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Summary 1

Summary

Pacific oysters@rassostrea gigas Thunberg 1793) have been introduced into the Wa&da
(North Sea) by aquaculture in the 1980s. Subselyyerdtural spatfalls occurred and wild
oyster populations became established. For settierogster larvae need hard substrates to
which they attach themselves permanently. By setitin top of each other, they may create
massive biogenic reefs. On the sedimentary tidas fbf the Wadden Sea, epibenthic mussel
beds Mytilus edulis L.) represent the main insular hard substratesrefbre the oysters
attached themselves mainly to the shells of Inang dead blue mussels.

Resident mussel beds became more and more overdgnp®ngigas and the question arose,
whether they all might soon be replaced by oystefs: In this context, the objective was to
assess the impact @. gigas on the native ecosystem by investigating the pdjmua
development in the northern Wadden Sea, and byatiad) the scope for coexistence with
resident mussels. In general, this may be a tes& whether an introduced species is capable
of displacing a native analogue in a sedimentaoyesknvironment.

The invasion ofC. gigas in the northern Wadden Sea started in 1991 wherfitkt wild
oysters had settled on an intertidal mussel beddrvicinity of an oyster farm that has started
its business in 1986 in the List tidal basin (islaf Sylt, Germany). At first, abundances on
intertidal mussel beds remained low and patchy%18%6 + 3.21 individuals 1) 1999: 3.71

+ 3.79 individuals 7). The population slowly expanded its range fromeritidal to subtidal
locations as well as from Sylt north- and southwaedong the coastline. However, a
succession of three summers (2001 — 2003) with almm high water temperatures led to a
massive increase in oyster abundances (2003: 12518®.47 individuals M, 2004: 244.44

+ 172.84 individuals ). It is assumed that the further invasionGfgigas in the northern
Wadden Sea will benefit from high late-summer watnperatures when these oysters
reproduce. However, length frequency distributiomeealed that successful cohorts survived
for at least 5 years, allowing for population psteshce even when warm summers are rare.
Studies on recruitment showed differential settlethwd oysters and mussels that may lead to
niche separation and coexistence of both species.oysters settle preferentially on
conspecifics, a positive feedback of adults onuigtient may facilitate rapid reef formation.
Mussels may find a refuge underneath a cover ofbotibe/n macroalgducus vesiculosus.
Potentially, mussels may overgrow oyster reefs igh hrecruitment years especially if a

facilitating barnacle cover is high. However, beointeractions withC. gigas that reaches
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about three to four times the size of mussels maygmtM. edulis to become abundant on
oyster reefs.

Growth experiments revealed a faster growtlCofligas compared tdM. edulis in intertidal
and subtidal habitats. Whereas oyster growth ishaohpered by the presence of oysters,
mussels, and barnacle epigrowth, the growth of elsss reduced in the presence of these
species, thus suggesting competitive inferiority.

In field experiments, a high survival rate of juitenoysters was found and presumably
caused by very low predation pressure. About 70%uwednile C. gigas survived the first
three months on an intertidal mussel bed and aBb¥ reached their first reproductive
period one year after settlement. Only early réorent in the subtidal zone was reduced due
to predation. Laboratory feeding preference expemits confirmed that the main benthic
predators, shore crab&drcinus maenas L.) and starfishAsterias rubens L.), strongly prefer
mussels to oysters. Size selective feeding by @@ mussel predators together with an early
size refuge from predation due to faster growth kanger size may facilitate a competitive
advantage o€. gigas overM. edulis.

As C. gigas is well adapted to the Wadden Sea ecosystem amgetdive superior to their
native congeners, a further increase of the oystpulation in the Wadden Sea is expected.
The development of massive intertidal and possaldy subtidal oyster reefs that may contain
a variable amount of mussel epigrowth dependingecruitment success in different years is
considered as a likely future scenario. As oysteruitment depends on high summer water
temperatures whereas high mussel recruitment ysi@lbws severe winters, a possible
climate change leading to warmer summers and muwdeters will further support the
displacement oM. edulis by C. gigas. This regime shift is expected to have profoungants

on the Wadden Sea ecosystem, mainly because ogstelsess integrated in the basic food
web. A massive increase of the oyster populatioly mead to food limitation of other
suspension feeders, especially in the wake of dstrg eutrophication, and to a decline of
benthic predators. However, in which way the rasideommunity will adapt to this new
invader will be a future task to tackle. | conclutiat the invasion of. gigas in the Wadden
Sea is facilitated by a high efficiency of usingep and food resources and by low predation

pressure by resident predators.
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Zusammenfassung

Die Pazifische AusterGrassostrea gigas Thunberg 1793) wurde Mitte der 1980er Jahre zu
Aquakulturzwecken ins Wattenmeer eingefihrt und bi@h seitdem durch natirliche
Larvenfalle an der gesamten Wattenmeerkiste etabliusternlarven bendtigen zur
erfolgreichen Ansiedlung Hartsubstrate, an denerswh festzementieren kénnen. Auf den
sandigen Boden des Wattenmeeres beschranken $itie $tartsubstrate jedoch grofdtenteils
auf epibenthische Miesmuschelbanké/ilus edulis L.), die einer Vielzahl sessiler Arten als
Siedlungsraum dienen.

Da sich die Austern auf die Schalen der Miesmuschmften, wurden die heimischen
Muschelbédnke zunehmend von den etwa drei- bis akgnd3eren Austern tberwachsen und
es stellte sich die Frage, ob die Miesmuscheln baidrangt werden konnten. Das Ziel dieser
Studie war es daher, die Ausbreitung und Einnisghuon C. gigas im Wattenmeer zu
untersuchen und zu einer Prognose zu gelangennelXeexistenz von Miesmuscheln und
Austern in Zukunft moéglich sein wird. Damit leistdie vorliegende Arbeit einen Beitrag zum
Verstandnis der moglichen Auswirkungen eingeschiappArten auf die Lebens-
gemeinschaften der Sedimentkusten.

Nachdem 1991 die ersten freilebenden Austern aef eulitoralen Muschelbank in der Nahe
der Austernfarm im Lister Tidebecken (Sylt, norééisches Wattenmeer) gefunden wurden,
fand zunachst eine regionale Verbreitung stattpdieren Dichten nahmen hingegen kaum
zu. So zeigten die ersten Kartierungen aus deredat895 (3.56 + 3.21 Individuen?nund
1999 (3.71 + 3.79 Individuen A noch keinen nennenswerten Abundanzzuwachs, ager d
Austern hatten sich allmahlich sowohl nord- undveiids entlang der Kiste als auch vom
Gezeitenbereich ins Sublitoral ausgebreitet. Brs&t Eolge von drei Sommern (2001 — 2003)
mit Uberdurchschnittlich hohen Wassertemperatuidntén zu einer dramatischen Zunahme
des Austernbestandes (2003: 125.80 + 119.47 Ingbvidn; 2004: 244.44 + 172.84
Individuen m¥). Da in allen Jahren mit hohem Rekrutierungserfblgsonders hohe
Wassertemperaturen im Spatsommer herrschten, wiednutet, dass die weitere
Bestandsentwicklung der Austern im nérdlichen Watteer vom Auftreten warmer Sommer
abhangt. Da Langenhaufigkeitsverteilungen jedodbere dass bestandsbildende Kohorten
mindestens 5 Jahre lang Uberleben, wird auch egn@d® mit kalten Sommern nicht zum

Verschwinden der Austern fuhren.
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Untersuchungen zur Rekrutierung von Austern undsMigscheln haben artspezifische
Unterschiede ergeben, die eine Koexistenz von hefdeen ermdglichen kénnten. Wahrend
sich Austern bevorzugt auf Artgenossen ansiedeligen Miesmuscheln keine Praferenz fur
Austern- oder Miesmuschelsubstrate, sie bevorzugelmehr mit Seepocken bewachsene
Schalen vor unbewachsenen. Die positive VerstarkdesyRekrutierungserfolges durch die
Anwesenheit adulter Austern wird die Ausbildung vamsternriffen beschleunigen. Da die
Rekrutierung vorC. gigas jedoch durch das Vorhandensein der Braunklgeis vesicul osus
stark behindert wird, kdnnten Miesmuscheln uiiecus einen Rickzugsraum finden und in
Jahren mit hohem Rekrutierungserfolg, wie sie maist kalte Winter folgen, die neuen
Austernriffe GUberwachsen. Dies wird jedoch untedeaem davon abhangen, inwieweit die
Miesmuscheln mit den Austern um potentiell limiéiede Ressourcen konkurrieren kénnen.
Wachstumsexperimente haben gezeigt, dass Austémelser wachsen als Miesmuscheln.
Weder die Uberdeckung mit der Braunal§e vesiculosus, noch der Aufwuchs von
Seepocken oder die Anwesenheit von Miesmuscheln Austern haben einen negativen
Einfluss auf die Wachstumsrate vd@h gigas. Das Wachstum von Miesmuscheln wird
hingegen durch die Anwesenheit dieser Arten vedand, was vermuten lasst, ddsedulis
konkurrenzschwéacher ist.

Freilandexperimente haben ergeben, dass juvensteusehr hohe Uberlebensraten auf eu-
und sublitoralen Miesmuschelbénken aufweisen. IlrubREausschlussexperimenten und
Nahrungswahlversuchen konnte gezeigt werden, dasmggr Pradationsdruck fiur die
niedrige Mortalitdt verantwortlich sein kdnnte. Sdw StrandkrabbenGarcinus maenas L.)

als auch Seesterndderias rubens L.) haben die heimischen Miesmuscheln den Austern
vorgezogen. Da die Austern schneller wachsen uriegr werden als die heimischen
Miesmuscheln, wachsen sie zudem schneller aus dahmtuNgsspektrum von mdoglichen
R&ubern heraus, was Ihnen einen weiteren Konkuroeteil verschafft.

