fig. 4 and Table 2 in PUBLICATION Il). The model predicted
an arrival of medusae in the central Baltic Sea already in January, but no medusae were
caught during this time. These results imply that strobilation did not occur that early in the
year. As the first ephyrae were caught in April, it was assumed, that they were advected to
the central Baltic Sea by the March inflow. The model results indicate a strobilation period
from mid-December to April in 2002 and from mid-January to April in 2003, as a release in
this time frame produced best agreement with the field observations. A strobilation during
this time is congruent with earlier observations (Méller 1980a, b; Olesen et al. 1994). The
results explain the lack of ephyrae in the central Baltic in 2002 and in earlier investigations.
Ephyrae start growing with an increase in mesozooplankton abundance, depending on
water temperature (Mdller 1980a; Lucas and Wiliams 1994). Therefore, they develop into

medusae until late June during about 90 days of drift before reaching the central Baltic
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Sea. High transport rates like the ones associated with the inflows in 2003 are necessary to
advect ephyrae into the central Baltic Sea, before they develop into medusae.

It is still unclear, if settlement of larvae and strobilation of polyps occur in the central Baltic
Sea and if so, how much they contribute to the population. However, strobilation success is
probably low, and the population seems to depend on early stages of medusae advected

from the western parts of the Baltic Sea.

The advection of medusae from the western Baltic Sea to the central Baltic Sea is likely.

A Major Baltic Inflow event caused the occurrence of ephyrae and the early appearance of

medusae in the central Baltic Sea in 2003.

5.3.2 Southern North Sea

5.3.2.1 Abundance, seasonal occurrence and prey composition

In the southern North Sea four scyphozoan species were caught: Cyanea lamarckii, C.
capillata, Aurelia aurita and Chrysaora hysoscella. Three different patterns of seasonal
occurrence were distinguished: (i) The early occurring C. lamarckii (February to August), (ii)
C. capillata and A. aurita (April-August) and (iii) the late appearing C. hysoscella (Fig. 2 in
PUBLICATION Ill). The seasonal patterns of occurrence of all four species were in the range
of former studies in the southern North Sea (Hartlaub 1894; Verwey 1942; Kiinne 1952;
Russel 1970; Méller 1980c; Hay et al. 1990). With a maximum density of 13 ind. 100m™ at
one station in June 2004 (Fig. 4a in PUBLICATION Ill) and a maximum mean abundance of
1.8 £ 2.7 ind. 100m™ C. lamarckii (Fig. 2 in PUBLICATION llI) reached the highest abundance
of all species during this investigation. The dominance of C. lamarckii in the southern North
Sea was also described in former studies (Hartlaub 1894; Verwey 1942; Kopacz 1994). In
contrast to the Baltic Sea, A. aurita was very low abundant in 2004 and was not caught in
2005. The former investigations did not provide abundance data of any species in the
southern North Sea. However, Kopacz (1994) found a maximum of 100 C. lamarckii 100m™
off Sylt Island in the summer of 1991. Van der Veer and Oorthuysen (1985) reported a
maximum abundance of 49 A. aurita 100m™ in a bight of the Dutch Wadden Sea. In
comparison with these abundance data (the only available data, but from outside the study
area), the abundance during this study in the years 2004 and 2005 was low to medium.
Also in the southern North Sea, knowledge about location of polyp populations is rare. It is
mainly based on assumptions (van der Veer and Oorthuysen 1985; Kiihl and Mann 1967;
Merck 1989) or on investigations performed >40 years ago (Kihl 1964). At least it is not

known if polyp populations of C. hysoscella really exist in the Elbe Estuary (Kiihl and Mann
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1967; Merck 1989) or if this species is advected from Spanish and French coasts
(http://schutzstation-wattenmeer.de).

The abundance of Scyphomedusae showed inter-annual fluctuations in the North Sea (Hay
et al. 1990). Lynam et al. (2004, 2005a) linked the abundance variability between 1971 and
1986 to climatic variations, as quantified by the North Atlantic Oscillation Index (NAOI). In
most of the North Sea medusae abundance was generally high when the NAOI was low
(Lynam et al. 2004, 2005a). Lynam et al. (2004) generated a conceptual model wherein
high a NAOI led to rare A. aurita and C. lamarckii abundance and vice versa. Deciding
parameters were e.g. sea surface temperature as trigger for strobilation (Russel 1970;
Omori et al. 1995), and advection, which leads to accumulation or dispersal of ephyrae.
According to Lynam et al. (2004) the abundance of A. aurita and C. lamarckii in the North
Sea might be suppressed by the present NAO high. However, the limited duration of this
investigation and the lack of long-term studies on medusae abundance in the southern
North Sea do not allow an interpretation of the data in relation to climate variability.

The southern North Sea is an important spawning ground for sprat (Aurich 1941), plaice
and flounder (Harding et al. 1978). The larvae of both flatfish species then migrate into their
nursery areas in the adjacent Wadden Sea (Creutzberg et al. 1978). The investigated
medusae in the southern North Sea fed on several copepod and other crustacean species
(Table 2 in PUBLICATION IIl). As this is the same food fish larvae prey on in this area
(Dickmann 2005) they have to be considered as competitors. In addition, C. lamarckii and
C. capillata consumed fish larvae and eggs in all months analysed. In June 2004 and July
2005 the investigated Cyanea medusae contained a mean of 1-5 fish larvae in their guts
(Table 2 in PUBLICATION Ill). As peak spawning of sprat occurs from May to July (Alheit et
al. 1987) when most medusae occur, fish larvae and eggs constitute an important prey for
the medusae. Hence, fish larvae in this area may suffer from both, predation and
competition, but due to the relative low abundance of Scyphomedusae in this study it was
concluded, that they did not control the recruitment of fish in the time frame investigated.
However, if a future reversal of the NAO phase provides a more favourable environment for
Scyphomedusae (Lynam et al. 2004) the abundance of medusae in the North Sea could
increase, and the recruitment of fish stocks may be impacted due to increased competition

for prey and predation on eggs and larvae.

Scyphomedusae in the southern North Sea are predators and competitors of fish larvae,
but due to their low abundance they had no negative impact on the populations of
zooplankton and fish in 2004 and 2005.
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6 Synthesis

The comparison of Scyphomedusae related topics in both investigated ecosystems
identified similarities as well as differences. Both were expected, as the ecosystems are
connected on one hand, but have many differences in hydrography and species

composition on the other.

6.1 Species diversity

The Baltic Sea has a considerably lower number of species than the North Sea, since
compared to freshwater and seawater, brackish waters are characterised by the lowest
number of indigenous species (Remane 1934). According to this only two Scyphomedusae
species occurred in the Baltic Sea: Aurelia aurita, of which polyps and medusae tolerate
less saline waters (Russel 1970) and Cyanea capillata, which is bound to higher salinities
and therefore distributed only in the halocline (Cargo 1984; Grondahl and Hernroth 1987;
Barz and Hirche 2005 PUBLICATION I). In the southern North Sea four scyphozoan species
were found. A. aurita is a cosmopolitan species (Russel 1970), but reached much less
significance than in the Baltic Sea. C. capillata reached higher abundance than in the
central Baltic Sea. It might reproduce in the southern North Sea due to the favourable high
salinity. In addition C. lamarckii, which is common in the southern North Sea (e.g. Verwey
1942; Hay et al. 1990), and Chrysaora hysoscella were found. At least five scyphozoan
medusae may occur in this area. Rhizostoma octopus was found in several investigations
(Verwey 1942; Kinne 1952; Russel 1970; Hay et al. 1990), but these species generally

peaked in September/October and was probably missed during our study.

6.2 Prey and predatory impact

The medusae mainly preyed on crustacean species in both ecosystems. In the Baltic Sea
the prey was dominated by the mass occurring, brackish water cladoceran Bosmina
coregoni maritima (Barz and Hirche 2005, PUBLICATION [), whereas a wider prey spectrum
was available and used in the North Sea (Barz and Hirche manuscript, PUBLICATION III).
Selective feeding of Scyphomedusae was demonstrated in several investigations. As
Scyphomedusae do not actively attack prey, selection depends on various characteristics
of predators and prey (reviewed in Purcell 1997). Large prey is relatively more vulnerable
to Scyphomedusae, as found in experiments with copepods and Aurelia aurita (Suchman
and Sullivan 2000). Also Cyanea capillata showed a preference for the larger components
of the zooplankton (Fancett 1988). On the other hand small size is suggested to be an
effective refuge from predation (Suchman and Sullivan 1998). The findings in the Baltic

Sea and the North Sea support these concepts. Nauplii and copepodite stages I-1ll were
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not ingested, although they were abundant in the water column (Barz and Hirche 2005,
PUBLICATION I; Barz and Hirche manuscript, PUBLICATION Ill). Although prey selectivity was
demonstrated for medusae in the central Baltic Sea (Barz and Hirche 2005, PUBLICATION 1),
the species investigated are not specialised on specific prey. Therefore, a change in the
zooplankton composition associated with the postulated regime shifts in Baltic Sea and
North Sea (Alheit et al. 2005; Méllmann et al. 2003) will not negatively affect the medusae
as long as enough prey is available.

Due to the low medusae and high zooplankton abundance the predatory impact on the
zooplankton community, fish eggs and larvae in both ecosystems was low (Barz and
Hirche 2005, PUBLICATION [; Barz and Hirche manuscript, PUBLICATION lll). In the central
Baltic Sea the seasonal and vertical mismatch in the occurrence of medusae and the
larvae and eggs of dominant fish species prevented them from predation. However, an
increasing abundance of medusae as anticipated after a reversal of the present NAO
(Lynam et al. 2004) may increase their impact on the populations of zooplankton and fish.
The changed occurrence patterns, caused by the Major Baltic Inflow event, resulted in a
higher overlap of medusae with fish larvae and eggs and may also have caused a higher
impact on the populations of important fish species by predation and competition. This
factor was not analysed during this study, and needs further attention in future
investigations, as a positive selection of fish eggs and larvae was found in earlier studies
for many scyphozoan species (reviewed in Purcell and Arai 2001). The positive selectivity
may be caused by the little or no escape ability and the relative large size of eggs and yolk-
sac larvae (Purcell and Arai 2001). A. aurita, C. capillata and C. hysoscella are known as
predators on ichthyoplankton, at least in laboratory investigations (Méller 1980b, 1984;
Lebour 1923; Fancett 1988).

6.3 Abundance control by physical forcing?

Medusae generally show high inter-annual fluctuations in their abundance (Schneider and
Behrends 1994), but the reasons for inter-annual differences in population size are often
unclear. Although turtles and some fish may eat medusae, top-down control of populations
does not seem to be prevalent for most species (Parsons and Lalli 2002). Also in the
central Baltic Sea and southern North Sea medusae abundance is probably not controlled
by predation, despite the facts: (i) that Aurelia aurita might be a substantial food source for
C. capillata (Bamstedt et al. 1997; Hansson 1997), and (ii) that predation by the
ophisthobranch mollusc Coryphella verrucosa could drastically affect the growth of polyp
colonies (Hernroth and Gréndahl 1985). In fact, abundance of medusae is mostly bottom—
up controlled by physical factors (temperature, salinity), food supply and availability of

suitable hard substrate for the polyp settlement (Parsons and Lalli 2002). In the Baltic Sea
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and North Sea the medusae abundance was probably not limited by food availability, as
zooplankton was highly abundant during spring and summer and medusae species are not
dependent on specific prey species. Most controlling factors affect the polyp generation,
influence the ephyrae production and advection, and thus effect variation of the patterns of
medusae abundance and occurrence between years and areas. The impact of changing
physical conditions (mainly meteorological forcing) on the occurrence and abundance of
medusae was already demonstrated. Lynam et al. (2004, 2005a) linked the abundance
variability of medusae in the North Sea between 1971 and 1986 to climatic variations, as
quantified by the North Atlantic Oscillation Index (NAOI). Lynam et al. (2004) suggested
abundance of A. aurita and C. lamarckii in the North Sea to be suppressed by the present
NAO high, which is associated with high sea surface temperatures. A similar mechanism
might be valid for the connected Baltic Sea, as it is also affected by the high NAO with an
increase in average spring water temperature and decreasing salinities (Hanninen et al.
2000; Fonselius and Valderrama 2003). The limited duration of this investigation and the
lack of long-term studies in both regions do not allow an interpretation of the data in relation
to climate variability. However, this investigation confirms a low medusae abundance in the
Baltic Sea as well as in the North Sea during the presence NAO high.

In addition to abundance, also the occurrence patterns of medusae are controlled by
physical forcing. In the western Baltic Sea strobilation of A. aurita occurred in winter and
spring, but generally peaked in April and first medusae were also found in April (Mdller
1980a, b; Olesen et al. 1994). As there is most probably no ephyrae production in the
central Baltic Sea (Janas and Witek 1993; Barz and Hirche 2005, PUBLICATION I), A. aurita
and C. capillata strongly depend on advection from the western area and the North Sea.
The advection takes a long time and the species appear later in the year compared to the
western Baltic Sea. An exceptional Major Baltic Inflow event, which in turn was induced by
meteorological forcing, was responsible for completely changed patterns of seasonal
occurrence of medusae in this area in 2003 (Barz et al. 2006, PUBLICATION II).

Many factors, mainly controlling the polyp populations, but also affecting the advection of
ephyrae, are responsible for abundance and occurrence of medusae in the Baltic Sea and
North Sea. Lynam et al. (2004) postulated, that a future reversal of the NAO (from high to
low) could release the environmental inhibition of Scyphomedusae. A following increase of
medusae abundance could cause strong impacts on the populations of zooplankton and
fish in the southern North Sea and the central Baltic Sea. For a successful monitoring and
eventual forecast of medusae blooms in an area it is critical to learn more about their
complete life history dynamics (Mills 2001) and the locations of polyp populations. In the

Baltic Sea, as well as in the North Sea, the main problem arises, where medusae are
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produced at all. Without knowledge about the origin of medusae it is impossible to link their

patterns of occurrence to the local or remote polyp populations.