DaC. gigas sehr gut an den Lebensraum Wattenmeer angepak&bokurrenzstarker ist als
M. edulis, ist zu erwarten, dass ihre Dichte weiter zunehmied und es zur Ausbildung von
grol3flachigen eu- und sublitoralen Austernriffenmkoen kann. Die Miesmuscheln werden
wahrscheinlich weiter abnehmen und kénnten zu ebestenz als eine unter vielen
Aufwuchsarten auf Austernriffen zurtickgedrangt veerdDiese Vorhersage wird durch
Klimaprognosen gestitzt, die warmere Sommer underel Winter vorhersagen. Falls die
Austern sehr stark zunehmen und abnehmende Euwroplgi in Zukunft zu
Nahrungslimitierung im Wattenmeer fihren wird, ktem die Austern auch andere
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Muschelarten zurickdréngen. Da die Austern zumindegenwartig noch schlecht ins
Nahrungsnetz integriert sind, wird lhre Zunahme Katen anderer Arten auch deutliche
Auswirkungen auf hoéhere trophische Stufen wie bealtle Pradatoren und Vogel haben.
Inwieweit sich jedoch das heimische Okosystem aneiligeschleppte Art anpassen kann,

muss einer weiteren Untersuchung vorbehalten bieibe
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1 General Introduction

This study discusses an invasive species that naag Iprofound impacts on ecosystem
dynamics in the Wadden Sea (North Sea). The spaaddniche occupation of introduced
Pacific oysters @rassostrea gigas) was investigated in field surveys as well asiahdf and
laboratory experiments. As the oysters are settingop of native epibenthic mussel beds
(Mytilus edulis), the scope of coexistence for both species wessasd. The first section of
this introduction deals with general aspects of imgabioinvasions, whereas the second
section is focussed on the invasion historyCofjigas. The third section illustrates possible
effects ofC. gigas on the benthic ecosystem and especially on thlbg@g®f mussel beds.
Finally, the main questions of this study are pnése.

1.1 Marine bioinvasions

Non-native species accumulating in marine ecosystna a significant component of human
induced environmental change, leading to a homaegéon of the earth’s biota (Lodge 1993,
Lovei 1997, Vitousek et al. 1997, Occhipinti-Ambr@gSavini 2003). Even though changes
in species compositions and interactions due tmatic and geographic variations have
occurred throughout evolutionary time, human mediatransport vectors are allowing a
much wider and faster distribution to new habitaEspecially the improvement of
intercontinental ship traffic largely enhanced tinember of non-native species that were
transported in ballast water or attached to shifsfaund survived even long distance journeys
(Carlton 1985, Carlton & Geller 1993, Ruiz et al0R, Minchin & Gollasch 2003). The
deliberate or accidental release of aquaculturdymts is another important gateway, not only
for target species, but also for organisms assatiatith them, such as epifauna and
-flora as well as parasites and pathogens (Chew,188ylor et al. 2001, Wolff & Reise
2002). Aguarium trade and plastic debris driftimgtbe sea surface are other anthropogenic
vectors with increasing significance (Barnes 2@&nmens et al. 2004).

However, even though enormous amounts of organamdransported beyond their native
ranges every day, only few of them are able tobistathemselves in recipient habitats and
even less become invasive and develop an immenpelgiion growth (Lodge 1993,

Williamson & Fitter 1996a). Nevertheless, there auenerous examples of invasive species



8 Chapter 1

that have profound direct and indirect effectstmnnative community, ranging from species-
level consequences to impacts on food-web progedial ecosystem processes (Grosholz
2002). One example for an invasion that has cawbeshges at ecosystem level is the
introduction of the estuarine Asian cldPotamocorbula amurensis into San Francisco Bay.
The bivalve interrupted the basic food chain bydfarring most of the primary production
from the pelagic to the benthic food web, therelmhamcing benthic invertebrates and
bottom-feeding fishes on the expense of zooplanktod larval fish (Carlton et al. 1990,
Nichols et al. 1990, Kimmerer et al. 1994). Anotlkeeample is the comb jellyinemiopsis
leidyi that was introduced into the Black Sea via ballaater in the early 1980s. The
voracious zooplanktonic predator devastated thd tdain of the entire Black Sea basin and
caused a huge economic damage to the fishing iydiogtfeeding on the food supply and on
the eggs and larvae of resident pelagic fish (Ksd2§02). However, eutrophication may have
played an important role in this process, thus euppg a theory that states that disturbed
habitats are more susceptible to invasions tharistutded ones (Occhipinti-Ambrogi &
Savini 2003, Marvier et al. 2004). Assuming thatcassful invaders are habitat generalists
and that generalists are competitive inferior tditad specialists because of a trade-off
between competitive ability and habitat breadthbitaa destruction and short-term
disturbances should favour invasion by habitat gists despite their inferior competitive
ability (Marvier et al. 2004).

In order to predict or prevent further introducspnmany studies have focussed on
characteristics of successful invaders (di Cas280] Lodge 1993, Kolar & Lodge 2001,
McMahon 2002) and on habitat characteristics (Cegwl987, Case 1991) that may
determine susceptibility to invasion. Species witfelected life history traits (rapid growth,
early maturity, short life spans, high fecunditgdaextensive dispersal capacity) are generally
considered to be successful invaders because tleeplde to achieve massive population
densities soon after introduction to a new hal{itatdge 1993, Williamson & Fitter 1996b,
McMahon 2002). The term ‘niche opportunity’ was déoyed to describe conditions that
promote invasions in terms of resources, naturainees, the physical environment, and
interactions between these factors varying in tand space (Shea & Chesson 2002). How a
species responds to these conditions determinedbiiity to invade a certain habitat. In this
context, high species richness has been proposadgesrequisite for a low susceptibility to
invasion — or low niche opportunity — because ai@e complete utilization of resources by

resident species (Elton 1958, Stachowics et al9l98owever, characteristics that may
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facilitate invasion or invasibility are controveally discussed, because many successful
invasions are not following any of the general su{€rawley 1987, Lodge 1993).

Climate change leading to changing maximum and muim temperatures has frequently
been discussed as supporting biological invasi@tachowicz et al. 2002). For example,
higher winter temperatures are promoting the spdaglipper limpetCrepidula fornicata,

and higher spring temperatures facilitate the esjomanof the cord grasSpartina anglica in

the northern Wadden Sea (Thieltges et al. 2004hlLeteal. submitted).

The spread and niche occupation of an introducedisp offers opportunities to study basic
processes in population biology (Sakai et al. 20@83suming that an invasive species
encounters suitable environmental conditions imés habitat, its population development
will depend on whether it is consumed by nativedpters (Robinson & Wellborn 1988,
Trowbridge 1995) or outcompetet by resident spe@ibsulton & Pimm 1983, Case 1991).
Exploitative competition between an introduced anthtive species may occur if one species
has a more efficient way of using limiting resow¢Byers 2000). Various case studies have
compared the ability to compete for space and/od toetween exotic species and their native
congeners in order to explain or assess futuresiomasuccess (e.g. Byers 2000, Talman &
Keough 2001, Kotta & Olaffson 2003, Cope & Wintewbo 2004). In addition, home and
away comparisons, that is, comparisons of specddseir native and invaded ranges, are
considered to be important for the understandingedision processes (Lohrer et al. 2000).
Recently, the enemy release hypothesis has beeslywdiscussed in invasion literature. It
states that the success of invaders is relatecha@ostarcity of natural enemies such as
predators, parasites and pathogens, in the intesbluange compared to the native habitat
(Torchin et al. 2001, 2003, Keane & Crawley 2002e& & Chesson 2002, Clay 2003, Drake
2003, Mitchell & Power 2003, Colautti et al. 2004)owever, phenotypic plasticity may
enable native species to react to the invaders @DO¥). For example, in New England the
native periwinkleLittorina obtusata developed thicker shells in response to the inkctdn

of a new predator, the European green Gatrinus maenas (Trussel 2000).

At the North Sea coast, about 80 non-native spdmmeame established, with ship traffic and
aquaculture being the most important introductiectors (Reise et al. 2002). Most of these
species remained insignificant additions to theveabiota, but there are some species that
may alter ecosystem functioning (Reise et al. 208xpmples are the cord graSsartina

anglica (Loebl et al. submitted), the Japanese seaviaeghssum muticum (Buschbaum in
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press), the American slipper limp€repidula fornicata (Thieltges et al. 2004), and the
Pacific oystelCrassostrea gigas (Reise 1998).

As C. gigas is an ecosystem engineer that alters habitat cteaistics by forming massive
epibenthic reefs, its introduction may have comnylavel effects proportional to its
abundance (Reusch & Williams 1999, Jones et al41%ossible impacts @. gigas on the
Wadden Sea ecosystem, and how competition witlvenatiussels and predation by resident
predators may influence the invasion success, kgl discussed in chapter 6 (General

Discussion).

1. 2 Invasion history of Crassostrea gigas

1.2.1 Global distribution

The Pacific oyster originates from Japan and has lor@roduced to various coastal areas due
to aquaculture activities (Korringa 1976, Andrewd8Q, Chew 1990; Fig. 1). In many
regions, natural spatfalls occurred and wild oygtepulations established: e.g. British
Columbia (Quayle 1988), California (Span 1978), tBoffrica (C. Griffith, pers. comm.),
Australia (Ayres 1991), New Zealand (Dinamani 19%rance (Grizel & Héral 1991), The
Netherlands (Drinkwaard 1999), and Germany (Rei@@8) It is important to note that
according to genetic studies the Portuguese o@stesostrea angulata is a strain ofC. gigas
originating from Taiwan (Boudry et al. 1998, Huettal. 2002)C. angulata was accidentally
introduced to Portugal sometime between the e&lyahd the late 8century and was later
imported into France (1860s) and The Netherlan@¥ ¢entury) for aquaculture (Wolff &
Reise 2002). However, gill disease and viral patinsgled to a severe decline of the
Portuguese oyster in the 1960s and 1970s, andssimesler recovered thereafter (Goulletquer
& Héral 1991).
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Fig. 1 Worldwide distribution of C. gigas respectively C. angulata. Given is native range
(encircled; Japan and Korea for C. gigas, Taiwan for C. angulata), and years of first
introductions. Yellow: C. angulata; red: C. gigas from Japan; blue: C. gigas from the west
coast of the U.S. Map after Chew (1990) and Wolff & Reise (2002)

In Europe, imports o€. gigas started in 1964 with spat oysters from British @obia that
were released in the Oosterschelde (The Nethepjdadsquaculture purposes (Drinkwaard
1999). The first natural spatfalls occurred during exceptionally warm summers in 1975
and 1976 and subsequently a wild population estaddi. From then on, the oyster population
increased enormously, from 15 - 35 ha oyster e @n 1980 to 210 - 370 ha in 1990 and to
640 ha in 2002 (Kater & Baars 2003). The introdutifC. gigas to France, which started in
1966 with imports of spat from Japan, led to a lsinpopulation increase (Le Borgne et al.
1973, Grizel & Héral 1988). However, in Great BntawhereC. gigas is cultured since
1965, only sporadic natural spatfalls occurredoime estuaries (Spencer et al. 1994, Child et
al. 1995).

In the Wadden Sea, which is a 500 km long coadtatck between Den Helder in The
Netherlands and Esbjerg in Denmark (Fig. 2), theasion of C. gigas started from two
locations: from the island of Texel (The Netherlgnhth 1983 and from the island of Sylt
(Germany) in 1991 (Bruins 1983, Reise 1998). Theterg near Texel in the Dutch Wadden
Sea are considered to have been accidentally untesH with mussel transports from the

Oosterschelde (Bruins 1983), whereas the oystdheinorthern German and Danish Wadden



12 Chapter 1

Sea sprang from an oyster culture near Sylt (ReE@88). From Texel, the oysters spread
eastwards along the coast and reached the GermddeW&ea in 1998 (Wehrmann et al.
2000). Meanwhile, extensive intertidal oyster reedse developed near the islands of Texel
and Rottum in The Netherlands (Dankers et al. 2084y also in the western German
Wadden Sea the formation of oyster reefs has rigdeagun (A. Schmidt, pers. comm.).

Near Sylt, the first wild oyster that had disperasd larva was found in 1991 on an intertidal
mussel bedviytilus edulis in the vicinity of an oyster farm that started liigsiness in 1986.
The wild oyster population slowly expanded its mrfigpm Sylt north- and southwards along
the coastline. However, abundances remained orwaldgel until a succession of three
consecutive summers (2001 - 2003) with anomalogh hvater temperatures led to an
immense increase in oyster densities and to thedton of oyster reefs in some locations by
2004.

<o 2003
X Site and year of introdution g DK
e  Sijte and year of first record 1999
— Direction of spread Sylt o
; 1991
1986
® 1995
1995. X
- 2000
North Sea )
D
2003 »
2004 o
2003
1998 2003 -
g7 ° " o
2002
. 2001 *
Texel S :
1905, K |1983 o N

Fig. 2 Distribution of C. gigas in the Wadden Sea. Given are years and sites of
introduction (red; asterisks) and years of first records (black, dots). Map after Reise
et al. 2005
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1.2.2 History of oyster fishery in the northern Wadlen Sea

Until the end of the 1 century the Wadden Sea was famous for a thrivirggen industry
based on extensive subtidal beds of the native geam oysteiOstrea edulis. However,
overexploitation and diseases resulted in dranaatine of the oyster population (Hagmeier
& Kéandler 1927, Hagmeier 1941, Reise 1982, 199@yI KI6bius came up with the concept
of an ecological community — or biocoenosis — lydging the declining oyster reefs (Mobius
1877). However, neither fishing regulations nor itmport of seed oysters from France and
The Netherlands could prevent ti@tedulis became extinct in the Wadden Sea in the 1940s
or 1950s (Reise 1990). To compensate for the 10€3. @dulis, exotic oyster species were
introduced for aquaculture, but only the Pacificstey Crassostrea gigas turned out to be
profitable. After some preliminary attempts to oudte C. gigas in the north and east Frisian
Wadden Sea in the 1970s, the only commercial oyater started its business in 1986 off the
coast of Sylt in the List tidal basin (Fig. 3, 4).

List tidal basin

' «&@» Oyster farming

Fig. 3 Study site (List tidal basin; 5450’ - 55°L0’ N, 0 820 '- 0840’ E). Marked are
intertidal mussel beds and the location of the oyster farm. Satellite picture from
GAF / Euromap

Spat oysters from hatcheries in Great Britain aethhd are regularly imported and placed in
mesh bags that are deployed on trestles close timothwater line. It takes about 2 years until

the oysters reach marketable size and the anno@ligtion is about 2 million individuals.
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Fig. 4 Farming of C. gigas in the northern
Wadden Sea. The oysters are kept in mesh
bags on trestles in the low intertidal zone

1.3 C. gigas and the ecology of mussel beds

Shortly after oyster farming had commenced, natapatfalls occurred and wil@. gigas
were found in the vicinity of the culture plot. amder to metamorphose, oyster larvae need
hard substrates to which they attach themselvaglegsing cement drops from a foot gland
(Quayle 1988). From then on, the young oyster Wl attached for life. However, hard
surfaces are scarce on the extensive mud and kaadf the Wadden Sea. Only dead shell
material and epibenthic mussel bddstilus edulis provide secondary hard substrata for
sessile species. Therefore, the oysters are mainly

found as epibionts on mussel beds, attached to the
shells of living and dead mussels (Fig. 5). Mussels
generate epibenthic bed structures by attaching
themselves to each other and to other hard material

via byssal threads, which are protein fibres

generated by certain foot glands (Fig. 6). This
Fig. 5 Juvenile C. gigas attached ) _ _
to a living mussel creates a three dimensional matrix of connected
living and dead mussels that provides a habitaafor
diverse associated flora and fauna (Riesen & R&B&2, Tsuchiya & Nishihira 1986,
Dittmann 1990, Matsumasa & Nishihira 1994). Thighhispecies richness and biomass
renders mussel beds important food resources foousabenthic predators, fish, birds, and
humans (Seed 1969, Dankers & Zuidema 1995, Nerdt 4097, Saier 2001). Mussel beds

are also very important for the material flux irabbw water habitats, because they exchange
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high amounts of particulate matter, nutrients, amgigen with the water column (Asmus
1987, Dankers et al. 1989, Asmus & Asmus 1990, 1P8ihs & Smaal 1994).

Fig. 6 Intertidal mussel
bed Mytilus edulis.
Inset:

M. edulis attached to
each other with byssal
threads

The densely packed communities are now overgrow@. lgygas, a reef-building invader that
reaches about three to four times the size of eatiussels. In comparison to the dynamic
mussel beds where mussels are able to move ta@ncextend using their foot and byssal
threads, oyster reefs are more massive and fixeause the individuals are cemented to each
other (Fig. 7).

Fig. 7 Intertidal oyster
reef Crassostrea gigas
in the Oosterschelde,
The Netherlands.

Inset:

start of an oyster reef
with about 20 oysters
attached to each other
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In order to assess the future population developwie@. gigas and the scope of coexistence
with native mussels, different aspects of biotieiactions between oysters and their recipient
habitat were studied. Firstly, population paranstére abundances and length-frequency
distributions were recorded in different locati@rsl years. Secondly, field experiments were
conducted to compare recruitment, survival, andvgroof C. gigas with native mussels,
thereby taking important biological interactions missel beds into account. For example,
mussel beds may be partly covered with a thick rlaylethe brown macroalg#&ucus
vesiculosus forma mytili (Fig. 8). Fucus-cover reduces current velocities above the mussel
bed, enhances sedimentation, and has negative tsnpacabundances of mussels and their
epibionts, but supports various herbivores andemees overall macrobenthic diversity
(Albrecht & Reise 1994). Another important factar fmussel bed dynamics is epibiosis
(Albrecht & Reise 1994, Wahl et al. 1997, LaudieM&hl 1999, Buschbaum & Saier 2001,
Buschbaum 2002). In the Wadden Sea, the barn&efeidbalanus balanoides and Balanus

crenatus are the most abundant epibiont species on mugsgls3). Their impacts on mussels

are two sided: they reduce the growth rate of thagibiont, but enhance mussel recruitment
(Grant 1977, Saier 2001, Buschbaum 2002).

Fig. 8 Fucus-cover on mussel
bed (left); Barnacle overgrowth
on mussel shells (right)

As mussel populations are often limited by preduatiteld and laboratory experiments were
carried out in order to assess whether low predagii@ssure by the main benthic predators,
the shore crakvarcinus maenas and the starfisisterias rubens, may facilitate a competitive
advantage o€. gigas overM. edulis (Fig. 9).

Fig. 9 Shore crab Carcinus
maenas (left) and starfish

Asterias rubens (right). Starfish
photo by C. Buschbaum
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1.4 Outline of the study

This study is divided into four separate manussrgach dealing with a different aspect of the
life history of C. gigas: population development (chapter 2), recruitmehtpter 3), survival
and growth (chapter 4), and predation (chapteim53hapter 6 results are summarised and the
impact of a possible regime shift with mussel bedmg largely replaced by oyster reefs is

discussed on species and ecosystem level.

» Chapter 2 describes the population developmen€Cogigas in the northern Wadden Sea
and links the recent massive increase in abundandeigh recruitment success in years
with abnormally high summer water temperatures.