6.4 Future perspectives

Major Baltic Inflow events are relatively seldom and mostly induce remarkable changes in
the whole Baltic environment. They may affect all communities from the benthal to the
pelagial (Wasmund et al. 2004) and several changes still have to be expected after the last
MBI. Therefore the occurrence patterns of Scyphomedusae need to be monitored during
the next years, as e.g. changes in the salinity probably open up new habitats for polyp
settlement.

A major goal of future investigations on Scyphozoa in the Baltic Sea and the North Sea
should be the detection of polyp populations of all species in both ecosystems. The located
populations need to be observed the whole year round, and a simultaneous recording of
physical conditions has to be conducted. Only this combination of observation with abiotic
conditions allows a direct connection of strobilation to physical forcing. In addition, local
currents need to be revealed and inserted in drift models, as they may affect advection of
all free-swimming scyphozoa stages to other regions. This information will provide tools to
predict when and how many ephyrae will be released in one year, and where they might be

advected. Hence, they are basic for a prediction of medusae “blooms”.
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Abstract The annual cycle of abundance and distribu-
tion of the scyphozoan medusae Aurelia aurita and
Cyanea capillata was studied in the Bornholm Basin
(central Baltic Sea) in 2002. Seasonal changes in prey
composition and predatory impact were investigated by
analyzing stomach contents. 4. aurita occurred from
July to November, with a maximum mean abundance of
2.3 ind. per 100 m® in August, whereas C. capillata was
caught in much smaller numbers from July to Septem-
ber. No ephyrae of either species were found; therefore,
advection of medusae from the western Baltic Sea is
assumed. From July to October, ~80% of A. aurita
medusae was distributed in the upper 20 m above the
thermocline, whereas C. capillata occurred only in the
halocline below 45 m. A4. aurita did not migrate verti-
cally and fed mainly on the most abundant cladoceran
species Bosmina coregoni maritima. Further prey
organisms were the cladocerans Evadne nordmanni and
Podon spp., mollusk larvae and copepods. Copepod
nauplii and copepodite stages I-1II were not eaten by
the medusae, neither were fish eggs and larvae used as
prey. Based on mean medusa and zooplankton abun-
dance from the upper 20 m, the predatory impact was
very low. In August, when mean abundance of 4. aurita
was highest, only 0.1% of the copepod and 0.5% of the
cladoceran standing stock were eaten per day. However,
in regions with higher medusa or lower zooplankton
abundance, up to 7.9% of the cladoceran standing stock
was consumed per day. Hence, 4. aurita did not regulate
the zooplankton community in the Bornholm Basin, and
fish larvae did not suffer from competition with and
predation by the medusae.
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Introduction

Scyphomedusae are conspicuous members of marine
pelagic ecosystems. When reaching high abundance,
they can reduce the stocks of zooplankton communities
considerably (e.g. Moéller 1980b; Matsakis and Conover
1991; Purcell 1992; Olesen 1995; Omori et al. 1995;
Lucas et al. 1997; Schneider and Behrends 1998). The
most important effects of predation by medusae are
summarized by Purcell (1997): top-down control of
zooplankton populations and competition for food with
fish, consumption of fish eggs and larvae, and changes in
the zooplankton community through predation on
organisms in various trophic levels. In the Baltic Sea
only two scyphozoan medusae occur. Cyanea capillata is
found only sporadically. Its abundance in the Bornholm
Basin (central Baltic Sea) is very low, alternating with
years of complete absence (Janas and Witek 1993; Lis-
chka 1999). In contrast, Aurelia aurita occurs continu-
ously in the Baltic Sea. In Kiel Bight (western Baltic Sea)
it was observed all year round (Moller 1980a), some-
times reaching high densities. In such “bloom” years
(Schneider and Behrends 1994), a decline in the abun-
dance of herring (Clupea harengus) larvae and copepods
was observed there (Moller 1980b; Schneider and Be-
hrends 1998).

While the western Baltic Sea is a relatively shallow
area, where copepods dominate the zooplankton, the
central Baltic is a highly stratified, brackish body of
water, with a permanent halocline and a summer ther-
mocline in the deep basins. These conditions affect the
composition and distribution patterns of the zooplank-
ton community, which, especially in summer, is domi-
nated by cladocerans above the thermocline and
copepods below it (Schulz and Hirche, personal com-
munication). During an intensive field study in the
Bornholm Basin in the framework of the German
GLOBEC, which focuses on the interactions between
zooplankton and fish under the influence of physical
processes, it was our aim to assess the role of scyphozoan
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medusae in the pelagic food web. As they are the only
invertebrate predators in the plankton besides chae-
tognaths and mysids, they may constitute an important
factor controlling zooplankton mortality, although Ja-
nas and Witek (1993), from estimates of the food
requirements of medusae, did not find a significant im-
pact. In addition medusae compete for zooplankton with
the commercially important planktivorous fish species
sprat (Sprattus sprattus) and herring, but also may prey
on fish eggs and larvae and thus directly affect their
recruitment. Margonski and Horbowa (1995) mentioned
feeding of A4. aurita and C. capillata on cod (Gadus
morhua) eggs in the Bornholm Basin. In order to answer
these questions, seasonal and vertical distributions of
the two scyphomedusae were described, and their
abundances were estimated. From gut content analysis
of A. aurita, predation rates were estimated and the
impact on the zooplankton community was calculated.

Materials and methods
Sampling location, dates and hydrography

The study area was located in the Bornholm Basin,
central Baltic Sea. The station grid included 52 stations
with 9 focus stations (Fig. 1). The water depth varied
between 30 and 90 m. Samples were taken during 12
cruises from March 2002 to January 2003, with a max-
imum time interval of 2 weeks between the sampling
events from July to October (Table 1). Five cruises be-
tween March and July 2002 are not listed in Table 1,
because no medusae occurred. The cruise in July in-
cluded two complete grid investigations (Jul. and
Aug. I), which were presented separately for medusa
abundance and size. Salinity, temperature and dissolved
oxygen were recorded on every station with a standard
CTD probe (SBE 911+, ME).

Abundance and distribution of zooplankton
and scyphomedusae

Zooplankton samples were collected at nine focus sta-
tions using a multinet (0.25-m” opening, 55-pm-mesh
size), vertically towed in 10-m intervals from near
bottom to surface. Samples were preserved in a 4%
borax-buffered formalin-seawater solution. At all grid
stations scyphomedusae were collected from oblique
Bongo net hauls (0.6-m diameter, 335- and 500-um-
mesh size). As 335- and 500-um Bongo showed no
difference for the abundance of A. aurita (P=0.5-0.9;
Mann—Whitney rank sum test), the average values of
both nets were used for the distribution and abundance
of the medusae. Additional oblique hauls with an
Isaacs—Kidd midwater trawl (IKMT, 6-m® opening,
1,000-um-mesh size) were used at the focus stations to
validate the sampling efficiency of the Bongo net for
scyphomedusae. Comparison of both net types showed

that the Bongo net worked well for scyphomedusae in
the study area (P=0.4-0.6; Mann—Whitney rank sum
test).

The vertical distribution of the scyphomedusae was
studied by using a trawled BIOMOC (1-m? opening, 55-
um-mesh size) or a trawled multinet (0.25-m” opening,
335-um-mesh size) on four cruises at stn 23. On each
cruise during 24 h, three day and three night hauls were
taken in 5-m (July-September) or 10-m (November)
intervals from bottom (90 m) to surface. The depths
shown in Fig. 3 are mean trawling depths. All medusae
collected were processed onboard, identified, weighed
and measured to the nearest 0.5 cm below.

Prey analysis

For gut content analysis, single 4. aurita medusae were
scooped from the surface water by using a dip net be-
tween July and October. After collection medusae were
immediately measured, weighed and preserved in a 4%
borax-buffered formalin-seawater solution. To investi-
gate the predation in different depth strata, medusae
from BIOMOC hauls were preserved for prey analysis.
In the laboratory the medusae were dissected, and ca-
nals, stomach and gastric pouches were examined for
prey organisms, which were counted and identified to
genus or species level. Copepods were determined to
stage level.

Prey selection

Prey selection was calculated for A. aurita medusae
collected from surface waters at stn 23 on four cruises
from July to October when data on zooplankton abun-
dance were available. Selectivity indices (C) for the
zooplankton taxa were calculated from the average
numbers of prey in the medusa guts and the corre-
sponding numbers of prey per cubic meter in the upper
20 m. Statistical significance was based on chi-square, as
suggested by Pearre (1982). Selectivity values range from
—1 to + 1, with 0 indicating no selection.

Feeding rates and predatory impact

Feeding rates and predatory impact were calculated for
the focus stations on four cruises from July to October
when data on zooplankton abundance were available.
Individual feeding rates were expressed as numbers of
prey consumed per medusa per day:

F=Cm=+Dx24h (1)

where F'is the number of prey consumed per medusa per
day, C,, is the number of prey in the medusa and D is
digestion time (h), 24-h feeding is assumed. Digestion
time of A. aurita depends on temperature, prey size and
numbers of prey in the gut (Matsakis and Conover



1991; Martinussen and Bamstedt 1999, 2001; Bamstedt
and Martinussen 2000). Purcell (2003) found a digestion
time of 3 h at 14°C for Aurelia labiata in Prince William
Sound, Alaska, while Kerstan (1977) measured a
digestion time of 4+2 h for 4. aurita in the western

Fig. 1 Study site in the
Bornholm Basin with names of
stations and spatial distribution
of Aurelia aurita in August

(a) and September (b) 2002.
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Baltic at 14-15°C. As during our study the number of
prey per medusae were similar to Purcell’s and warmer
water in August and September may have accelerated
digestion, we used a digestion time of 3 h in our cal-
culations.
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Table 1 Cruisq dates, parameters angl nets for scyphome'd.usa Night Ind 100 m™ Day
investigations in 2002-2003 (M N Multinet; PC prey composition; 8 6 4 2 0 2 4 6 8 10
PI predatory impact; PS prey selectivity; SD spatial distribution; 0 . —— . —— :
VD vertical distribution). Sampling stations: Bongo on whole 1 ' " 1
grid; dip net, IKMT and MN on focus stations; BIOMOC and 01
trawled MN on stn 23; zooplankton was sampled on all cruises 20 A
except Aug. III with MN on focus stations 30 |
B — A auri
Cruise date Scyphomedusae = 40 A —c i:::;ata
% 50 - Temperature
Parameter Net o > ST Salinity
60 - ... T Oxygen
22 Jul-7 Aug SD, VD, PC, PS PI  Bongo, IKMT, 70 |
(Jul., Aug. I) BIOMOC, dip net
12-21 Aug SD, PC, PS PI Bongo, IKMT, 80 1 : Jul 27
(Aug. 1) dip net T T T T ¥ T T T T T
22-30 Aug SD, VD, PC Bongo, IKMT, trawled 0 2 4 6 8 10 12 14 16 18 20 22
(Aug. III) MN, dip net
3-13 Sep SD, VD, PC, PS PI  Bongo, IKMT, 2520 1510 5 0 5 10 1520 25 30 35
BIOMOC, dip net U P— _
30 Sep—10 Oct SD, PC, PS P1 Bongo, IKMT, 10 - — Y )J
dip net it ——— 1
11-29 Nov SD, VD Bongo, IKMT, 20 1 i
trawled MN — 30 1 ‘
13-24 Jan, 2003  No medusae Bongo, IKMT £
< 40 1
a
8 50 1
The predatory impact of the medusae on the popu- 60 1
lations of copepods and cladocerans was calculated 70 |
according to the equation:
80 - ‘ Aug 28
P=FxM+Cx100 2 ————
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Fig. 2a, b Aurelia aurita, Cyanea capillata. a Mean abundance Fig. 3 Aurelia aurita, Cyanea capillata. Vertical distribution (mean
(£SD) and water temperature in 5 m in 2002-2003. b Mean abundance £ SD) in relation to hydrography (temperature, salinity,
diameter (cm) with min. and max. values shown as vertical lines oxygen) from July to November 2002



where P is the percentage of prey standing stock con-
sumed per day, F is the number of prey consumed per
medusa per day, M is the abundance of medusae per
cubic meter and C is the abundance of prey per cubic
meter.

Results
Hydrography

The hydrography of the central Baltic Sea is charac-
terized by clear stratification (see Fig. 3). From July
to September the thermocline was found between 25
and 15 m, separating the surface layer from the
colder (5-6°C) intermediate water layer. Temperature
in the surface layer is shown in Fig. 2. It increased
from 16°C in the beginning of July to the maximum
summer temperature in August (20.8°C). In Novem-
ber the surface water had cooled down to 8.9°C and
merged with the intermediate water. Below a halo-
cline, which varied between 55 m in July and 45 m in
November, oxygen-depleted bottom water reached to
the ground. Salinity was rather constant between the
surface and the halocline (7 PSU) and increased
thereafter up to 15.5 PSU. Oxygen concentration de-
creased rapidly below the halocline to values <2 ml
I"!. In September a warm North Sea water body
originating from an exceptional summer inflow event
reached the Bornholm Basin (Fig. 3). With a tem-
perature of 12-13°C it resided in the halocline be-
tween the intermediate water and the bottom water
(Feistel et al. 2003).