» In chapter 3 recruitment patterns df. gigas and M. edulis are compared in order to
assess whether habitat preferences may facilitelbe iseparation and coexistence of both
species.

» Chapter 4 deals with survival and growth @. gigas andM. edulis in relation to tide
level, substrate, barnacle epigrowth and algal ccowe field experiments it was
investigated whether habitat requirements of bp#ties are similar or whether there are
species-specific refuges from potential competition

» In chapter 5 the hypothesis that low predation pressure bydees predators may
facilitate a competitive advantage Gf gigas over M. edulis was tested. Therefore,
predator exclusion experiments and laboratory fegreference experiments with shore
crabsCarcinus maenas and starfistAsterias rubens as predators were conducted.

» In chapter 6 it is concluded that most mussel beds will becoamaced by oyster reefs
which may be overgrown with varying numberdvhfedulis. This will have consequences
on the food web and other ecosystem properties.
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Chapter 2

Introduced Pacific oysters ( Crassostrea gigas) in the northern

Wadden Sea: invasion accelerated by warm summers?

Abstract

Among the increasing number of species introduoezbastal regions by man, only a few are
able to establish themselves and spread in thewr eresironments. We will show that the
Pacific oyster Crassostrea gigas) took 17 years before a large population of sdveition
oysters became established on natural mussel betig vicinity of an oyster farm near the
island of Sylt (northern Wadden Sea, eastern NSeth). The first oyster, which had dispersed
as a larva and settled on a mussel bed, was digmb\e years after oyster farming had
commenced. Data on abundance and size frequenaybdii®n of oysters on intertidal
mussel beds around the island indicate that recemnt was patchy and occurred only in 6 out
of 18 years. Significant proportions of these ctha@urvived for at least 5 years. The
population slowly expanded its range from inteitidesubtidal locations as well as from Sylt
north- and southwards along the coastline. Abunefraf more than 300 oysters®non
mussel beds were observed in 2003, only after twwsecutive spatfalls in 2001 and 2002.
Analyses of mean monthly water temperatures inditizt recruitment coincided with above-
average temperatures in July and August when sjpavamnd planktonic dispersal occurs. We
conclude that the further invasion©fgigas in the northern Wadden Sea will depend on high

late summer water temperatures.

Keywords

Crassostrea gigas, Introduced species, Recruitment, Water tempezaiiadden Sea
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1 Introduction

Marine ecosystems have always been subject to ebaig species composition and
interactions, but natural migration of organisme do climatic and geographic variations is
becoming superimposed by anthropogenic vectorditéditig a much faster and wider
distribution into new habitats. Important vectorse antercontinental shipping and the
commercial transport of aquaculture products frara coast to another (Chew 1990, Carlton
& Geller 1993, Carlton 1996, Reise et al. 1999,|&ah et al. 2000, Ruiz et al. 2000, Naylor
et al. 2001, Wolff & Reise 2002). However, only abten percent of these introduced species
are expected to become established and to sprebdifmew environments, and only a small
fraction may furthermore induce changes to thepient ecosystem (Williamson & Fitter
1996).

In the North Sea, at least 80 non-indigenous spd@we established themselves in historical
time and most of them inhabit the coastal and esiei@aones (Reise et al. 1999, Wolff 1999).
Approximately 50% of these species were introdutedugh aquaculture, that is, either the
imported target species was released into the witd associated organisms were
unintentionally co-introduced. Examples of spetieg were introduced with shellfish are the
American slipper limpeCrepidula fornicata (Hagmeier 1941, Werner 1948, Thieltges et al.
2003) and various parasites such as the copédygtikcola orientalis andM. ostreae (Stock
1993).

The oyster fishery industry and accompanying siséllimports have a long tradition in the
North Sea. Until the end of the nineteenth centihg extensive subtidal beds of the
European oysteDstrea edulis supported a thriving fishing business. Overfishihngwever,
resulted in a dramatic decline in the native oyptgyulation as the demand for fresh oysters
grew (Hagmeier & Kandler 1927, Hagmeier 1941, R4i882, 1990). Fishermen thereupon
started to import large numbers of seed oystersdimck the local oyster grounds but with no
success (Mobius 1877, Hagmeier 1941, Korringa 19&8ng & Spencer 1992). Only the
cultivation of the Pacific oysteCrassostrea gigas turned out to be commercially successful.
This oyster originates from Japan and has beenildittd in oyster cultures all over the
world since the early twentieth century (Andrew80,9Quayle 1988, Arakawa 1990, Chew
1990). In most regions, the Pacific oysters didneatain restricted to their culture plots, but
reproduced and dispersed successfully in the newiroerments (e.g. British Columbia:
Qualye 1988, Australia: Ayres 1991, and New Zealddidamani 1991). In the North Sea
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imports of C. gigas started in 1964 in the Netherlands (Drinkwaard 999ollowed by
transports to England (Walne & Helm 1979, UttingSgencer 1992, Spencer et al. 1994),
France (Maurin & LeDantec 1979, Grizel & Héral 19%hd Germany (Neudecker 1985).
Whereas only sporadic natural spatfalls occurre@neat Britain (Spencer et al. 1994, Smith
1994, Eno et al. 1997), wild oyster populations gmewing fast in France (Grizel & Héral
1991) as well as in the Netherlands (Drinkwaard9l9®ankers et al. 2004). The success of
natural recruitment and the rate of spread aremifft in these locations and seem to depend
on abiotic factors such as water temperature almtggQuayle 1988, Ayres 1991, Spencer
et al. 1994).

The spread of the Pacific oyster in the northerndiiéa Sea began 5 years after the first
German oyster farm had started its business offsthad of Sylt in 1986 (Reise 1998). The
first oyster that had dispersed as a larva wasdauman intertidal mussel belliytilus edulis)
about 6.5 km north of the oyster farm. Oysters fatend mainly as epibionts on natural
mussel beds because they need hard substratetléoose Oyster larvae use the shells of
living and dead mussels as attachment surface becaussel beds represent one of a limited
number of secondary hard substrata available orexttensive mud and sand flats in the
Wadden Sea. In this article, we describe the slgpaesion of a wildC. gigas population
since the first settlement of spat in 1990 and sagthat the increase in population size may
be retarded by irregular recruitment, which we amsus limited by late-summer water

temperatures.

2 Methods

2.1 Study site

The Wadden Sea is a large intertidal area in théhseast part of the North Sea, characterized
by extensive mud and sand flats. First recordSrabsostrea gigas on intertidal mussel beds,
revetments, and harbour constructions are givethfanorthern Wadden Sea, which extends
from Esbjerg (Denmark) in the north to the Elbauast (Germany) in the south (Fig. 1). The
quantitative surveys of. gigas abundances and size distributions were carried oout
intertidal mussel beds close to the island of 8ytirth Frisian Wadden Sea, Germany; Fig.
2). Sylt is adjacent to two tidal basins: the lbasin in the northeast and the Hornum basin in
the southeast. The List tidal basin (54°50" - 53R8nd 08°20’ - 08°40’E) is largely closed
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by dams to the north and south and covers an drabont 404 km2. It is connected to the
North Sea through a narrow tidal inlet of only Rr@ in width (Reise & Riethmiller 1998).
Tides are semidiurnal and the mean tidal rangens the average salinity is close to 30 psu.
Long term mean water temperatures (based on momtiagsn temperatures) range from
18.2°C in August to 2.3°C in February. Intertidit$, which are mostly sandy, make up
33% of the area (Reise & Lackschewitz 1998), artdriidal mussel beds cover 1.5 ¥m
(Nehls 2003, Stoddard 2003). The Hornum tidal basithe south of Sylt is widely open to
the North Sea. It covers 290.2 km? (Spiegel 199%) eontains at present only five small
mussel beds that cover about 0.04 km? of the idtdrzone (Nehls 2003, Stoddard 2003).

2003 .
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Fig. 1 Northern Wadden Sea from Esbjerg
(Denmark) to Elbe estuary (Germany) with first
records of Crassostrea gigas. Grey areas
represent intertidal mud and sand flats

Fig. 2 Map of Wadden Sea near Sylt (List and
Hoérnum tidal basin) with labelled intertidal
mussel beds (for abbreviations see Table 1)
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2.2 Abundance and size of. gigas on intertidal mussel beds

Comprehensive field surveys on the abundanc€.afigas were carried out twice near the
island of Sylt. The first survey took place from idlato May and from September to October
1999 on 12 intertidal mussel beds: 11 in the Lddltbasin and 1 in the Hornum tidal basin
(Fig. 2). The second survey was conducted in Jatl August 2003 on 10 intertidal mussel
beds: 8 in the List basin and 2 in the H6rnum baswmo mussel beds were also visited in
spring and autumn 2001 and 2002 to detect chang@suindance on a smaller time scale. The
data are compared with those from a survey thatdeag in the same area and in the same
way in 1995 by Reise (1998).

The abundance df. gigas on intertidal mussel beds was determined by rahgghacing a
frame of 50x 50 cm (0.25 m?2) within the area covered by musgaising the 2003 survey
we used a smaller frame (2625 cm) on the mussel beds Munkmarsch and Kdnigshaf
because of the very high oyster abundances. Thersyigside the frame were counted. If the
mussel bed patch was covered with fucoid algasethere lifted and the oysters beneath the
algal canopy were counted. The number of repliceaeied with the amount of time available
due to the turning tide and the size of the muledl (11 - 238 per site). Field surveys were
carried out before the recruitment of the same {@ak place or before the recruits were large
enough to be counted. The recorded abundancesfdherdid not include the 0-group of the
respective year and the spring and fall data fr@@01can be compared with those of July and
August in 1995 and 2003. The total amount®fgigas in the List basin in 2003 was
calculated by multiplying the overall mean abundaatC. gigas by the total area within the
basin that was covered with mussel beds in 20@3t Bm?2 mussel bed area, mussel coverage
31%, i.e. 0.48 km2 mussel ground. These data areedefrom a regular monitoring program
that surveys the size of mussel beds with aermlsiand ground inspection with a global
positioning system (GPS). Mussel coverage is deteinby walking in linear transects
across the mussel beds and counting the amoum¢s that hit areas covered with mussels
and steps that hit areas with no living musselh{§2003 and more recent data).