Medusa abundance and size

Aurelia aurita and Cyanea capillata were the only
scyphozoan species caught in the Bornholm Basin.
The first medusae of both species were observed at
the end of July (Fig. 2). In Fig. 2 mean abundance is
shown for all stations per cruise, integrated over the
whole water column. Highest abundance of A. aurita
was found in August and the beginning of Septem-
ber, with 2.3 and 2.1 ind. per 100 m?, respectively. In
November still 0.9 ind. per 100 m® were observed, but
in mid-January no medusae were found. Mean me-
dusa size varied only slightly between 8.5 cm in July
and 13.7 cm in August; the size range, however, was
almost constant during the whole investigation period
(Fig. 2).

C. capillata occurred only between July and Sep-
tember and in much smaller numbers than A. aurita.
Abundance varied between 0.05 ind. per 100 m® in July
and August and 0.07 ind. per 100 m’ in late August and
early September (Fig. 2). Mean medusa size showed a
decreasing trend from 7 cm in July to 5 cm in Septem-
ber. No ephyrae of either species were caught during the
whole investigation period.
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Vertical distribution

A. aurita and C. capillata showed a pronounced vertical
separation over the water column during the 24-h sam-
pling (Fig. 3). From July to September A. aurita had its
highest abundance in the upper water layers. About
80% of the medusae was present in the upper 20 m, the
rest was spread over the remaining water column. In
contrast, in November most medusae were caught in
40 m.

A large patch of C. capillata was caught in July above
and in the halocline between 50 and 60 m, where salinity
increased from 7 to 13 PSU, temperature was 5°C and
oxygen content was >2ml 17! (Fig. 3). This patch
probably does not reflect the general abundance of
C. capillata in this month (Fig. 2). In August and Sep-
tember C. capillata was only found sporadically; in
November it was absent.

No significant difference between day and night
samples of either species was detected (P=0.18-1.00,
Mann—Whitney rank sum test).

Horizontal distribution

Two examples of the horizontal distribution of A. aurita
in the Bornholm Basin are presented in Fig. 1. Values
were integrated over the whole water column. In August
some larger patches of medusae were encountered where
abundance reached >6 ind. per 100 m’ (stns 14 and
41), but also areas with no medusae were found (stns 40
and 43b). In September the distribution was rather
homogenous, abundance varied between 0.3 and 4 ind.
per 100 m®. The highest concentration of medusae was
8 ind. per 100 m®, found at stn 43a in October and stn
7 in November. A study examining medusa distribution
in relation to circulation patterns is under way.

Zooplankton abundance

Data on seasonal and vertical zooplankton abundance
and distribution at the focus stations were provided by
Schulz and Hirche (personal communication). In brief,
during medusa occurrence, cladocerans and copepods
dominated the zooplankton. Between July and Septem-
ber the most abundant species above the thermocline
was the cladoceran Bosmina coregoni maritima, which
reached a maximum density of 267,000 ind. m > at stn

23 in August (Schulz and Hirche, personal communi-
cation). Abundance of Podon intermedius peaked in
July/August (800 ind. m~ at stn 41), followed by a
smaller peak in October. Evadne nordmanni reached its
maximum abundance already in May; the highest
numbers during medusa occurrence were caught in
October (7,000 ind. m™%). Abundant copepods were
Acartia bifilosa, A. longiremis, Temora longicornis,
Pseudocalanus acuspes and Centropages hamatus, but
their maximum abundance was usually confined to the
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Table 2 Aurelia aurita. Composition of gut contents (%) from July to October 2002, with sampling depth (m), number (7) and mean size (cm) of analyzed medusae (0 m caught by dip

net from surface; all others caught by BIOMOC)
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waters between 20 and 70 m. During the warm months
only A. bifilosa was found, mostly above the thermocline
(Dutz, in preparation).

Gut content

Gut content of 4. aurita from five cruises was analyzed
in specimens collected individually with a dip net from
the surface layer. Due to limitations in time for sampling
and appropriate sampling conditions (calm sea), only
the most abundant size class was collected (compare
Fig. 2b and Table 2). The larger specimens were always
damaged, while the small ones were out of reach. Their
food consisted of cladocerans, copepods, bivalve and
gastropod larvae and varied only slightly in species com-
position and abundance during the study period. The
cladoceran Bosmina coregoni maritima was the most
abundant prey item during the whole investigation (Ta-
ble 2). In July cladocerans made up 93% of the gut con-
tent. The copepod fraction included copepodites IV-V
(CIV-CV) and adults of Acartia spp., Pseudocalanus
acuspes, Temora longicornis, Centropages hamatus and
Eurytemora hirundoides and varied from 1% to 14% of
the prey items. The highest value was found for Acartia
spp. in October (9%). A further important group of food
items was bivalve larvae, with up to 21% in late August
(Aug. III). The guts of 4. aurita caught by dip net near the
surface contained many more prey items than those
caught by BIOMOC in deeper water layers. The com-
parison of total prey in specimens collected by dip net to
those caught by BIOMOC in 0-5 m, which are supposed
to feed in the same depth, suggests that medusae lose once
ingested prey items during the haul, which may lead to an
underestimation of daily ration. Therefore, gut contents
of medusae caught by BIOMOC are listed for information
(Table 2), but are not used for calculation of impact.

Prey selectivity

The selectivity values for A. aurita ranged around zero
(Table 3), indicating low prey selection. However, the
values were always significantly positive for Podon sp.
(P<0.001); bivalve larvae were significantly positively
selected in August and September (P <0.001). In con-
trast, prey selection values for Acartia spp. were always
negative and significantly different from 0 in July and
September (P <0.001). Nauplii and CI-CIII were always
available, but never eaten by A. aurita.

Predatory impact

The effect of predation by A. aurita on the zooplankton
community was calculated for all focus stations on four
cruises from July to October. As the major portion
(80%) of A. aurita lived in the upper 20 m from July to
September (Fig. 3), calculations for prey selection and
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Table 3 Aurelia aurita. Prey selectivity values from July to October 2002 according to Pearre (1982). Asterisk denotes significant selection

(P <0.05) (dash prey not present in guts)

Month  Bosmina Evadne Podon  Pseudocalanus Acartia  Temora Centropages Eurytemora Bivalve Gastropod
coregoni maritima nordmanni  Spp. acuspes spp. longicornis  hamatus hirundoides larvae larvae

Jul. 0.022* 0.010 0.044* 0.009 —0.017* 0.010 0.022* - —0.007 —

Aug. I —0.007 0.004 0.011* —0.002 —0.001  —0.004 0.000 - 0.148*% —

Sep. 0.014 0.095* 0.032* —0.003 —0.028* —0.026*  0.006 - 0.056* 0.002

Oct. 0.047* —0.002 0.054* 0.027 —0.006 —0.006 0.003 0.000 —0.007 —

predatory impact were made for the 0- to 20-m layer
only. Furthermore, all calculations were related to the
mean size and biomass of the medusae for each cruise, as
only such medusae were analyzed. Thus, it is possible
that size-related differences were ignored. In Table 4, the
impact in the upper 20 m is shown for stn 23 and other
stations having high medusa abundance, with mean
values for all focus stations per cruise. Because of their
low importance as prey (Table 2), all copepod species
were pooled for impact calculations. Bosmina coregoni
maritima, Evadne nordmanni and Podon spp. were
pooled as ‘“‘cladocerans”. From July to September, a
maximum impact of 0.28% day ' on the copepod
standing stock was observed (stn 41 in July; Table 4);
the highest mean consumption per cruise was
0.10% day'in August. In October, medusae fed on more
copepods and the predatory effects reached a maximum of
1.15% day ' of the standing stock at stn 12, but the mean
value for all focus stations in October was only
0.41% day~'. The mean impact on the cladoceran stock
was comparably low, but some stations were stressed by a
higher predation effect. In August, 7.87% day ' of the
cladoceran stock was eaten at stn 21, whereas the large
patch of medusae at stn 41 (Fig. 1) ingested only

Table 4  Aurelia aurita. Feeding rate (prey consumed
medusa 'day!) and predatory impact (% prey standing stock
consumed day~') on copepod and cladoceran standing stock from
July to October 2002 at stn 23 and stations having high medusa

0.9% day ' of the cladocerans, due to their extremely
high abundance. The highest mean impact per cruise was
found in October (1.09% day~ '), when abundance of
cladocerans in the upper 20 m was lowest.

Discussion
Seasonal distribution and life cycle

The two scyphozoan medusae Aurelia aurita and Cyanea
capillata are found regularly in the Bornholm Basin, but
are not present all year round. Our collection of A. au-
rita from July to November is in the range of the
observations by Janas and Witek (1993) in the Polish
fisheries zone (southern/central Baltic) between 1983 and
1991, where it was found from July to January, with
highest numbers between August and November.

The life cycle of A. aurita in the Bornholm Basin in
2002 started with the appearance of medusae >1.5 cm in
diameter in July and closed in November, when the main
abundance of medusae was found in 45-35 m depth
(Fig. 3). This life cycle is characterized by the absence of
ephyrae, a later appearance of young medusae and a

abundance, with mean values (+SD) and range for all focus sta-
tions. Calculated with abundance of medusae and prey in the upper
20 m (ind. m~%). For size and number of analyzed medusae see
Table 2

Month Station Abundance Feeding rate Predatory impact
(ind. m™) (prey med.”! day™!) (% consumed day ™)
Medusae Copepoda Cladocera Copepoda Cladocera Copepoda Cladocera
Jul. 23 0.02 4,267 43,280 163.2 2,420.8 0.08 0.11
41 0.04 2,358 32,154 163.2 2,420.8 0.28 0.30
Mean + SD 0.01+0.01 5,028 +5,695 43,812+£19,278 163.2 2,420.8 0.03 0.05
Range 0.00-0.28 0.00-0.30
Aug. 11 23 0.07 9,139 174,118 55.2 4,815.2 0.04 0.19
21 0.15 3,078 9,178 55.2 4,815.2 0.27 7.87
41 0.18 4,192 95,501 55.2 4,815.2 0.24 0.91
Mean + SD 0.094+0.06 4,601 +£2,855 75,749 + 67,946 55.2 4,815.2 0.10 0.54
Range 0.03-0.27 0.13-7.87
Sep. 23 0.10 5,971 6,384 59.2 1,559.2 0.10 2.44
03 0.11 3,101 12,954 59.2 1,559.2 0.21 1.32
41 0.09 3,450 3,392 59.2 1,559.2 0.15 4.14
Mean + SD 0.074+0.03 5,328 +£7,198 17,716 £10,088 59.2 1,559.2 0.07 0.58
Range 0.01-0.21 0.19-4.14
Oct. 23 0.03 19,328 37,965 385.6 2,245.6 0.06 0.18
12 0.12 4,013 6,656 385.6 2,245.6 1.15 4.05
Mean +SD 0.05+£0.03 6,144 +5,517 12,862+11,261 385.6 2,245.6 0.41 1.09
Range 0.06-1.15 0.18-4.05
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smaller mean diameter than in adjacent areas. In the
Gullmar Fjord (western Sweden) ephyrae occurred from
October on, and already in May all specimens had
developed into medusae (Hernroth and Gréndahl 1983;
Grondahl 1988). Olesen et al. (1994) found ephyrae in
Kertinge Nor and Kerteminde Fjord in the Danish Belt
Sea in February. In the western Baltic (Kiel Fjord) first
ephyrae appeared in November (M&ller 1980a) and en-
tered the medusa stage (>1 cm) already in late April.
The mean diameter of 4. aurita during our investigation
varied only slightly between 8.5 and 13.7 cm, with a
minimum diameter of 1.5 and a maximum of 45.5 cm.
The greatest mean diameter of 4. aurita from Kiel Fjord
between 1978 and 1979 was larger (19.7 cm, Moller
1980a).

In fall, 4. aurita is found in deeper waters, similar to
in the Black Sea (Vinogradov and Shushkina 1982). It is
unclear whether this is part of a seasonal migration
(Yasuda 1970) or whether they follow their prey. In the
Bornholm Basin, prey abundance was not greater at the
depth of their occurrence (Schulz and Hirche, personal
communication). The majority of medusae seem to
degenerate and die after reproduction (Hamner and
Jenssen 1974; Moller 1979, 1980a; Hay et al. 1990).
Therefore, the deep-dwelling medusae found in
November in the Bornholm Basin are probably degen-
erating animals accumulating on the pycnocline. How-
ever, a life span of 2 years and a second reproduction
phase have been suggested for Japanese waters from
laboratory observations and field studies by Omori et al.
(1995) and Miyake et al. (1997).

The absence of ephyrae, the later appearance and the
smaller size than in adjacent areas indicate that A. aurita
does not reproduce successfully in the study area. Janas
and Witek (1993) proposed that reproduction of 4. au-
rita may occur in Polish waters, locally and in small
numbers, but the majority of medusae is transported by
surface currents from the western Baltic. Méller (1980c)
suggested the Kiel Bight and waters around the Danish
Isles as the main areas of 4. aurita production, where
polyps find sheltered bays and fjords with their preferred
conditions (Moller 1979; Groéndahl 1988). A study
dedicated to medusa abundance and distribution pat-
terns combined with circulation models should help in
identifying the origin of 4. aurita in the central Baltic.

C. capillata is usually much less abundant in the
central Baltic than A. aurita (Janas and Witek 1993;
Margonski and Horbowa 1995; Lischka 1999). It shows
a considerable interannual variability in its seasonal
occurrence in the Bornholm Basin. First appearance
varied from February to August, alternating with years
of complete absence (Janas and Witek 1993; Lischka
1999); our observations of occurrence from July to
September fit into this range. In Kiel Bight it occurred
from June to September in 1976/1977 and already in
April during 1978/1979 (Moller 1984). First ephyrae
appeared in Gullmar Fjord in February, medusae
appeared from June until December (Gréndahl 1988).
The origin of C. capillata in the Bornholm Basin is also

unclear, as the absence of ephyrae and the generally low
abundance indicate that there was no reproduction in
the study area either. The Gullmar Fjord (Sweden) is
known as one production area of C. capillata near the
Baltic, where the polyps find favorable salinity
(>20 PSU, Cargo 1984), although the low abundance of
ephyrae there indicates the geographical boundary for
production (Gréndahl and Hernroth 1987; Groéndahl
1988). The vast majority of individuals of this species
probably drifts into the Baltic from the North Sea,
which makes it an indicator of North Sea water masses
in the Baltic Sea (Moller 1980c; Grondahl and Hernroth
1987).

Vertical distribution

The two medusa species showed marked differences in
their vertical distribution in the Bornholm Basin
(Fig. 3). From July to September 2002 the vast majority
of A. aurita were collected in the upper 15 m, whereas
C. capillata was only found below 45 m. In August and
September the lower boundary for the largest part of the
population of A. aurita at 15 m depth coincided with the
thermocline, where temperature dropped from 20°C to
6°C. Previous studies in this area also found highest
numbers of 4. aurita in August and September in the
upper 20 m at temperatures around 17°C and a salinity
of 7PSU (Margonski and Horbowa 1995; Lischka
1999). While Margonski and Horbowa (1995) explained
an unusual peak abundance in August 1993 at 50-60 m
by a warm water intrusion in this depth, the warm water
inflow during our study in September 2002 (Fig. 3)
apparently did not affect vertical distribution. Diel ver-
tical migration patterns of A. aurita differ geographically
(e.g. Yasuda 1970, 1973; Mackie et al. 1981; Hamner
et al. 1982). In Kiel Bight medusae approached the
surface at midday and midnight, possibly following their
copepod food (Moller 1984). In the Black Sea, on the
other hand, 4. aurita were restricted to the surface layers
and did not migrate (Kideys and Romanova 2001). In
the Bornholm Basin diel vertical migration has not been
studied before. At 24-h stations between July and
November, no diel vertical migration was observed in
our study (Fig. 3). The hydrographic situation in the
Bornholm Basin, with a stratified water column from
July to September, seems to provide an optimal habitat
for A. aurita above the thermocline, with warmer water
and high prey availability.

C. capillata was never observed above 40 m in the
central Baltic (Hernroth und Ackefors 1979; Margonski
and Horbowa 1995; Lischka 1999). In contrast to
A. aurita, it seemed to prefer the intermediate water
layer and the adjacent halocline. The higher salinity
found below 60 m, which is closer to the oceanic con-
ditions under which C. capillata is usually found
(Grondahl and Hernroth 1987), does not seem to be
accessible in the Bornholm Basin due to low oxygen
concentrations. Although scyphozoan medusae in



general seem to tolerate low oxygen conditions (Arai
1997), they moved to upper layers when oxygen content
was <2 mg 17!, as found by Keister et al. (2000) for
Chrysaora quinquecirrha. Negative effects of oxygen
depletion upon the predation capacity or the absence of
prey could be the reason for this avoidance (Keister
et al. 2000).

As A. aurita may be a substantial food source for
C. capillata (Bamstedt et al. 1994, 1997; Hansson 1997),
its absence at 50-60 m in July could be explained as a
result of predation by the large patch of C. capillata (up
to 2 ind. per 100 m®) caught at this depth. In Lischka’s
study (1999), A. aurita was also absent at 55-75 m,
where C. capillata occurred in August 1998, but she
could not detect 4. aurita in the guts of C. capillata. The
exclusive occurrence of C. capillata at 270 m in August
could also be predation related, whereas both species co-
occurred in July and September in deeper layers
(> 60 m).

Abundance

The abundance of A. aurita during this study is at the
higher end of the values reported for the central Baltic,
but lower when compared to the western Baltic
(Table 5). Average numbers of 4. aurita found by Lis-
chka (1999) in 1998 in the same area showed similar
values for July and August, with 0.31 and 2.18 ind. per
100 m*, respectively (Table 5). In contrast, Margonski
and Horbowa (1995) caught only about 0.8 ind. per
100 m® in the Bornholm Basin in August 1994 (abun-
dance estimated from their Fig. 2). Average biomass
values for A. aurita caught by Janas and Witek (1993)
during the years 1983-1991 were only 50% of our values,
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indicating large interannual variability. In the western
Baltic, often much higher numbers of medusae were
found. Thus, in Kiel Fjord abundance of A. aurita
medusae reached a maximum of 12.1 ind. per 100 m? in
September 1978 and 1979 (Méller 1980a). In Kiel Bight
and Eckernférde Bay medusa abundance also showed
high interannual variability (Schneider 1989; Schneider
and Behrends 1994). Years with high numbers alternated
with years of lower concentrations, such as those in our
study, especially in August 1983 in Eckernférde Bay
(Schneider 1989).

The abundance of C. capillata was characterized as
occasional in the central Baltic Sea by Hernroth and
Ackefors (1979). Maximum abundance of 0.07 ind. per
100 m® in September during our study compares well
with the earlier study by Margonski and Horbowa
(1995), but is much lower than the values reported for
July by Lischka (1999) (Table 5). Mdller (1979) classi-
fied C. capillata as secondary in importance among
coelenterates in Kiel Bight. Due to the scarcity of
abundance data and the absence of predation rates, it is
impossible at present to judge the role of Cyanea pre-
dation for the A. aurita population in the Baltic.

Predation

Medusae used for gut analysis in this study usually rep-
resented the mean size of the population. Graham and
Kroutil (2001) reported a tendency towards a greater
variety of prey in the guts of larger medusae. In our study
the portion of medusae larger than the ones analyzed for
gut content varied between 3% and 28% (mean 14%) for
the 4 months investigated. Therefore, the effect on
overall impact should be rather small. The gut content of

Table 5 Aurelia aurita,Cyanea

capillata. Mean abundance Area Year July August September Author
. 3 .
Elgn\(ziveF ;reilgo}?t gler) la(r)l(;i ;ié(;r;:latslsle Abundance Biomass Abundance Biomass Abundance Biomass
Baltic in various years (BB -
Bornholm Basin; EB A. aurita
Eckernfdrde Bay; KB Kicl BB 2002 0.25 18 2.30 159 2.10 281 Present paper
Bight; KF Kiel Fjord; PF Polish BB 1998 0.31 - 2.18 - - - Lischka (1999)
Fisheries Zone; dash no data) BB 1994 - - ~0.80 - ~0.40 - Margonski and
Horbowa (1995)
PF 1983-1991 — - - 84 - 132 Janas and
Witek (1993)
KF 1978/1979 9.70 ~2,320 6.90 ~2,396 12.10 ~2,740 Moller (1980a,
1984)
EB 1982 15.00 - 14.00 - 14.00 - Schneider (1989)
EB 1983 0.78-2.40 - 2.30 - 0-1.50 - Schneider (1989)
KB 1993 ~14.00 - ~7.00 - - - Schneider and
Behrends (1994)
KB 1990/1991 ~1.00 - ~1.00 - ~0.50 - Schneider and
Behrends (1994)
C. capillata
BB 2002 0.05 1.00 0.05 1.25 0.07 0.51 Present paper
BB 1998 ~0.22 - - - - - Lischka (1999)
BB 1994 - - ~0.09 - ~0.09 - Margonski and
Horbowa (1995)
KF 1978/1979 0.00 - 0.05 - 0.02 - Moller (1980a,

1984)
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A. aurita consisted of cladocerans, copepods and mollusk
larvae, reflecting closely the food availability in the upper
20 m during the investigation. However, some interesting
aspects were found in prey composition and prey selec-
tion. As scyphomedusae do not actively attack prey,
selection depends on various characteristics of predators
and prey (reviewed in Purcell 1997). Large prey is rela-
tively more vulnerable to scyphomedusae, as found in
experiments with copepods and A. aurita (Suchman and
Sullivan 2000). Vice versa, small size is suggested to be an
effective refuge from predation (Suchman and Sullivan
1998). Our findings support these concepts. Small nauplii
and CI-CIII were not ingested by 4. aurita, although
they were available in the water column, with abundances
reaching 29,000 nauplii m > and 8,600 CI-III m* in the
upper 20 m in October. On the other hand, there was a
significant positive selection for Podon spp., the biggest
prey item found in the medusa guts, during the whole
study period (Table 3). Other remarkable findings were a
conspicuous number of Evadne nordmanni in the guts in
September (9.8%), which could not be explained from
the perspective of measured abundance. Possibly,
A. aurita met an E. nordmanni patch, which was not de-
tected with our zooplankton hauls. Significant positive
selection was found for bivalve larvae in August and
September, when they were the second most abundant
prey item in the medusa guts, although their abundance
in the water column was lower than in other months.
Hamner et al. (1982) described bivalve larvae as a rela-
tively easier prey to catch for 4. aurita compared to active
copepods with elaborate sensory organs. However, the
predatory impact on the bivalve population may have
been negligible, as they were shown to avoid digestion
and survive gut passage (Purcell et al. 1991). The high
numbers of Acartia spp. in the guts in October corre-
spond to the extreme increase in individuals of Acartia
species in the upper 20 m, from 3,200 ind. m~* in July to
12,600 in October at stn 23 (Dutz, in preparation). 4.
aurita could not be verified as a predator on cod eggs, as
described by Margonski and Horbowa (1995) for the
Bornholm Basin, or on fish larvae, as found by Méller
(1980b, 1984), Purcell (review 1985) and van der Veer
(1985). Cod eggs are restricted to salinities >11 PSU, and
were therefore distributed in the Bornholm Basin below
60 m (Nissling et al 1994). Sprat eggs in general were also
found in deeper waters (Makarchouk and Hinrichsen
1998; Nissling et al. 2003). The absence of fish eggs in
medusa guts can therefore be explained by a limited
spatial overlap in the water column. Loss of already in-
gested prey during the haul could cause the absence of
fish eggs and larvae in medusae caught by BIOMOC in
deeper layers. Sprat larvae were present in the upper
water layers, but reached numbers of only 0-0.3 ind. m >
from August to October 2002, when peak abundance was
already over (Voss et al. 2004). Thus, their absence in the
medusa guts could be caused by the limited seasonal
overlap. While copepods were described as the main food
of A. aurita in other regions (Moller 1980b; Hamner et al.
1982; Matsakis and Conover 1991; Sullivan et al. 1994;

Graham and Kroutil 2001; Mutlu 2001), in the Bornholm
Basin Bosmina coregoni maritima was the most ingested
prey item from July to October. This endemic brackish
water cladoceran was the most abundant species in the
upper 20 m from July to October. During the warm
months, it is the dominant zooplankton species (Hern-
roth and Ackefors 1979), but, in summer 2002, it reached
the highest values ever reported in this area (Schulz and
Hirche, personal communication).

Scyphomedusae can have a strong impact on zoo-
plankton standing stocks. Purcell (1992) estimated for
Chrysaora quinquecirrha a maximum consumption of
94% day~' of the copepod population in Chesapeake
Bay (USA). Matsakis and Conover (1991) attributed
the population decrease of Rathkea octopunctata
(hydrozoan) to predation by A. aurita. Schneider and
Behrends (1998) correlated zooplankton abundance to
medusa densities in Kiel Bight, and concluded that the
stocks of most zooplankton species were negatively
affected in A4. aurita bloom years. Moller (1980b) also
suggested that A. aurita is the dominant factor in reg-
ulating plankton dynamics in Kiel Bight during sum-
mer. In contrast Purcell (1997) suggested that predation
on copepods usually is inadequate to reduce popula-
tions. For Aurelia labiata she found only low predation
rates, with a maximum of 0.08% day ™' of the copepod
stock in Prince William Sound, Alaska (Purcell 2003).
In the Bornholm Basin in 2002, copepods were only of
secondary importance as food in general and only a
maximum of 1.15% day ™' of the standing stock of the
upper 20 m was consumed (Table 4). The main prey
species, B. coregoni maritima, was very abundant, and
only the combination of high medusa densities and
lower prey abundance at some stations resulted in a
higher impact, as found for stn 21 in August
(7.87% day~! of the standing stock consumed). As B.
coregoni maritima has rapid parthenogenetic reproduc-
tion, it can numerically outgrow its predators (Viitasalo
et al. 2001).

In conclusion we suggest that predation by 4. aurita
did not regulate the zooplankton community in the
Bornholm Basin during this investigation. Although
both A. aurita and sprat larvae fed on cladocerans and
CIV-CVI (Voss et al. 2003; Dickmann and Voss, sub-
mitted), fish larvae should not suffer from competition
with A. aurita. Limited spatial and seasonal overlap of
fish eggs and larvae with medusae protect them from
predation.
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Abstract

The usual absence of ephyrae and late appearance of medusae of the Scyphozoa Aurelia aurita and Cyanea capillata in the
Bornholm Basin (BB; central Baltic Sea) indicate that these species are not strobilating in the region and their presence depends on
advection. To study their potential origin we compared drift from historically known strobilation areas derived from a circulation
model with spatial distributions observed during 19 cruises in the BB during 2002 and 2003. The model results are in good
accordance with the field observations. According to the model results inter-annual differences in the timing of first appearance and
life stage at appearance of A. aurita were clearly related to differences in the hydrodynamic regime during the investigation periods.
During the stagnation regime in 2002 young medusae occurred first in June in the BB. In contrast, in 2003 fast transport due to
several inflow events advected ephyrae released between January and March in the western Baltic already in April to the BB.
Although the Gullmar Fjord (western Sweden) is the nearest known strobilation area for C. capillata, the model did not support
advection from there in numbers explaining the occurrence of this species in the BB in 2002 and 2003. If the model works
adequately in this regions we have to assume that the Gullmar Fjord is not a main source region of C. capillata in the BB, but other
strobilation areas in the Kattegat or the North Sea appear more important.