The length-frequency distribution @f. gigas was investigated by measuring the shell length
(largest diameter of the shell) of oysters thatememdomly encountered on the mussel bed.
Shell length was measured with vernier calliperhtonearest millimetre.

Results are given as arithmetic means with standaxdations (SDs). Data of abundance
were analysed with non-parametric tests becausbeoheterogeneity of variances despite

transformation. We used Kruskal-Wallis analysisvafiance (ANOVA) followed by Mann-
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Whitney U-tests (software STATISTICA 1999 by StatSoft). Bifnces were considered
significant atP < 0.05.

2.3 Biomass

Biomass ofC. gigas on different mussel beds in 2003 was estimateddnyg an exponential
relation between dry weight (meat and shells) amhth of 83 oysters collected on two
mussel beds (y = 0.0002%72 R? = 0.9122). With this equation we determined thentsss
of C. gigas on each mussel bed by converting the length obyis¢ers into dry weight data.

2.4 Abundance and size of. gigas on subtidal habitats

Abundance ofC. gigas on subtidal mussel beds in tidal channels arowidvéas estimated

by taking hauls with a traditional oyster dredgee(Reise et al. 1989). These dredge hauls
were carried out in 1999 (20 hauls at two locafip8601 (22 hauls at two locations), 2002
(10 hauls at one location), and 2004 (30 haul$iratet locations). The distance dredged and
the geographic position was noted for each hauthEtmore, we counted the number®f

gigasin each haul and measured the shell length agshrtiameter of the oyster shell.

2.5 Water temperature

Since 1984, surface water temperatures are regutahsured (about twice weekly) in the
main tidal channel near List and at the entrancekdhigshafen bay. Temperature data
presented in this paper are based on mean mondhes from 1987 to 2003. Results are
given as arithmetic means with standard deviatans analysed withtests for independent
variables. All data were tested for homogeneityarfances using the Levene test. Deviations
from the monthly mean water temperatures for thathm July and August were calculated
by subtracting the mean water temperature in eaeln from the long-term average (1987 -
2003).
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3 Results

3.1 Distribution of C. gigas in the North Frisian Wadden Sea

Since 1986, the oyster farm located on the tigasfeast of the island of Sylt (List tidal basin)
produces about 2 million oysters per annum (FigAljvild oyster population developed in
the area due to larval dispersal and the first wildters were found in Kénigshafen bay in
1991. A quantitative survey in 1995 revealed thhablit of 17 mussel beds in the List tidal
basin were colonised wit@. gigas. In the Danish Wadden Sea north of the List baesault

C. gigas were found in the Juvre tidal basin near the tslstandg (1999) and at the northern
end of the Wadden Sea near Esbjerg (2003: 6.8ithgils m?). South of Sylt, Pacific oysters
were found in Hérnum tidal basin (first record 895), east of the island of Amrum (1995),
at Nordstrand (2000), near the island of Pellwo280@) and near Bisum (2004). On the
offshore island of Helgoland, wil@. gigas were found from 2003 onwards. Oyster densities
in the northern Wadden Sea outside the List basinfmwever, still much lower than inside.
Abundances stayed below I?im 2003 on all mussel beds in the North Frisianddém Sea
south of the List basin (except one mussel bed @mnkim basin which contained 1.8

indiviudals n?).

3.2 Abundance ofC. gigas on intertidal mussel beds near Sylt

In 1995, some mussel beds on the tidal flats ngiraBd Rgmg were still without oysters,
but by 1999 livingC. gigas were found on all investigated intertidal musseti® (Fig. 2,
Table 1). The mean abundance of oysters in thetidisk basin, however, did not increase. In
1995, Reise (1998) counted 3.6 individual$, mnd in 1999, we found 3.7 mThis changed
profoundly by 2003, when the mean abundanc€.ofigas reached 125.8 oysters?mon
intertidal mussel beds. This is equivalent to aldda00 g dry weight (including shell and
meat) nt.

Using the data of mean abundance (1253 emd the total area of intertidal mussel beds
(0.48 km?), we estimate for the List tidal basinuanber of 60.4 million oysters in 2003 (i.e.
approximately 1,000 t dry weight). The populati@velopment ofC. gigas stagnated in the
tidal basin in the south of Sylt (Hornum basin).uAdances stayed on a low level throughout
the entire period from 1995 to 2003.
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Table 1 Abundance (individuals / 0.25 m2 £ SD), number of samples, and biomass (grams dry weight
per square metre) of Crassostrea gigas on 15 intertidal mussel beds in the Sylt area: 13 in the List
tidal basin and 2 in Hornum tidal basin. Blank cells: no data available. Asterisks indicate that mussel
beds no longer exist. For location of sites see Fig. 2. Data for 1995 from Reise (1998).

Site Abundance Number of samples Individuals /m2  Grams / m?2
Individuals / 0.25 m ? SD
1995 1999 2003 | 1995 1999 2003 | 1995 1999 2003 | 1995 1999 2003 2003

List basin
RZ Remg 0 0.2 1.6 0.4 11 40 29 25 0 0.9 6.4 30.2
KO Koldby 0 0.4 0.7 32 21 0 1.6 317
KH Koénigshafen 2.1 1.9 77.2 2.0 2.3 48.4 48 238 23 8.2 7.8 308.9 1967.1
KH1 Mévenbergwatt | 0.9 0.4 * 11 * 32 65 * 3.6 15 * *
KH2 Ostfeuerwatt 0.8 * * 89 * 34 * *
KH3 Uth. AuRenwatt 1.0 613 15 333 54 15 39 2453| 12320
OW Oddewatt 0.6 0.1 * 0.8 * 70 80 * 2.4 0.5 * *
BL Blidsel 1.6 0.8 32.8 1.8 14 16.9 80 165 14 6.2 31 1311 1381.7
LH Leghorn 0.6 0.8 23.2 0.9 13 15.2 48 236 18 2.2 33 92.9 793.9
PT Pander Tief 2.1 69.3 2.0 57.6 40 75 8.2 277.0| 11386.1
MM  Munkmarsch 12 3.3 41.7 11 4.4 26.4 44 126 29 4.6 13.2 166.6 4168.5
KE Keitum 0 0.8 7.0 15 6.6 36 82 24 0 3.0 27.8 469.2
RS Rauling-Sand 0.1 0.1 58 11 0.3 0.4 0

Mean 3.6 3.7 1258| 2146.0
Hornum basin
RA Rantum 0.1 0.1 32 38 0.5 0.2 27.8
PK  Puan Klent 0.4 0.1 0.5 0.7 0.3 0.8 48 20 22 17 0.3 1.8 148.0

Mean 11 0.3 1.0 87.9

We focus on seven mussel bedse at the northern end of the List basin (R@k fadjacent
to the island of Sylt in the List basin (KH, BL, LLlMM, KE) and one in the southern basin
(PK) in order to describe the population developh@rC. gigas in more detail (Fig. 3). By
comparing the oyster densities in 1995 and 199€yrits out that a significant increase in
abundance only occurred on two mussel beds in fisé thasin, MM (Kruskal-Wallis
ANOVA, P < 0.0001; Mann-Whitney-test,P = 0.011) and KE (Kruskal-Wallis ANOVAR

< 0.0001; Mann-Whitney-test, p = 0.009), whereas on two other mussel, li&d¢Kruskal-
Wallis ANOVA, P < 0.0001; Mann-WhitneyJ-test, P < 0.001) and PK (Kruskal-Wallis
ANOVA, P = 0.001; Mann-WhitneyJ-test,P = 0.014), a significant decrease in numbers
occurred. Four years later, in 2003, abundancés. gfgas were significantly higher on all
mussel beds in the List basin, with Kénigshafentaioing over 300 oysters It is
remarkable that the mussel bed in the north ottsiebasin (RQJ) and the one in the southern
basin (PK) still showed comparatively low oystensiées (6.4 it for Remg, and 1.8 fnfor
Puan Klent). The mean values of oyster abundandbenfive mussel beds adjacent to Sylt in
the List basin increased from 4.3%in 1995 and 6.1 iin 1999 to 145.5 fhin 2003.
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Fig. 3 Mean abundance (individuals per 0.25 m2 + SD; logarithmic scale) of C. gigas on 7
intertidal mussel beds (RG, KH, BL, LH, MM, KE, PK) near Sylt surveyed in 1995, 1999, and
2003. Sample size varied between n = 14 and n = 238. Asterisks mark significant differences
between 1995 and 1999 data sets (Mann-Whitney U-test): * 0.05 > P 2 0.01, ** 0.01 > P =
0.001, *** P < 0.001. Inset: mean abundance of C. gigas (individuals per 0.25 m?+ SD) on
mussel bed R@, over all five mussel beds in List basin (Sylt) and on mussel bed PK

3.3 Length-frequency distribution of C. gigas

In Fig. 4, we present length-frequency distribusiarf C. gigas on two mussel beds (KH and
MM) from 1999 to 2004. Based on these frequencyridigions the age structure of the
population is described by distinguishing differgetar classes and calculating their length
increments. By growth experiments we verified thadks in these graphs indicated year-
classes: juvenile oysters reach 20 - 33 mm shegjtkein the first spring after settlement in
the previous summer. They will continue to grow4tb- 60 mm by the end of the growing
season in November and will remain this size uh@ next growing period starts in April
(own unpublished data). In spring 1999, oysteth@tkdnigshafen site were represented by a
distinct year class between 25 and 65 mm shellthegohort of 1997) and some older
individuals. The cohort of 1997 represented 53%lbbysters in this area. The distribution
looked similar at Munkmarsch, but with a highergadion of oysters of the year class 1997
(86%). Until fall 1999, the 1997-year class grew B§ to 30 mm in shell length to
approximately 50 to 100 mm.
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Fig. 4 Length-frequency distribution of C. gigas on two intertidal mussel beds near Sylt
(left Kdnigshafen; right Munkmarsch) from 1999 to 2004. Number of individuals
measured varied between n = 68 and n = 307. Insets in 2003 graphs depict large size
classes on a lower scale to show survival of adults
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It is important to note that we did not considestey spat in the fall monitoring because these
oysters were still too small to be counted. Themihg of the summer of a certain year is,
therefore, first represented in the spring graphshe following year. The spring graphs,
however, still show a lower abundance of juvenitsters than the subsequent autumn graphs,
because the recruits of the previous summer wéréost small to be included adequately in
the spring monitoring. By autumn, however, the essthad grown to a larger size and were
more adequately represented. This is especiallgdlse in the Konigshafen 1999 and in the
Konigshafen and Munkmarsch 2003 graphs.