Our results imply that advection and inflow events are critical for the occurrence and distribution of early stages of jellyfish in
the central Baltic Sea. They demonstrate the potential of circulation models as tools to study the effect of long-range transport on
the spatial composition of these organisms.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Aurelia aurita; Cyanea capillata; Scyphozoa; Strobilation area; Circulation model; Advection; Baltic Sea; Bornholm Basin

1. Introduction

The abundance of scyphomedusae is increasing in
many marine pelagic ecosystems, perhaps as a result of
regime shifts (Brodeur et al., 1999; Brierley et al., 2001,
Mills 2001; Lynam et al., 2004). It has been shown that
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medusae can reduce the stocks of mesozooplankton
communities considerably in years of high abundance
(e.g. Moller, 1980a; Matsakis and Conover, 1991; Purcell,
1992; Olesen, 1995; Omori et al., 1995; Lucas et al., 1997;
Schneider and Behrends, 1998). They compete for
zooplankton with commercially important planktivorous
fish species, but they may also prey on fish eggs and larvae
and thus directly affect their recruitment.

The deep basins in the Baltic Sea, including the
Bornholm Basin (BB, central Baltic), are significant
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spawning grounds for cod (Gadus morhua) (Bagge et
al., 1994; McKenzie et al., 2000) and sprat (Sprattus
sprattus) (Koster et al., 2001). Therefore, the patterns of
medusae abundance and occurrence and the factors
regulating them are of special interest to assess, for
instance, the impact of medusae on the populations of
zooplankton and fish.

In the Baltic Sea only the scyphozoan medusae
Aurelia aurita and Cyanea capillata are found. They are
observed regularly in the BB, but are not present all year
round (Janas and Witek, 1993; Barz and Hirche, 2005).
Both species perform a typical cnidarian life cycle,
including a planula which develops into a polyp. The
polyp asexually produces medusae by strobilation,
which in turn reproduce sexually (metagenesis). How-
ever, it is unclear if the species complete their whole life
cycle in the BB. The facts that ephyrae are not found
regularly and medusae appear later and were smaller
than in adjacent seas suggest that 4. aurita does not
strobilate in this area (Janas and Witek, 1993; Barz and
Hirche, 2005). C. capillata is usually much less
abundant in the central Baltic than 4. aurita (Janas
and Witek, 1993; Margonski and Horbowa, 1995; Barz
and Hirche, 2005). The absence of ephyrae and
generally low abundance suggest that there is no

10° 12°

strobilation area either (Barz and Hirche, 2005).
Therefore, the question arises where the scyphomedusae
appearing in the BB originate.

Large A. aurita polyp populations are reported from
Kiel Bight (western Baltic) (Kéndler, 1961; Thiel, 1962;
Moller, 1979, 1980a,b; Schneider and Behrends, 1998),
Kerteminde Fjord (Belt Sea, Denmark) (Olesen et al.,
1994) and Gullmar Fjord (Skagerrak, Sweden) (Hern-
roth and Grondahl, 1983; Grondahl 1988). In older
publications, the archipelago of S. W. Finland is also
mentioned as a strobilation area (Wikstrom, 1932; Palmen,
1953). The Gullmar Fjord is the nearest known production
area of C. capillata, although the low abundance of
ephyrae there was interpreted as an indication for marginal
living conditions by Grondahl and Hernroth (1987) and
Grondahl (1988). The vast majority of this species is
probably advected into the Baltic from the North Sea,
which accordingly makes it an indicator of North Sea
water masses in the Baltic Sea (Moller, 1980c; Grondahl
and Hernroth, 1987).

During an intensive field study in the BB, within the
framework of German GLOBEC, which focused on the
interactions between zooplankton and fish under the
influence of physical processes, the seasonal and spatial
occurrence patterns of A. aurita and C. capillata were
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Fig. 1. Study area (Bornholm Basin= %), release areas and main drift routes of medusae derived from the circulation model: 1=Kiel Bight, dotted
lines; 2=Kerteminde area, solid lines; 3=Gullmar Fjord area, dashed lines. Width of lines indicates significance of drift route.
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Table 1

Time schedule of GLOBEC cruises 2002 and 2003

2002 2003

12-21 Mar 13-24 Jan
02-30 Apr 10-23 Feb
05-25 May 3-22 Mar
15-30 May 17-28 Apr
11-23 Jun 15 May—03 Jun
22 Jul-07 Aug 01-19 Jul
12-21 Aug 07-18 Aug
22-30 Aug 24 Nov—05 Dec
03—13 Sep

30 Sep—10 Oct

11-29 Nov

investigated. Detailed data on medusa abundance and
distribution in 2002 are already published (Barz and
Hirche, 2005). Combined with new data from 2003 they
allowed an inter-annual comparison under different
hydrographic conditions. Thus, a Major Baltic Inflow
event was recorded in the beginning of 2003 (Feistel et
al., 2003), which may have affected the occurrence and
distribution patterns of the medusae. Johnson et al.
(2001) have shown how inter-annual variability of
current patterns can produce remarkable fluctuations in
jellyfish populations.

In order to study the advection of medusae from the
known strobilation areas we used a three-dimensional
eddy resolving baroclinic circulation model of the Baltic
Sea. The modelled arrival of medusae in the BB was

then compared with our observations in 2002 and 2003.
The major aim was to identify the potential sources of
the scyphomedusae in the central Baltic Sea, and to
evaluate the processes controlling their occurrence and
distribution in the area.

2. Material and methods
2.1. Sampling location, dates and hydrography

The study was carried out in the Bornholm Basin,
central Baltic Sea (Fig. 1). Samples were taken during
19 cruises from March 2002 to December 2003
(Table 1), on a station grid of 52 stations. Water depth
varied between 30 and 90 m. Salinity, temperature and
dissolved oxygen were recorded on every station with a
standard CTD probe.

2.2. Abundance and vertical distribution of
scyphomedusae

Scyphomedusae were collected at all grid stations
from oblique Bongo net hauls (0.6 m diameter, 335 and
500 um mesh size). The average values of both nets
were used for the distribution and abundance of the
medusae, as 335 and 500 pm Bongo showed no
difference for the abundance of 4. aurita (p=0.5-0.9;
Mann—Whitney Rank Sum Test). Sampling efficiency
of the Bongo net was validated using additional oblique
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0 . - ' ' I I
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N [ C. capillata
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=
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Fig. 2. Vertical distribution (mean abundance+S.D.) of Aurelia aurita and Cyanea capillata and hydrography (temperature, salinity, and oxygen) in

May 2003 on Station 23 in the central Bornholm Basin.
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hauls with an Isaacs—Kidd midwater trawl (IKMT, 6 m*
opening, 1000 um).

In May 2003 the vertical distribution of the scypho-
medusae was studied by using a trawled BIOMOC (1 m?
opening, 55 pm) on Station 23 in the central BB. During
24-h three days and three nights, hauls were taken in 5-m
intervals from bottom (90 m) to surface. The depths shown
in Fig. 2 are mean trawling depths.

All medusae collected were processed onboard,
identified and measured to the nearest 0.5 cm below.

2.3. Baltic Sea model

Numerical simulations of the circulation were
performed by application of a three-dimensional eddy
resolving baroclinic model of the Baltic Sea. The mo-
del is based on the free surface Bryan—Cox—Semtner
model (Killworth et al., 1991) which is a special
version of the Cox numerical ocean general circulation
model (Bryan, 1969; Semtner, 1974; Cox, 1984). A
detailed description of the equations and modifications
made, necessary to adapt the model to the Baltic Sea,
can be found in Lehmann (1995). The Baltic Sea model
comprises the whole Baltic Sea, including the Gulf of
Bothnia, Gulf of Riga as well as the Belt Sea, Kattegat
and Skagerrak. The horizontal resolution is 5 km (eddy-
permitting) with 60 vertical levels specified, which
enables us to resolve the upper 100 m with levels of
3-m thickness.

The model is forced by realistic atmospheric
conditions taken from the SMHI (Swedish Meteorolog-
ical and Hydrological Institute, Norrkoping) meteoro-
logical data base, which covers the whole Baltic
drainage basin on a regular grid of 1° x 1°. The temporal
increment of data records is 3 h. Additionally, river
runoff has been evaluated from a monthly mean runoff
data set (Bergstrom and Carlsson, 1994). Runoff data
are specified for 42 individual rivers distributed around
the Baltic and the Kattegat.

Prognostic variables of the hydrodynamic model
are: the oceanic baroclinic current field, the 3-D
temperature, salinity and oxygen distributions, the 2-
D surface elevation and the barotropic transport. These
prognostic variables have been extracted from the
model every 6 h and formed the database for the sub-
sequent analysis.

Calculation of juvenile medusae (ephyrae) drift routes
was performed by utilising a Lagrangian particle tracking
technique (Hinrichsen et al., 1997) using a 4th-order
Runge—Kutta scheme. Simulated three-dimensional veloc-
ity fields were extracted in order to develop a database for
Lagrangian particle tracking exercises. The data set offers

the possibility to derive drift trajectories by calculating the
advection of “marked” water particles.

Simulations of within and between year variation in
the drift patterns of ephyrae were performed for the
years 2002 and 2003. For both years, the initial
conditions of the model are realistic three-dimensional
distributions of temperature and salinity, taken during
several quasi-synoptic hydrographic surveys throughout
the years. During simulations, ephyrae were prescribed
as Lagrangian drifters, which were released into the
modelled Eulerian flow fields at 10-day intervals, i.e.,
every 10 days a new batch of ephyrae was inserted. The
release dates commenced November 12th of the
foregoing year and ended April 21st.
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Fig. 3. (a) Observed medusae occurrence in 2002 (Ind. 100 m >); (b, c)
modelled medusae arrival (% of 242 released drifters per source region
presented in BB) from release date 12th of December 2001 (b) and
10th of February 2002 (c).
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All drifters were tracked until August 20th. The
drifters were deployed in the model in historical
regions of peak reproduction of 4. aurita in the Kiel
Bight (Thiel, 1962; Mboller, 1980b; Schneider and
Behrends, 1994) and near Kerteminde (Olesen et al.,
1994) as well as of C. capillata near the Gullmar Fjord
in the Skagerrak (Grondahl and Hernroth, 1987;
Grondahl, 1988) (Fig. 1). A total of 242 drifters were
released on a regular spaced grid in each subarea in
near surface waters (5 and 8 m deep). The drifters were
allowed to leave the layers where they originally were
launched. The positions of the drifters varied over time,
as a result of the three-dimensional velocities that they
experienced.

3. Results
3.1. Field observations

In 2002, the first medusae of both species were
observed in the BB at the end of July (Fig. 3a). 4. aurita
was caught until November, C. capillata only to
September. No ephyrae of either species were caught
during the investigation period. Mean size of first caught
medusae in July was 85+70 mm for 4. aurita and 70+
20 mm for C. capillata (Barz and Hirche, 2005). More
detailed information about medusae abundance and
distribution in 2002 has been provided by Barz and
Hirche (2005).

In 2003 ephyrae of A. aurita were first detected in
April, and small medusae of A. aurita and C. capillata
were first caught in May (Fig. 4a). 4. aurita was found
in May in the central BB only between 25 and 55 m
depth during day, no individuals were caught during
night (Fig. 2). C. capillata occurred from 40 to 80 m
during day and night. Abundance of both species was
low in May and July (<0.2 ind. per 100 m?). Whereas
abundance of C. capillata remained low in August and
the species was completely absent in November, 4.
aurita abundance increased to 1 ind. per 100 m’
(August). In November, still 1.2 ind. per 100 m* were
caught, note the lack of data between September and
October (Fig. 4a). Size of ephyrae in April was not
measured, mean medusa size in May was 12+3 mm
(max. 20 mm) for 4. aurita and 23+17 mm (max.
95 mm) for C. capillata.

Fig. 4. (a) Observed medusae occurrence in 2003 (Ind. 100 m™>); (b—
¢) modelled medusae arrival (% of 242 released drifters per source
region presented in BB) from release date 2nd of December 2002 (b),
Ist of January (c), 10th of February (d) and 12th of March 2003 (e).
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3.2. Model results

The model does not distinguish between A. aurita
and C. capillata; therefore, the drifters were treated
as “medusae” in general. The main drift routes are
shown in Fig. 1, drifters reached the BB with the
water body in 40 m depth and deeper. The modelled
number of “medusae” in the graphs (Figs. 3 and 4)
is always a snapshot of percentage of medusae from
the release areas present in the BB on that
particular date. When medusae leave the BB after
that date (Fig. 1), the numbers can decrease again
(Fig. 4b, c¢).