The data set from April 2001 shows a much olderutatpn than in April 1999 for both
Kodnigshafen and Munkmarsch. There were no signsarof significant recruitment or
mortality in 1999 and 2000. The size distributidnG gigas in Konigshafen for April 2002
was similar to that for 2001, but a strong recreiinwas apparent at Munkmarsch with 60%
of the oysters measuring less than 30 mm. This 200brt grew approximately 30 mm by
October 2002. In spring 2003, recruitment on botissel beds was evident: the majority of
oysters belonged to the year class of 2002. TH®rtarew by about 20 mm until August
2003 and represented 97% of the Kodnigshafen papnoland 76% of the Munkmarsch
population. In April/May 2004, oyster recruitmendrn the previous summer was evident on
both mussel beds.

It is important to note that the 1997 cohort wall ptesent in 2002 in almost the same
numbers as in the years before, that is, no ddtlectaortality occurred from 1999 to 2002,
suggesting a high survival rate of 2- to 5-year-@jdters. Even in 2003, the 1997 cohort was

still present (see insets in Fig. 4).

3.4 Mean water temperatures andC. gigas recruitment

The comparison of monthly mean water temperatutegsg years with notabl€. gigas
recruitment (1991, 1994, 1997, 2001, 2002, 2008)) years with no measurable recruitment
(1987 - 1990, 1992, 1993, 1995, 1996, 1998 - 20@0galed significantly higher water
temperatures in July and August in recruitment yé&ig. 5). No significant differences in
water temperatures occurred for all other monthessi@ions of water temperatures from the
long-term mean (1987 - 2003) in July and Augustwshbat successful recruitment only

occurred in relatively warm summers (Fig. 6).



36 Chapter 2

25 - . :
B High recruitment

** **

20 - [ Low recruitment

Water temperature (C)

1 2 3 4 5 6 7 8 9 10 11 12
Month

Fig. 5 Monthly means of water temperature (C) during year s with notable or
high C. gigas recruitment (1991, 1994, 1997, 2001, 2002, 2003) and years
with no or very low recruitment (1987-1990, 1992, 1993, 1995, 1996, 1998-
2000). Significant differences in water temperature occurred in July (7) and
August (8; ** P = 0.008 and P = 0.001, respectively; t-test for independent
variables)
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Fig. 6 Deviations of mean monthly water temperatures in July and August
from the long-term mean (1987 - 2003). Arrows mark years with high C.
gigas recruitment (1991, 1994, 1997, 2001, 2002, 2003)

3.5 Abundance and size of. gigasin the subtidal zone near Sylt

Dredge hauls in subtidal channels around the istdn@ylt in the time period from 1992 to
1996 did not yield any livingC. gigas (Reise 1998). In 1999, we fished at two locations
(Munkmarsch and Konigshafen) of subtidal mussetkg@nd found only one and three adult
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oysters, respectively (Table 2). The Munkmarsch gifis again investigated in 2001 and
2002 and we still only caught four and two oysteespectively. In 2004, however, we found
95 oysters at Munkmarsch and 25 at Konigshafenteltvas a noticeably high proportion of
juvenile oysters present. Another 10 dredge hauthe middle of the tidal basin yielded 428
living oysters of which 33% belonged to the 2003ryeass.

Table 2 Dredge hauls in subtidal channels in the List tidal basin. Given are locations, nhumber of hauls,
and area fished. The distance dredged varied between 150 and 470 m. Also total number and length
of C. gigas for each location are shown. Data for 1992 - 1996 from Reise (1998)

1992 - 1996 1999 2001 2002 2004

Location Sylt area MM KH MM KO MM MM KH Bay
No. of hauls 216 10 10 10 12 10 10 10 10
Area (m?) 108,000 4,000 2,000 4,000 3,000 3,000 3,700 2,100 3,000
No. of C. gigas 0 1 3 4 12 2 95 25 428
Length (mm) )

Min - max 108 70 - 109 75-137 28 - 144 5; 120 5-134 8 -146 2-97

Mean (+SD) 99.8 (+26.5) 94.5 (+31.9) 56.7 (£28.7) 59.6 (+29.5) 38.5 (+23.4)
4 Discussion

Since 1986, a potential spawning populationCoassostrea gigas has been cultured for
commercial purposes at Sylt. Significant recruitmenthe area only took place in 1991,
1994, 1997, 2001, 2002 and 2003 (i.e. in 6 out &fykars). This indicates that the
reproductive success 6f gigas in the northern Wadden Sea is not a regular phenombut
occurred only in about one-third of the years sitheelocal introduction of the species.

The expansion of Pacific oysters in the Wadden 1@ Sylt started off slowly with the
colonisation of certain intertidal mussel beds ribaroyster farm. Successful recruitment did
not occur in all suitable habitats, and it was loefore 1999 that all mussel beds in the List
tidal basin contained wil€. gigas. Nevertheless, strong recruitment was still cadirio
certain locations within the basin. By 2003, somessel beds in the area still had very low
oyster densities, whereas a massive populatioeasertook place in other areas. In 2001, for
example, recruitment occurred on mussel beds isahéhern part of the List basin but not in
the northern part (approximately 15 km apart).

The spread towards areas outside the List tidahl@dso occurred slowly. Abundances@f
gigas on mussel beds in the Ho6rnum basin in the soutBytifremained at a low level until
2003, although livingC. gigas had been found from 1995 onwards. Also near tlands
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further south (Féhr, Amrum, Pellworm) abundances sill low in comparison to northern
Sylt. The same is true for the Danish Wadden Sé&reC. gigas is now present although
still in low numbers. The origin of the oysters #owf the island of Sylt is not clear, as
natural transport against the south-north currenunlikely and may only occur on rare
occasions. Transport from the List basin due tosauarming activities is possible, as well
as further introductions from several experimentatures in the North Frisian Wadden Sea.
Larval drift from the Oosterschelde or the Dutchdfan Sea, however, seems to be rather
unlikely. Transport times between Texel and thetNé&risian Wadden Sea amount to about
150 days (de Ruijter et al. 1988) and are, theeeftamger than the mean lifetime (3 - 4
weeks) of pelagic larvae (Neudecker 1985, Quayl@8L9The extended planktonic larval
period nevertheless allows a high dispersal byetusras has been described@gigas in
British Columbia, where settlement of wild oystecsurred 60 km away from the next oyster
farm (Elsey & Qualye 1939).

Larval retention in the List tidal basin, howevehould be high as it is practically enclosed
and is only connected to the North Sea by a 2.8xakde channel. This is very favourable to
the oyster larvae because they remain on suitéiele dose to their origin, and this certainly
facilitates population growth when adult stocks stik low. Larvae in more open areas may
be widely distributed and are, therefore, lesslyike find suitable settling substrates and
subsequently perish. The List tidal basin thusreffdeal conditions for the spread of species
with planktonic larvae due to the continuous ingiuarvae from the local oyster farm and the
closed bay environment.

The fast development of oysters in the closed @ashtelde and the much later spread into
the Dutch and western German Wadden Sea followedséime pattern (Wehrmann et al.
2000, Dankers et al. 2004). Within the bay, thevsémd patchy expansion presumably does
not result from a lack of dispersal but from lindtkarval supply or poor initial survival after
settlement. This might also explain the slow cdation of subtidal habitats. It is important
to note that the site where we found juveleigas used to be an important subtidal spatfall
area of blue mussels (Ruth 1994) and is locatedtab&m from the nearest intertidal mussel
bed. These findings are thus the first clear inteoa of subtidal spatfall in Pacific oysters in
the Northern Wadden Sea. Even thoughgigas is considered to be more an intertidal
species, it has the capability to colonise subtiddlitats (Buroker 1985). In the Oosterschelde
(The Netherlands), where Pacific oysters have gerduced in the 1960€.. gigasis now a
dominant species in intertidal and subtidal bentloimmunities (de Kluijver & Leewis 1994,
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Leewis et al. 1994, Meijer & Waardenburg 1994, Bwaard 1999). In British Columbi&.
gigas is found only in intertidal habitats, presumablgchuse low temperatures in deeper
waters limit the survival of larvae and juvenil€u@yle 1988).

The irregular recruitment of. gigas in the northern Wadden Sea is apparently no thoeat
the population because of the high survival rateerafl-year-old cohorts have become
established. As the cohort of 1997 showed highigtersce during the subsequent 5 years, a
failure in reproductive success during 4 conseeutyears is not expected to threaten
population maintenance. The long persistenc€.ajfigas populations has also been reported
from Great Britain, where adult oysters were gtitsent 9 years after the closure of an oyster
farm (Smith 1994).