The number of “medusae” reaching the BB in 2002
was very low in general, but always higher for those
from Kiel Bight (KB) than from Kerteminde (KM)
(Table 2). The most “medusae” reached the BB when
released on the 1st of April in KB (17% of all drifters
arrived). From the Gullmar Fjord area (GF) “medusae”
arrived in the BB only from release date 11th of
January (0.4% arrived on 30th of June). In general,
most drifters from GF stayed near the release area or
drifted towards the Kattegat or Skagerrak (Fig. 1).
From all 17 release dates at KB and KM, first
“medusae” mainly arrived in BB on 20th or 30th
of June (Table 2). Only when released on 22nd of

Table 2

Modelled first arrival date, minimum drift duration in days and total percent of medusae arrived from single release dates and areas

Release area Kiel Bight Kerteminde Gullmar Fjord

Release date First Min. drift Total First Min. drift Total First Min. drift Total

arrival duration arrived arrival duration arrived arrival duration arrived

(day) (%) (day) (%) (day) (%)

Nov 12 2001 Jun 30 230 29 Jun30 230 2.1

Nov 22 Mar 02 100 4.5 Jun 20 210 25

Dec 02 Feb 20 80 5.8 Jun 30 210 5.4

Dec 12 Jun 20 190 5.0 Jul10 210 23

Dec22 Jun 30 190 5.8 Jun 20 180 3.3

Jan 01 2002 Jun30 180 3.7 Jul20 200 33

Jan 11 Jun 30 170 4.5 Jun 30 170 5.0 Jun 30 170 0.4

Jan 21 Jun 30 160 9.9 Jun 30 160 6.6

Jan 31 Jun 30 150 6.6 Jun30 150 3.7

Feb 10 Jun 30 140 83 Jun30 140 4.1

Feb 20 Jun 30 130 7.9 Jun30 130 5.0

Mar 02 Jun 30 120 9.1 Jul20 140 L7

Mar 12 Jun 30 110 11.0 Jul30 140 0.8

Mar 22 Jun 30 100 9.5 Jul20 120 1.2

Apr01 Jun 30 90 17.0

Aprll Jun30 80 13.0 Jul20 100 0.8

Apr2] Jul 30 70 2

Nov 12 2002 Jan 11 60 18.6 Dec22 40 16.1

Nov 22 Jan 11 50 12.0 Jan1l 50 7.0

Dec 02 Jan21 50 221 Jan11 40 11.6 Mar 22 110 0.8

Dec 12 Jan31 50 24.4 Jan21 40 335

Dec 22 Jan 31 40 174 Feb 10 50 12.8

Jan 01 2003 Mar 22 80 11.2 Jan31 30 31.8

Jan 11 Mar 22 70 11.6 Feb 10 30 21.9

Jan. 21 Apr 01 70 37 Aprll 80 210

Jan 31 Apr 01 60 9.9 May 11 100 0.4

Feb 10 Apr01 50 7.9 May 21 100 2.9

Feb 20 Apr21 60 33 May 01 70 S

Mar 02 Apr21 50 21.1 Apr2l 50 13.6

Mar 12 May 31 80 29 May21 70 14.0

Mar 22

Apr01

Apr 1l Aug 09 120 0.8

Apr21

Light grey rows indicate possible strobilation time. Dark grey rows are displayed in Figs. 3b, ¢ and 4b—e.



K. Barz et al. / Journal of Marine Systems 60 (2006) 167-176 173

November and 2nd of December 2001 from KB
“medusae” arrived in the BB already in March and
February, respectively.

Comparing the model results with the observations
in 2002, there is a high concordance in the arrival time
of “medusae” in the BB. Two examples (release date
12th of December 2001 and 10th of February 2002)
represent the modelled arrival on 20th and 30th of June
(Fig. 3b, ¢). The modelled first arrival fits exactly in
time between absence of medusae (end of June) and
first observed individuals (end of July) (Fig. 3a).

The modelled number of “medusae” arriving in the
BB was obviously higher in 2003 than in 2002.
Highest numbers of “medusae” reached the BB when
released on 12th of December 2002 (24% from KB,
33.5% from KM) (Table 2). Drifters from GF were
found in the BB only when released on 2nd of
December 2002 (Fig. 4b), as most of them remained in
the Kattegat and Skagerrak (Fig. 1). The time of first
arrival of “medusae” from the 17 release dates was
more heterogeneous in 2003 than in 2002. First arrival
was observed on several dates from December 2002 to
May 2003 and on August 9th (Table 2).

For comparing the modelled first arrival with the
field observations in 2003 four examples were chosen
(Fig. 4b—e). Release dates 2nd of December 2002, 1st
of January, 10th of February and 12th of March 2003
represent different first arrival dates (11th of January,
31st of January, Ist of April, 21st of May, re-
spectively). As first ephyrae in 2003 were caught in
April, the modelled arrival of medusae fits our ob-
servations, when release date was later than the 11th of
January and earlier than the 12th of March (Fig. 4 and
Table 2).

4. Discussion

The occurrence patterns of 4. aurita and C. capillata
in the BB were quite different in 2002 and 2003. Our
observations in 2002 show a complete absence of
ephyrae of A. aurita and the appearance of 4. aurita and
C. capillata medusae from July onwards (Barz and
Hirche, 2005). These findings were in agreement with
earlier investigations between 1983 and 1991 in this
area (Janas and Witek, 1993). However, in 2003, the
appearance of ephyrae of A. aurita in April and the
occurrence of medusae of both species already in May
was unusual. These deviations either may originate in
a different timing of strobilation or might reflect the
inter-annual variability of circulation patterns which
control the transport of ephyrae from the strobilation
area to the BB.

We have no detailed information on the timing of
strobilation in the source regions. According to Mdller
(1980a,b) and Olesen et al. (1994) it should be in the
same time range over the years. However, there were
remarkable differences in the circulation patterns
between the two years. In January 2003 a Major Baltic
Inflow of cold and oxygen-rich water from the Kattegat
reached the central Baltic Sea, considered the most
important inflow since 1993 (Feistel et al., 2003). The
inflow water was detected in the BB in late January.
This large inflow was followed by minor ones in
March and May 2003, which also reached the BB
(Feistel et al., 2003).

The different atmospheric forcing conditions and the
corresponding varying hydrographic situations are
clearly reflected in the model results. In 2002, nearly
all release dates from the middle of December 2001 to
April 2002 resulted in a “medusae” arrival in the BB
between June 20th and 30th (Fig. 3b,c and Table 2). This
is exactly the time between a cruise in June, when no
medusae were found, and a cruise in July when first
medusae occurred (Fig. 3a). In 2003, the successive
inflow events most likely caused earlier arrival and
higher numbers of drifter in the BB. Thus, the Major
Baltic Inflow in January 2003 probably advected the
“medusae” released in November, December 2002 and
carly January 2003 to the BB already at the end of
January (Fig. 4b,c and Table 2). The arrival of the
second group of “medusae” released in January,
February and early March 2003 in the BB in March
and April may be related to the later inflow in March
(Fig. 4d and Table 2). In the field, no ephyrae were
found in the BB during the Major Baltic Inflow in
January 2003 (Fig. 4a). Hence we assume that the first
ephyrae observed in April were advected to the BB by
the March inflow (Fig. 4a,d).

As the model results suggest, the medusae arrived in
the BB in a depth of 40 m and deeper. This would
explain why A. aurita in May 2003 was distributed in
deeper layers compared to 2002, where they were
caught mainly in the upper 20 m (Barz and Hirche,
2005). Probably medusae arrived in the same depth in
2002, but already raised to the surface before the cruise
in July started. C. capillata showed the same depen-
dency on high salinity as in 2002 (Barz and Hirche,
2005). It occurred at 40 m depth and deeper, where
salinity increased from 8 up to 19 PSU (Fig. 2).

The model results indicate a strobilation period of
A. aurita from mid-December to April in 2002 and
from mid-January to April in 2003 (Table 2), as a
release in this time-frame produced best agreement
with our field observations. A strobilation during that
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time span is congruent with earlier observations in the
western Baltic (Moller, 1980a,b; Olesen et al., 1994). It
would also explain the lack of ephyrae in 2002 and in
earlier investigations, and supports the assumption that
there is no strobilation in or near the central Baltic. In
laboratory experiments (15 °C) ephyrae grew in 10 d
from 4 to 9 mm with high food supply (growth rate of
0.22/day), but size decreased with low food concen-
tration (Olesen et al., 1994). In the field, the newly
released ephyrac measure about 2 mm in diameter, and
do not grow during winter and early spring in KB
(Maller, 1980b). Growth of A. aurita increases rapidly
with an increase in mesozooplankton abundance.
Depending on water temperature, the growth rates
may vary from year to year (Moller, 1980b; Lucas and
Williams, 1994). For example, in KB, 4. aurita grew
from 3 mm in April to 49 mm in June 1979 (Mdller,
1980b). Thus, when ephyrae start growing in April
they would develop into medusae until late June during
~90 days of drift before reaching the BB (Table 2).
Therefore, high transport rates like the ones associated
with the inflows in 2003 are necessary to advect
ephyrae into the central Baltic, before they develop to
medusae.

The model results are in good agreement with our
field observations, and clearly suggest that advection of
medusae from the western Baltic is the main source for
A. aurita in the BB.

The polyps of C. capillata cannot settle in the central
Baltic, if they really need salinities >20 PSU as
suggested by Cargo (1984). The nearest known area of
strobilation is the Gullmar Fjord on the west coast of
Sweden (Grondahl and Hernroth, 1987; Grondahl,
1988). However, the model did not support advection
from the Gullmar Fjord area in numbers explaining the
occurrence of this species in the BB in 2002 and 2003
(Figs. 3 and 4). This suggests that the Gullmar Fjord is
probably not the main source region of C. capillata in
the BB. More likely is the advection of this species from
elsewhere in the Skagerrak, the Kattegat or the North
Sea (Moller, 1980c; Grondahl and Hernroth, 1987).

Although the model results presented here match
field observations very well, certain aspects have to be
considered. Due to the lack of knowledge, vertical
migration and growth of the medusae were not included
in the model. The drifters were allowed to leave the
layers where they were launched, but active vertical
movements could affect the drift trajectories. In ad-
dition, changing size of medusae during growth could
affect the drift. As there were no recent publications
about polyp populations in the Baltic Sea, we had to use
historical data about strobilation areas and times.

However, there could be other areas with A. aurita
polyp populations. For example, Wikstrom (1932)
found polyps in the Tvarminne area (Gulf of Finland,
eastern Baltic), and Janas and Witek (1993) mentioned
possible local production in the central Baltic. Polyps
and ephyrae of A. aurita were also observed in the Gulf
of Gdansk (southern Baltic) (Janas, personal communi-
cation), but Hinrichsen et al. (2005), using a similar
model, found only low probability of mixing sprat
between the BB and the Gotland Basin. The same might
be valid for medusae.

Hence, the question arises: why do 4. aurita so rarely
or not at all settle and strobilate in the central Baltic?
Planulae require sheltered bights and fjords (Mdller,
1979; Grondahl, 1988), where they settle on the
underside of rough or grooved surfaces (Brewer,
1978). The downward settling is controlled by negative
phototaxis and geotaxis as found for C. capillata
planulae (Brewer, 1976; Svane and Dolmer, 1995) and
might explain the difficulty to find the cryptic polyp
populations in the field. Adequate substrates for A.
aurita polyps are shells, algae, rocks, barnacles and
human buildings (Wikstrdm, 1932; Verwey, 1942;
Thiel, 1962; Hernroth and Grondahl, 1985; Grondahl
1989), and their settlement here is probably gregarious
(Grondahl, 1989). The strobilation of A. aurita polyps is
controlled by endo- and exogenous factors, such as
iodinated compounds, polypeptides, temperature, light
and nutrition (e.g. Thiel, 1962; Spangenberg, 1965;
1967; Kakinuma, 1975; Omori et al., 1995; Kroiher et
al., 2000), which were not investigated in this study. For
A. aurita, direct development from planulae to single
ephyrae has also been recorded (Kakinuma, 1975,
Yasuda, 1975).

So far, it is unclear if settlement and strobilation of
A. aurita occur in the BB and, if so, how much it
contributes to the population. When planulae find
adequate substrate in the Gulf of Gdansk area, they are
expected to do so also around the BB. However,
strobilation success in the BB is probably low, and the
found population is much dependent on early stages of
medusae transported by advection from more western
parts of the Baltic, and from the Kattegat and the
North Sea.
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Abstract

The annual cycle of abundance and distribution of the scyphozoan medusae Aurelia aurita,
Cyanea lamarckii, C. capillata and Chrysaora hysoscella were studied in the southern
North Sea in 2004 and 2005. Three different patterns of seasonal occurrence of medusae
were distinguished: (i) The early occurring C. lamarckii (February-August), (ii) C. capillata
and A. aurita (April-August) and (iii) the late appearing C. hysoscella (July/August-
September). C. lamarckii was the most frequently encountered species in this study, its
highest mean abundance was 1.8 + 2.7 ind. 100m™. The food of C. lamarckii, C. capillata
and C. hysoscella contained several copepod and other crustacean species. The prey
spectra of these species make them potential competitors with fish larvae. Medusae in this
study also consumed fish eggs and larvae, including clupeids, in all months analysed.
Although peak spawning by sprat (Sprattus sprattus) coincides with the maximum
abundance of medusae (May to June) the relative low abundance of all medusae species
in this study makes jellyfish predation unlikely to be a factor controlling sprat recruitment

during the time frame investigated.

Keywords: Jellyfish, German Bight, Aurelia aurita, Cyanea capillata, Cyanea lamarckii,

Chrysaora hysoscella
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Introduction

Scyphomedusae are probably the most obvious pelagic invertebrate predators in marine
ecosystems worldwide. They represent a conspicuous component of the plankton,
especially during the summer months (Brodeur et al. 2002). In recent years studies have
focused on the trophodynamic role of medusae due to their increased abundance in many
systems (e.g. Mills 2001; Parsons and Lalli 2002; Purcell 2005). For example, their
abundance has increased in the Bering Sea, Benguela Current and Yangtze Estuary
(Brodeur et al. 1999, 2002; Brierley et al. 2001; Purcell 2005; Xiang et al. 2005), but
decreases have also been reported (Mills 2001; Dawson et al. 2001). The focus of interest
has thus shifted from general investigations about scyphozoa occurrence, distribution or
predatory impact to an examination of the causes and consequences of changing ocean
conditions on changes in medusae abundance. Changes have been related to pollution or
overfishing (Brodeur et al. 1999; Arai 2001; Purcell and Arai 2001), but also to climate-
induced regional regime shifts (Brodeur et al. 1999; Lynam et al. 2004, 2005a). The
abundance of many jellyfish species may increase in warm conditions (reviewed in Purcell
2005), whereas cold conditions have been associated with high medusae abundance in the
North Sea (Lynam et al. 2005a).