What could be the reason for this irregular reaomeitt success? We compared water
temperature regimes in years with notable or higgtey recruitment and those with no or low
reproductive success and found that high recruitroenmesponded with higher than average
water temperatures in late summer. This is an itapbttime period in the oyster life cycle:
spawning occurs, larvae are dispersed and juvesdte on hard substrates. In the Wadden
Sea,C. gigas spawns in late July and August. After fertilisatigpelagic larvae develop and
will stay in the water column for 21-30 days befaettlement occurs (Neudecker 1985,
Quayle 1988). The importance of temperature foteyyspawning and recruitment has been
described by various authors. In Japan, 23-25°Qossidered as the optimum water
temperature for successful recruitment (Korring&6,9Kobayashi et al. 1997), and even
though spawning has been observed in British ColaniGanada) at 15°C, the optimal
temperature for larval development is considerelbet@3°C (Quayle 1988). In Great Britain,
C. gigas has been observed to spawn from 18°C onwardsdiutai recruitment is sporadic
and occurred only in exceptionally warm summersr(iMa979, Spencer et al. 1994). In the
Oosterschelde (The Netherland€), gigas was introduced in 1964 and the first natural
recruitment was observed in 1975 and 1976 durirmggtonally warm summers with water
temperatures above 20°C in July and August of 1@téhkwaard 1999). The next major
larval outbursts occurred in 1982, 1986, and 1@@Mkwaard 1999). The oyster population
increased dramatically from then onwards. Monitm the area expansion of oyster reefs in
the Oosterschelde revealed an increase from 0 h876 to 15-35 ha in 1980, 210-370 ha in
1990, and 640 ha in 2002 (Kater & Baars 2003).remEe,C. gigas expanded much faster.
Since the introduction of broodstock from Britishol@mbia and Japan in 1971, spat
recruitment was successful with the exception oédlspecific years (1972, 1981, and 1986)
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where abnormally low temperatures were held resptenfor low spatfalls (Grizel & Héral
1991). A similar rapid rise in oyster densities wrted in New Zealand, where the first
naturally dispersed oysters were found in 1971 amstkong increase in spat abundance has
been observed ever since. A marked rise in temyreraturing the main spatting period was
held responsible for the dramatic increas€.ofigas spatfalls, which superseded those of the
native rock oystefSaccostrea glomerata in 1978 (Dinamani 1978, 1991). In Tasmania and
New South Wales (Australia), however, only erratpatfalls occurred after the introduction
of C. gigas and low water temperature and high salinity wenestered to be major limiting
factors (Ayres 1991). Nevertheless, large oysteisrevere formed about 9 years after the first
oyster spat was observed in Tasmania and a rapddpvas documented in some estuaries in
New South Wales. Comparing the spread and recrottsweccess of. gigas in the Wadden
Sea with that in other areas, it can be assumedPtmfic oysters here are at the edge of their
physiological range and are expected to rely orh Hafe summer water temperatures
occurring at least once every 5 years.

It is well known that the spread of exotic speaiesy depend on temperature regimes and
may profit from climate change (Lodge 1993, Nehrirf898, Franke et al. 1999, Stachowicz
et al. 2002, Walther et al. 2002). In the Waddea, $® American slipper limpeC{epidula
fornicata) is limited by cold winter temperatures and isented to increase in abundance if
climate change should lead to milder winters (Tged et al. 2004). Another example is the
introduced cord-grassgpartina anglica, which is increasing in the northern Wadden Sea
presumably as a result of warmer spring seasonsL@dbl, J.E.E. van Beusekom, and K.
Reise, submitted). Regarding the Pacific oystgrossible climate change involving warmer
late-summer water temperatures or a higher frequehbot summers could have a profound

Impact on its abundance in the northern Wadden Sea.
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Chapter 3

Differential recruitment of introduced Pacific oyst ers and native

mussels at the North Sea coast: coexistence possibl e?

Abstract

Pacific oysters@rassostrea gigas Thunberg 1793) have been introduced into the Wa&da
(North Sea) where they settle on native mussel (dgtlus edulis L.), which represent the
only extensive insular hard substrata in this seftiment environment. As abundance£of
gigas rose, some mussel beds became increasingly ovargnath oysters, whereas others
did not. Field experiments revealed that recruitmainC. gigas was higher in the lower
intertidal than in the upper subtidal zone, thatdis higher on conspecifics than on mussels,
and that it was not affected by barnacle epigrosttept when settling on mussels. Mussel
recruitment is known from inter- and subtidal zarlesccurred equally on oyster and mussel
shells but showed a clear preference for barngutgavth over clean shells. Assuming that
settlement and recruitment are key processes émiepabundances on the North Sea coast, it
is predicted that the positive feedback in oysettlement will lead to rapid reef formation of
this invader at the expense of mussel beds. Myskelsever, may escape competitive
exclusion by settling between or on the larger egsespecially when barnacles are abundant.
Experimental patches with mussels were more oftemered by fucoid algaeF(cus
vesiculosus formamytili Nienburg) than patches with oysters, and oystaurenent was poor
underneath such algal canopies. Thus, fucoids mayide mussels with a refuge from the

invading oysters and the two bivalves may coepisiyided food is not limiting.

Keywords
Crassostrea gigas, SettlementMytilus edulis, Introduced species, Niche partitioning, North

Sea
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1 Introduction

Invasive Pacific oystersCfassostrea gigas) and resident musselMytilus edulis) are both
gregarious epibenthic suspension feeders that isel@oastal soft-sediment environments in
the North Sea. Both species require living or dshells as substrate for attachment when
settling on mudflats. This brings the invading eystpotentially into competition with the
native mussels. Recruitment patterns were invdstigia order to explore whether overlap in
spatial niches is complete or whether some spatalitioning and co-existence may be
expected.

Pacific oysters originate from Japan, and have lwegtivated in the northern Wadden Sea
since 1986. The cultured oysters have reproductkdally and are now firmly established in
the wild, still spreading in abundance and rangaq®1998, Diederich et al. in press). Oyster
larvae attach mainly onto clean, hard surfaces aghght unevenness or groove by releasing
a cement drop from a foot gland and placing thevalve into the cement (Korringa 1976,
Quayle 1988, Arakawa 1990a). The Wadden Sea, wikiadharacterised by its extensive
intertidal mud and sand flats, lacks primary hautbs¢rata for sessile organisms. Dikes,
groins, and especially beds of empty shells andseiuseds Niytilus edulis) are the only
major secondary hard substrate available as at@ttsarface for oyster larvae. Some mussel
beds in the Wadden Sea are already heavily overgrhoy Pacific oysters (Reise 1998,
Dankers et al. 2004).

Mussel beds consist of a three-dimensional mafrooanected living and dead mussels on an
organo-rich bottom sediment layer (Seed & Suchd®R). In the Wadden Sea, mussel beds
may persist over many decades (Reise et al. 19B8rt@& Michaelis 1991, Hertweck &
Liebezeit 2002). Besides fishing activities (Darsk&rZuidema 1995, Herlyn & Millat 2000),
ice scour (Bahr 1950, Obert & Michaelis 1991, Steaset al. 2001) and storms (Nehls &
Thiel 1993) may severely damage or dislodge mussds. Regeneration of mussel beds is
facilitated by a high dispersal capability and-sipecific and gregarious settlement of mussel
larvae (Seed 1969, Petersen 1984), the latter dalhgethe structure of the substratum
(Chipperfield 1953, Seed 1969, Menge 1976, Gramt7},9biofilms (Dobretsov & Railkin
1994) and chemical cues exuded from macroorgan{®ubretsov & Wahl 2001) or as a
result of passive entanglement of mussel larvalamentous structures such as algae or

byssus threads (Caceres-Martinez et al. 1994).
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Recruitment patterns can also be affected by epibialready present on the settlement
surfaces. In the Wadden Sea, the most abundanbepsgpecies on mussels are the barnacles
Semibalanus balanoides (L.) and Balanus crenatus (Bruguiére) (Albrecht & Reise 1994,
Buschbaum & Saier 2001). Barnacles can cover alh0886 of mussel surface area but
abundances show high interannual and seasonal udiimns (Buschbaum 2000).
Nevertheless, the presence of barnacles increasesemrecruitment (Grant 1977, Saier
2001).

Another important structure on North Sea intertidalssel beds is the brown al§acus
vesiculosus forma mytili (Nienburg) Nienhuis (Nienburg 1925, Nienhuis 19Alhrecht &
Reise 1994, Albrecht 1998). This perennial seawsadcover intertidal mussel beds either
partly or completely in a thick layer. In assomatiwith mussels, this brown alga lacks a
holdfast and gas vesicles and is fastened by theselsl byssal threads. Reproduction is
vegetative by means of drifting thalli that are ptaed” by mussels and attached to the bed.
On intertidal mussel beds in the Wadden Sea, deunsgs patches reduce current velocities
and enhance sedimentation (Albrecht & Reise 199#js has a negative influence on
abundances of mussels and their epibionts, butcstgpparious herbivores and increases
overall macrobenthic diversity (Albrecht & Reise929.