The North Atlantic Oscillation Index (NAOI), the dominant mode of climate variability in the
North Atlantic region, changed in the late 1980s from a negative to a positive phase (e.g.
Reid et al. 2003; Beaugrand 2003, 2004; Beaugrand et al. 2002). This was correlated to an
ecological regime shift, involving all pelagic trophic levels. Increases in air and sea surface
temperatures were the main direct and indirect driving forces. The composition of phyto-
and zooplankton communities changed conspicuously. Copepod species which are
essential for medusae and fish, experienced pronounced changes in biomass and
recruitment. These changes had dramatic consequences on North Sea cod (Gadus
morhua) stocks (Alheit et al. 2005). Also the abundance of Scyphomedusae showed inter-
annual fluctuations and large variability between regions in the North Sea (Hay et al. 1990).
Lynam et al. (2004, 2005a) correlated variability in the abundance of Scyphomedusae to
changes in the NAOI. They found high medusae abundance related to a low NAOI and vice
versa.

Scyphomedusae utilize a wide spectrum of zooplankton prey and can have a strong impact
on zooplankton standing stocks in all parts of the world (Omori et al. 1995; Ishii and Tanaka
2001; Brodeur et al. 2002). For example maximum feeding rates by Chrysaora
quinquecirrha were estimated to be 94% day™ of the copepod population in Chesapeake
Bay (USA) (Purcell 1992). The abundance of zooplankton in Kiel Bight (Germany) was
negatively correlated with the density of Aurelia aurita (Schneider and Behrends 1994,

1998), which was assumed to be the regulating factor in medusae “bloom” years (Moller
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1980a, b). In addition, the high predation pressure on zooplankton may negatively impact
fish populations due to the fact that Scyphomedusae, fish larvae and all stages of
planktivorous fish often have an overlapping prey spectrum. If the same prey is utilized it is
tempting to assume, that competition occurs, but only a few studies have attempted to
directly examine this (Purcell and Sturdevant 2001).

Many scyphozoan species are known to feed on fish larvae and eggs (reviewed in Purcell
1985; Fancett 1988; Purcell et al. 1994). When reaching high abundance these medusae
may reduce the recruitment potential of many important fish species. For example, years
with high densities of A. aurita in the western Baltic Sea coincided with low abundances of
herring (Clupea harengus) larvae (Moller 1980a, 1984). Lynam et al. (2005b) observed a
significant negative relationship between the survival of herring larvae and the abundance
of A. aurita in the North Sea. They postulated an adverse impact of A. aurita on North Sea
herring populations.

Competition and direct predation on fish eggs and larvae could impact commercial fish
stocks in the southern North Sea due to the importance of this region as a spawning
ground for sprat (Sprattus sprattus) (Aurich 1941), plaice (Pleuronectes platessa) and
flounder (Platichthys flesus) (Harding et al. 1978). Due to these negative effects, it is
important to understand which environmental factors may cause increases in jellyfish
populations (Purcell 2005), but information on medusae abundance in the southern North
Sea is scarce. Most investigations on Scyphomedusae in the southern North Sea were
qualitative, lacking data on abundance, and were performed >40 years ago (Hartlaub 1894;
Verwey 1942; Kiinne 1952; Kihl 1964; Thiel 1966). These studies provide lists of species
that sometimes include information on seasonal patterns in occurrence. A recent study was
conducted around Sylt Island, and provides data about seasonal occurrence and
abundance of species in this region (Kopacz 1994). Moreover knowledge about the
location of polyp populations is mostly based on assumptions and historical findings
(Hartlaub 1894; Kihl 1964; Kihl and Mann 1967; van der Veer and Oorthuysen 1985;
Merck 1989; Kopacz 1994).

This investigation provided a new inventory of scyphozoan species, including seasonal and
spatial occurrence patterns, abundance and diet composition in the southern North Sea.
During a field study on a highly resoluted station grid in the years 2004 and 2005, intensive
sampling of Scyphomedusae was conducted. The study was part of the German GLOBEC
project, which focuses on the interactions between zooplankton and fish under the
influence of physical processes. Here we provide information on the trophodynamic roles of

scyphozoan medusae in the southern North Sea.
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Material and methods
Sampling location, dates and hydrography

The 2004 station grid with 55 stations included a more highly resolved grid (8nm between
stns 1-23) that was embedded within the larger grid (20nm between stns 24-55) (Fig. 1).
The water depth varied between 13 and 48m. Samples were taken during cruises from
February to September (Table 1). In 2005 the sampling strategy was different and
consisted of three cruises (April, May and July) that repeatedly sampled a North-South-
Transect (T1) and two West-East-Transects (T2, T3) (Fig. 5a). Salinity, temperature and

dissolved oxygen were recorded in both years on every station with a standard CTD probe.

Abundance and distribution of Scyphomedusae

In 2004 Scyphomedusae were collected at all grid stations from oblique Bongo net hauls
(0.6m diameter; 335 and 500um mesh size; trawling speed 0.5m s™). The two meshes 335
and 500um did not show any difference in the abundance of medusae (p = 0.6-0.9; Mann-
Whitney Rank Sum Test), therefore average values of both nets were used. Occurrence of
ephyrae was analysed in 2004 on nine focus stations (7, 20, 22, 31, 32, 35, 42, 47, 49). In
2005 a trawled multinet (0.5m? opening; 335um mesh size; trawling speed 0.5m s™) was
used to analyse the spatial and vertical distribution along the three transects. The transects
were mostly sampled twice per cruise during daytime in 7 depth layers from 5 to 35m. For
vertical distribution the sampled medusae were separated for stations <22m depth and 23-
48m depth. The depths shown in Fig. 6 are mean trawling depths. All medusae collected

were processed onboard, identified, weighed and measured to the nearest 0.5cm below.

Prey analysis

For gut content analysis, single medusae from Bongo and multinet hauls were measured
immediately after collection, weighed and preserved in a 4 % borax buffered formalin-
seawater solution. In the laboratory the medusae were dissected and canals, stomach and
gastric pouches were examined for prey organisms, which were counted and identified to
genus or species level. Copepods were identified to stage level.

Since quantification of gut contents in medusae caught by a trawled net is problematic due
to cod end feeding and the loss of gut contents, this analysis was not considered to be
quantitative. In total, 49 specimens from three cruises were examined in 2004 and 33

specimens from two cruises were examined in 2005.
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Results

Hydrography

The southern North Sea is a temperate shallow shelf sea. In the investigation area, depth
varied from 13 to 48m. While temperature was rather uniform across the sampling grids,
salinity was more variable, with lower values in the eastern part, resulting from the
freshwater discharge of several rivers (Elbe, Weser, Ems). Due to the shallow depths, the
water column was mostly completely mixed; stratification was sometimes observed during
the summer months. In April 2004, temperature at 10m depth was between 6 and 7 °C.
Salinity at 10m depth reached 30.5 in the most eastern part and 34.5 in the western end of
the study area. Around Helgoland Island, the seasonal cycle of surface temperature and

salinity ranged between 2 and 20°C and 28 to 33, respectively.

Seasonal abundance and size

Four species of Scyphozoan medusae were caught in the southern North Sea during this
investigation: Cyanea lamarckii, C. capillata, Aurelia aurita and Chrysaora hysoscella.
Ephyrae were caught in February 2004 only on station 42 (3.2 ind. m™) and in April on
stations 22, 31, and 49 (3.2, 6.4 and 1.6 ind. m, respectively), but were not further
specified. In Fig. 2 the seasonal development of mean abundance of medusae (all grid
stations in 2004, all transect stations in 2005, whole water column in both years) is shown
for all species. In February 2004 only a few individuals of C. lamarckii were collected on
stations 12, 13, 17 and 20 (mean abundance 0.09 + 0.37 ind. 100m™) (Fig. 2). Starting in
April, C. capillata was also encountered. C. lamarckii and C. capillata showed a similar
trend in their abundance. They were most abundant in June (1.79 + 2.75 and 0.68 + 1.05
ind. 100m>, respectively), thereafter abundance dropped until August, and both species
had completely disappeared by September. A. aurita also appeared first in April. Its
abundance was very low and reached a maximum in August with 0.06 + 0.39 ind. 100m™.
Similar to both Cyanea species A. aurita was not found in September. In contrast, C.
hysoscella was observed only in August and September (0.22 + 0.63 and 0.16 + 0.45 ind.
100m™, respectively).

In 2005 medusae were collected in April, May and early July on three transects. No data on
ephyrae occurrence were available for this year. The seasonal occurrence patterns of
medusae were different to 2004. In April only C. lamarckii was found, C. capillata appeared
not until May. Abundance of both species was low in May and increased in early July. In
July also some individuals of C. hysoscella occurred, whereas A. aurita was not observed
in 2005.

The development of mean size of medusae was relatively similar in both years (Fig. 3). In

2004, mean size of C. lamarckii increased from 4.8 = 3.1cm in February to 9.5 + 3.3cm in
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August, C. capillata measured 4.8 + 2.7cm in April and reached 9.8 + 5.0cm in August.
Mean size of A. aurita increased from April (3.8 £ 2.3cm) to June (12.5 £ 0.5cm), and then
decreased until August. C. hysoscella showed about the same size in August (9.9 £ 4.1cm)
and September (8.5 £ 1.5cm). In 2005 C. lamarckii was smaller in April (3.9 £ 1.8cm), but
also reached 9.5 + 2.1cm in July. C. hysoscella reached a mean size of 10.5 + 0.5cm in
July. The smallest medusae of C. lamarckii were caught in February 2004 (1cm), whereas
the biggest in the same month reached 17cm. This diameter was only excelled by
individuals of 20cm caught in June 2004. Smallest medusae of C. capillata were found in
April 2004 (1cm). The largest individuals of this species reached 28cm diameter in August
2004.

Horizontal distribution

In 2004 the horizontal distribution of all four species was analysed in detail for all month to
illustrate spatial variability (Fig. 4a-d). The two congeners, C. lamarckii and C. capillata,
showed a predominant easterly distribution in April and May and appeared later in the more
western parts of the station grid. In general, more individuals were caught near shore than
offshore. A. aurita was caught sporadically only on one or two stations per cruise and had
its highest abundance in August on station 1. C. hysoscella, only found in August and
September, was also distributed near shore on the eastern station grid.

For 2005 all transects sampled were plotted separately (Fig. 5b). In April only C. lamarckii
was caught. The distribution showed no shore-related trend, only on the second sampling
of T3 more individuals were caught near Helgoland Island. Compared to April, less
medusae were caught in May, but C. capillata and C. lamarckii were distributed more near
shore on all three transects. In July this trend was continued. On T3 C. hysoscella

appeared and was caught mainly near Helgoland Island.

Vertical distribution

Vertical distribution was analysed in April, May and July 2005 (Fig. 6). The distribution was
separately analysed for stations <22m depth (shallow) and 23-48m depth (deep). Maximum
trawling depth on the shallow stations was about 15m, and about 38m on the deep ones. In
April, only C. lamarckii was found and individuals were caught between 5 and 25m. On the
shallow stations, medusae were caught only in 5 and 10m depth, whereas at the deeper
stations medusae were mainly distributed in the deeper layers. Fewer C. lamarckii were
caught in April and in addition C. capillata occurred. Both species were found only in the
upper 15m, with higher abundance at the shallow stations. In early July, abundance of C.

lamarckii was generally higher, especially in the upper 5m of the shallow stations. C.
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capillata was still less abundant and occurred only in the upper 10m. In addition, some

individuals of C. hysoscella were caught in 15 and 20m on the deep stations.

Gut content

The sampling method used here (towed plankton net) did not allow quantitative analysis of
daily rations and predatory impact, as loss of prey during capture or cod end feeding were
possible sources of errors. In this study, many food items in the guts, especially copepods
and fish larvae, were partly digested. In these cases it was assumed that they were eaten
prior to capture, rather than in the net. Larson (1987a, b) and Matsakis and Conover (1991)
also found net feeding by gelatinous predators to be negligible. Loss of gut content is a
source of error, and has been observed for medusae caught by a trawled BIOMOC (Barz
and Hirche 2005). Therefore, no calculation of daily rations and predatory impact was
made with these gut content data, only the mean abundance of each prey species per
medusae was tabulated (Table 2).

In 2004 C. lamarckii and C. hysoscella, in 2005 C. lamarckii and C. capillata were
analysed. Prey items of the three species could be summarised using 17 groups. The
copepod species included males, females and copepodite stages IV and V. Centropages
sp. included C. hamatus and C. typicus, decapod larvae included zoea and megalopa of
the taxa Brachyura and Caridea, Echinodermata larvae included Brachiolaria and
Ophiuroidea, fish larvae included Syngnathidae, Clupeidae and horse mackerel (Trachurus
trachurus).

All three species fed mainly on the same prey, however C. lamarckii had a higher prey
diversity than the other two species, and was the only one found to feed on fish eggs. Most
groups of prey items were found for C. lamarckii in June 2004 and July 2005. Highest prey
numbers per taxon in one medusae during these months was for Temora sp., decapod

larvae and fish larvae (Table 2).

Discussion

Abundance and distribution

Little is known about the occurrence and distribution of Scyphomedusae in the North Sea
and even less about the location of their polyp populations. Some investigations covered
the whole North Sea, but provided only limited information on the southern regions (Moller
1980c; Hay et al. 1990), others focused on the Dutch coast (Verwey 1942) and the British
Isles (Russel 1970). Studies on Scyphozoa in the southern North Sea (Hartlaub 1894;
Kinne 1952; Kopacz 1994) and the Elbe Estuary (Kihl 1964; Thiel 1966) were mainly

conducted >40 years ago. Most investigations focused on the medusa stage, as they are
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readily found in conventional plankton samples. Polyp populations are hard to find in the
field, as they preferentially settle upside-down from a hard surface in shaded places (e.g.
Brewer 1976). Therefore, the location of polyp populations in the southern North Sea is
mostly unclear, apart from individual findings. Their existence was mostly derived from the
regional distribution of small ephyrae such as described for A. aurita in the Dutch Wadden
Sea (van der Veer and Oorthuysen 1985), and C. hysoscella in the Elbe Estuary (German
Bight) (Merck 1989). The absence of polyps was assumed, when no ephyrae were caught
or the ephyrae were too large, to have been recently released, as in the northern Wadden
Sea of Sylt Island (Kopacz 1994).

Three different patterns of seasonal occurrence of medusae were distinguished in this
study: (i) The early occurring C. lamarckii (February-August), (ii) C. capillata and A. aurita
(April-August) and (iii) the late appearing C. hysoscella (July/August-September). These
observations are comparable to earlier investigations. In all former studies C. lamarckii, C
capillata, A. aurita and C. hysoscella were commonly found, but the species were of
variable importance (Hartlaub 1894; Verwey 1942; Kinne 1952; Russel 1970; Moller
1980c; Hay et al. 1990).

C. lamarckii was the most abundant species observed during this investigation. The
dominance of this species in the southern North Sea was also described in former studies
(Hartlaub 1894; Verwey 1942; Kopacz 1994). C. lamarckii was usually much more
abundant in the southern parts than in the rest of the North Sea (Hay et al. 1990). The first
individuals of C. lamarckii appeared in February 2004. In 1933-39 it was also first present
within samples collected in February, reached highest abundance from May to early August
and disappeared in October (Verwey 1942). In this investigation this species was absent
from samples collected in September. Strobilation off the Dutch coast may occur from
December to June (Verwey 1942). Kiinne (1952) observed ephyrae of Cyanea sp. in the
German Bight from March until May. The ephyrae caught in this study during February
2004 were most probably C. lamarckii, but could also have been C. capillata or A. aurita.
The large individuals of C. lamarckii (17cm in diameter) caught in February were most likely
survivors of the preceding year.

C. capillata was described as a northern boreal species (Russel 1970). In agreement with
this study, previous reports observed that it appeared mostly later and was less abundant
in the southern North Sea than C. lamarckii (Hartlaub 1894; Verwey 1942; Kopacz 1994).
In 2004, C. capillata were caught from April to August and a peak in its abundance was
observed in June. In contrast, Verwey (1942) found this species until October. The more
offshore distribution of C. capillata, described by Hay et al. (1990), was not observed in this
study until August. C. capillata has been described as the larger of the two Cyanea species

and may reach a diameter of >40 cm in the North Sea (Verwey 1942). In this investigation
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C. capillata reached 28cm, a larger maximum diameter than C. lamarckii (max. 20cm).
Strobilation may occur from March to June off the Dutch coast (Verwey 1942), and
therefore fits the observations.

From February to May 2004 medusae of both Cyanea species were more abundant at
stations near the south-east coast. In 2005 their distribution was clearly related to the
coast, including Helgoland Island, until July. Due to the dependence on hard substrate
(Brewer 1976) Cyanea polyps live most probably somewhere at the coast in this region, but
were only found once on a granite block near Helgoland Island (Hartlaub 1894). The polyps
of C. capillata, were found on stones, shells and algae (Verwey 1942). They are common in
the Gullmar Fjord (Skagerrak, Sweden) but at lower abundance than those of A. aurita
(Gréndahl and Hernroth 1987; Gréndahl 1988).

A. aurita was described as rare on one hand (Merck 1989; Niermann et al. 1998) and as
the most abundant species in coastal waters in the North Sea on the other (Hay et al.
1990). In August 1987, it was restricted to the north-western area (Méller 1980c) and, in
many years, was caught only sporadically in the waters around Helgoland Island (Hartlaub
1894; Kinne 1952) and Sylt Island (Kopacz 1994). The complete absence of A. aurita in
the investigation period in 2005 was therefore, not unusual. In addition, A. aurita is a
potential food source for C. capillata (Bamstedt et al. 1994, 1997; Hansson 1997), and its
population dynamics might be controlled by predation. The occurrence of A. aurita off the
Dutch coast from April to August (Verwey 1942; van der Veer and Oorthuysen 1985) and
off Helgoland Island in 1984 and 1985 from May on (Dittrich 1988) fits the patterns
observed in 2004 in this study. The strobilation period may start in November/December
(Kinne 1952) or in February/March (Verwey 1942; van der Veer and Oorthuysen 1985)
and last until June. Polyp populations are known from Helgoland Island (Sabine Holst pers.
comm.), Borkum Island and Wilhelmshaven (Kiihl 1964) and have been reported to exist in
the Dutch Wadden Sea (van der Veer and Oorthuysen 1985). They are also found in the
Gullmar Fjord (Skagerrak, Sweden) (Hernroth and Grondahl 1983; Grondahl 1988) and the
western Baltic (e.g. Kandler 1961; Moller 1980a; Olesen et al. 1994; Schneider and
Behrends 1998).

C. hysoscella occurs mainly in the southern North Sea (Hay et al. 1990). The late
appearance of this species in both years of this study is consistent with former studies. It
occurred mainly from August to October off the Dutch coast and around Helgoland Island
(Hartlaub 1894; Verwey 1942; Kinne 1952). In August 2004 it was the most frequent
species sampled in the study area, similar to the results of Méller (1980c) who sampled the
region in 1978. The more south-easterly distribution in this investigation was almost

identical with observations by Merck (1989). High abundance of this species in and near
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the Elbe Estuary led to the conclusion that polyp populations and strobilation may occur
there (Kuhl and Mann 1967; Merck 1989).

In some investigations, Rhizostoma octopus has been observed (Verwey 1942; Kinne
1952; Russel 1970; Hay et al 1990). This species might be indigenous to the German Bight
since about 1920 (Thiel 1966). From the occurrence of small ephyrae the existence of
polyp populations in the Elbe Estuary was suggested (Kuhl 1964; Thiel 1966). As this
species was found to be most abundant in September/October by some authors (Verwey
1942; Kinne 1952), it may have been missed in this study in 2004 and was definitely
missed in 2005. C. hysoscella and R. octopus appear later in the year because their polyps
require warmer water to initiate strobilation (Verwey 1942). As polyp populations of C.
hysoscella and R. octopus were never found in the field, it is doubtful that their complete
life cycle occurs in the German Bight or in North Sea waters. Instead, they are most likely
advected into this region from Spanish and French coasts (C. hysoscella) or the English

Channel and North Atlantic (R. octopus) (http://schutzstation-wattenmeer.de).

Controls of medusae distribution

The life cycle of Scyphozoa often leads to the transient appearance of “medusa blooms”
due to the seasonality in asexual production (Mills 2001). Furthermore, medusae generally
show high inter-annual fluctuations in their abundance (Schneider and Behrends 1994), but
native and non-indigenous species have increased in abundance in local habitats or
regional ecosystems in the last years (reviewed in Mills 2001). In the North Sea, the
abundance of Scyphomedusae showed inter-annual fluctuations (Hay et al. 1990). Lynam
et al. (2004, 2005a) linked the inter-annual variability in abundance between 1971 and
1986 to changes in the North Atlantic Oscillation Index (NAOI). In most of the North Sea,
the abundance of medusae was generally high when the NAOI was low (Lynam et al. 2004,
2005a). Lynam et al. (2004) generated a conceptual model wherein high NAOI led to rare
A. aurita and C. lamarckii abundance and vice versa. Important environmental factors
included sea surface temperature, as trigger for strobilation (Russel 1970; Omori et al.
1995), and advection, which leads to accumulation or dispersal of ephyrae. As strobilation
takes place in winter and spring, when the NAO has greatest influence in the North Sea, it
might have a high impact on environmental conditions that effect strobilation e.g. changes
in temperature (Lynam et al. 2004). According to Lynam et al. (2004) abundance of A.
aurita and C. lamarckii in the North Sea might be suppressed by the present high state of
NAOQOI. The limited duration of this investigation and the lack of long-term studies in the
southern North Sea do not allow us to interpret the data in relation to climate variability.
Unfortunately, most of the former studies did not provide abundance data. C. lamarckii, the

most frequent species in this study, reached a maximum abundance of 13 ind. 100m™ at
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one station in June 2004. Its highest mean abundance was 1.8 + 2.7 ind. 100m™. However,
Kopacz (1994) found a maximum of 100 ind. 100m™ off Sylt Island in the summer of 1991.
Van der Veer and Oorthuysen (1985) found a maximum abundance of 49 A. aurita ind.
100m™ in a bight of the Dutch Wadden Sea. Compared to this data the years 2004 and
2005 were characterised by a low to medium abundance.

Scyphomedusae might have a negative impact on recruitment of several fish stocks as a
result of competition for the same food (Purcell and Sturdevant 2001) and in terms of direct
predation on fish eggs and larvae (reviewed in Purcell 1985). The Scyphomedusae in the
southern North Sea fed on several copepod and other crustacean species. As this is the
same food that fish larvae prey upon in this area (Dickmann 2005) they have to be
considered as competitors. In the western Wadden Sea (Dutch coast) A. aurita was found
to feed on larvae of plaice and flounder (van der Veer 1985). Lynam et al. (2005b)
suggested, that A. aurita could have an adverse impact on North Sea herring populations.
Herring is the most important commercial fish species taken in the North Sea
(http://www.ices.dk). Furthermore, the southern North Sea is an important spawning ground
for sprat (Aurich 1941), plaice and flounder (Harding et al. 1978). The larvae of both flatfish
species migrate into their nursery areas in the adjacent Wadden Sea (Creutzberg et al.
1978). During transport toward the nursery areas, eggs and larvae have high rates of
mortality (Harding et al. 1978), partly due to predation by Scyphomedusae (van der Veer
1985). In contrast to investigations in the central Baltic Sea (Barz and Hirche 2005), and in
agreement with investigations in other areas (e.g. Mdller 1980b, 1984; Purcell 1985),
partially digested fish eggs and larvae, including clupeids, were found in the gut contents in
all months analysed. The peak spawning of sprat occurs from May to June (Alheit et al.
1987) when most medusae occur. However, due to the relative low abundance of all
species in this study, we have concluded, that predation by medusae was not among the
important factors affecting recruitment of fish in the time frame investigated. However, if a
future reversal of the NAO phase provides a more favourable environment for
Scyphomedusae (Lynam et al. 2004) the abundance of medusae in the North Sea could
increase and the recruitment of fish stocks may be impacted due to increased competition
for prey and predation on eggs and larvae. For a better management of North Sea Herring
stocks, Lynam et al. (2005b) suggested to include a monitoring of jellyfish. However,
bottom—up processes influenced by physical factors (temperature, salinity), food
availability, and the availability of suitable hard substrate for the polyp settlement mostly
control the abundance of medusae (Parsons and Lalli 2002). Hence, for a successful
monitoring and eventual forecast of medusae blooms in the southern North Sea it is critical

to locate the polyp populations of all species and to learn more about their complete life
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history dynamics (Mills 2001). With this information a prediction on numbers of released

ephyrae and their advection to other regions might be possible.
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Tables

Table 1: Cruise dates and measured parameters in 2004-2005. Spatial =

distribution; vertical = vertical distribution; food = gut content

Year Date

spatial

Parameter
vertical

food

2004 16.02.-05.03.
06.04.-27.04.
07.05.-26.05.
17.06.-06.07.
04.08.-23.08.

06.09.-12.09.

+

+

2005 14.04.-21.04.
17.05.-24.05.

30.06.-08.07.

+ 4+ [+ + + + +

spatial

Table 2: Gut content of C. lamarckii (C. lam), C. capillata (C. cap) and C. hysoscella (C.

hys). Mean abundance of prey items per medusae += <1; ++ = 1-5; +++ => 5

2004 2005

Feb Jun Aug May Jul
Species C.lam | Clam | C.lam C.hys]JC.lam C.cap | C.lam C.cap
Analysed guts 23 15 5 6 7 8 10 8
Empty guts 13 4 1 1 1 4 3 3
Temora sp. + ++ + + +++ +
Acartia spp. + + + + ++ ++ ++
Centropages spp. + + + + + ++
Pseudocalanus sp. + +
Calanus helgolandicus + +
Harpacticoida + +
Podon ++ + + + ++
Evadne + +
Penilia + ++ +
Polychaeta larvae + ++
Appendicularia ++
Decapoda larvae +++ ++ + + ++ ++
Mysidacea ++ +
Fish eggs ++ + + +
Fish larvae ++ + + ++ ++
Echinodermata larvae + +
others + + ++ + + ++ +
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Fig. 1: Station grid in the southern North Sea in 2004.
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Fig. 4a-b: Spatial distribution of a. Cyanea lamarckii and b. C. capillata (ind. 100m™) in

2004 from Bongo net hauls.
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Fig. 4c-d: Spatial distribution of c. Aurelia aurita and d. Chrysaora hysoscella (ind. 100m™)

in 2004 from Bongo net hauls.
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10 Appendices

10.1 List of abbreviations

Abbreviation

Description

BB
MBI
C.cap
C. hys
C. lam
NAO(I)
nd

nm
SD

Bornholm Basin

Major Baltic Inflow

Cyanea capillata

Chrysaora hysoscella

Cyanea lamarckii

North Atlantic Oscillation (Index)
no data

Nautical miles

Standard Deviation
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