This complex mussel bed biocoenosis is now invdaedhe Pacific oyster. The question
arose of whether the oysters may outcompete thed fnassels by invading their niche, or
whether niche partitioning would allow coexisterafethe two bivalves. In the Wadden Sea,
stable and mature mussel beds are confined toesbelparts behind the islands, because
storms and ice shear readily destroy young mussi#s bn more exposed locations (Nehls &
Thiel 1993, Dankers et al. 2001). Spatial displameimto less favourable habitats may
therefore lead to short-lived, young mussel bedd @ims may pose a threat to mussel
populations. Recruitment of introduced Pacific eystand native mussels in different
microhabitats was studied in an attempt to pretthetfurther development of the oyster and
mussel populations in the Wadden Sea. Thus, thesfof this study is not the settlement
process (largely defined as the larval search fewitable substratum, attachment and finally
metamorphosis), but the combined effects of sedtgnand subsequent post-settlement

survival.
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2 Material and methods

2.1 Experimental sites

Field experiments were carried out at two locatiaihe List tidal basin in the northern
Wadden Sea (Germany) and the Oosterschelde esfliney Netherlands). The List tidal
basin, which is located between the islands of &yit Remg (54°50’ - 55°10’'N and 08°20’ -
08°40’E) covers an area of about 404 km2 and iseddoy dams to the north and south (Fig.
1). A tidal inlet of 2.8 km width is the only corcten to the North Sea. This inlet branches
into three main channels (maximum depth 40.5 mj &ne responsible for the current and
transport regimes within the bay. Intertidal flatdich are mostly sandy, comprise 33% (134
km?) of the total area (Backhaus et al. 1998). Fidee semidiurnal and the mean tidal range
Is 2 m. The average salinity is close to 30 psunfilly mean water temperatures range from
18.2°C in August to 2.3°C in February. Detailedomfation on hydrography, geology,
sediments and biota of the bay is given in Gatpk Raise (1998). Within the List tidal basin,
intertidal mussel beds cover 1.5 kifNehls 2003) and are partly covered by the brown
macroalgad-ucus vesiculosus forma mytili (Albrecht 1998). Investigations were carried out
on two mussel beds, one at the northern end dfdlgen Konigshafen (KH), and one close to
the southern end of the bight south east of Munkotaharbour (MM). Experiments took
place in the intertidal near the low water line amdhe shallow subtidal. Sites referred to as
intertidal had an exposure time of about 2 h g &ind subtidal sites were located 0.5 -1 m
below low water level.

One recruitment experiment was carried out in tbet€schelde estuary (The Netherlands), a
tidal bay of 351 km2 surface area which was parttsed from the sea by a storm-surge
barrier in 1987. Tidal flats cover 118 km2 and mé&dal range is 3.3 m (Nienhuis & Smaal
1994). Here, Pacific oysters were introduced fdtivation in 1964 and first natural spatfalls
occurred in 1975 and 1976 (Drinkwaard 1999). Fr@@82lonwards abundances of wild
gigas increased strongly (Wolff & Reise 2002) and in 2a02 area covered with oysters
amounted to 640 ha in the intertidal and abouti¥®(h the subtidal zone (Geurts van Kessel
et al. 2003). Wild mussel stocks do not exist iis #wrea, but mussels are kept in subtidal

culture plots that comprise an area of about 3@Kater & Kesteloo 2003).
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2.2 Effect of tidal height on recruitment C. gigas)

Fig. 1 Location of experimental
sites: two in the List tidal basin (KH
and MM, asterisks) in the northern
Wadden Sea (Germany) and one in
the Oosterschelde (The Nether-
lands). Map of List tidal basin after
Bayerl et al. (1998)
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Recruitment ofC. gigas was studied in the intertidal and adjacent shallawtidal of KH and

MM in August 2002 and 2003 using shell collectdfsch shell collector was constructed

from 10 clean oyster shells that had a hole drilfethe middle so that they could be strung

on a plastic covered clothesline. These lines \88re 40 cm long and were pinned with iron

bars horizontally on the mussel beds so that tledisstouched the mussels underneath. In

2002, collectors were installed in the field froBtd 30 Augustaind in 2003 from 30 Julp15

September. This time frame was chosen because/éred the main settlement period and

also allowed conclusions to be drawn about eadyuiement patterns. At the end of periods,

the strings were brought back to the laboratory attached juvenile oysters were counted

with a stereomicroscope.
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2.3 Substrate specificity of recruitment near Syl{C. gigas and M. edulis)

Experimental oyster and mussel plots were built t@xa natural intertidal mussel bed (MM)
in July 2001. Oyster plots were created by collertivild oysters from a nearby mussel bed,
removing any attached mussels, and placing theesysh four 2x 2 m plots. The oysters
were densely packed, resulting in a three-layeggtemation with a density of about 500
oysters rif. Mussel plots were built by collecting. edulis clumps from a nearby mussel bed
and placing them on four22 m areas. Mussel density in these plots was &0 ind nf.
These oyster and mussel plots were randomly dig&tbalong the edge of an existing mussel
bed (distance from the bed 10 - 20 m) on sand eovaith dead mussel shells. As the
mussels attached themselves with byssal threadmastiof the oysters were large and heavy
individuals, they remained on the plots without thed of a fence. Samples from these
experimental plots and from the nearby mussel betewaken in November 2001 (initial
abundance o€. gigas andM. edulis in the plots), in October 2002 and May 2003. Oetob
2002 was chosen as the first sampling date, beaawster spatfall in this area occurs during
late summer and by October juveniles are large ginda be counted with the naked eye
(about 2 - 20 mm shell length). Two sub-samplesewtken from each of the four
experimental oyster plots by placing a®225 cm frame randomly in the area and removing
all living bivalves and dead shells. On musselploivo sub-samples taken from each of the
four plots) and on the mussel bed (eight samplesntén 2002 and twelve in 2003) samples
were taken using a 14X%614.5 cm box corer instead of a frame. This cocefidt not be used
on the oyster plots, because some oysters were 2@ ¢m long. All material inside the frame
or box corer was sieved with a 5 mm mesh sieveéhénlaboratory, all mussels and oysters
were measured with electronic vernier calliperstie nearest 0.01 mm. Also dead shell
material was searched for attached juvenile oysteescent coverage of the experimental
plots with Fucus vesiculosus was estimated visually to the nearest 5% at adletlfsampling
dates.

In a similar way, experimentélrassostrea andMytilus plots were constructed in the adjacent
shallow subtidal, but these plots werg 1 m in size. The smaller size was necessary becaus
of the difficulties in transporting the bivalves esvlonger distances. This was considered
legitimate because not absolute recruitment butiaeent differences dependent on the type
of substrate were tested. Samples were taken isaime way as described for the intertidal

area in October 2003 during an extreme spring ide/when plots were exposed.



Differential recruitment of introduced Pacific ogst and native mussels 51

2.4 Substrate specificity of recruitment in the Ooerschelde C. gigas)

This experiment was conducted on a tidal flat néarseke in August 2001. Four substrate
types for oyster settlement were placed o 3® cm plots (six replicates for each substrate)
that were randomly distributed in a 18@00 m area on an intertidal sand flat close tddhe
water line. A fence 8 cm high and made of plastiated wire netting (mesh opening: 1 cm)
surrounded each plot and prevented the substradg®y lwashed away. The following
substrates for oyster attachment were used: (ibgliadultC. gigas (mean shell length: 103.2

*+ 9.4 mm), (2) dea€&. gigas shells (mean shell length: 96.6 £ 10.6 mm), (@nhg adultM.
edulis (mean shell length: 59.8 + 2.5 mm), (4) dé&dedulis shells (mean shell length: 62.7 +
2.6 mm). It was estimated visually that the plotsitained the same volume of substrate
material, which was freed from epigrowth with aonirbrush. Plots were installed in the field
on 2 August 2001 and settlement of oyster spatroedidrom 9 August 2001 onwards. On 20
August 2001 the substrates were removed and brdogthte laboratory. From each plot 8
items (i.e. oysters, mussels or dead shells) vaardamly chosen and searched for oyster spat.
On living oysters and mussels a mean was calcufeded left and right valve so that number
of spat per valve is given. On dead shells the roatel inner surfaces of shells were
investigated separately. In this way the amounspt on the outer surface of dead shells

could be compared with the number of spat on te#dssbf living bivalves.

2.5 Effect of barnacle epigrowth on recruitment C. gigas and M. edulis)

This experiment was conducted on an intertidal ®lubed (MM) in summer 2003. Four
substrate types for oyster attachment were tes$itédg adult C. gigas with and without a
dense barnacle cover and living addltedulis with and without barnacles (Table 1). These
substrates were placed separately in plastic magbsc(cages open at the top; diameter: 10
cm; height: 8 cm; mesh opening: 5 mm; 16 repligatieat were fixed onto the mussel bed
with iron bars. This experiment was done twice,eofar mussel recruitment (10 July - 18
August 2003) and once for oyster recruitment (49 J12 September 2003) because mussel
settlement occurred earlier in the year than oystlement. As mussel substrate two mussels
were used together in one cage whereas as oystsiraie only one oyster was used in order
to outbalance the size difference. Caged mussealsogsters were measured with vernier
callipers to the nearest millimetre and their vodumas estimated by placing the content of
each cage (two mussels and one oyster respectively)xalibrated cylinder to calculate the
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volume of water displaced upon submergence. Atetiak of experimental time all attached

juvenile oysters and mussels were counted witker@sinicroscope.

Table 1 Size of mussels and oysters used as substrate in the experiment on the effect of barnacle
cover on recruitment of Crassostrea gigas and Mytilus edulis. Length, width and height are mean
values for individuals, but volume data are based on cage content, i.e. two mussels and one oyster
respectively

Exp. 1 (Mussel recruitment) Exp. 2 (Oyster recruitment)
Length Width Height Volume Length Width Height Volume
(mm)  (mm) (mm) (ml) (mm)  (mm) (mm) (ml)
M. edulis without barnacles 59.6 26.4 26.1 39.3 58.9 27. 26.4 39.0
M. edulis with barnacles 57.3 27.8 30.2 52.3 60.5 34.3 40.1 61.5
C. gigas without barnacles  89.2 59.4 38.6 71.9 100.3 63.6 39.7 86.3
C. gigas with barnacles 92.4 59.9 451 106.9 101.2 63.7 46.9 1125

2.6 Effect of Fucus cover on recruitment (C. gigas)

Adult C. gigas (110 - 120 mm shell length) were collected fromiatertidal mussel bed
(KH), cleaned from epigrowth with an iron brush,daplaced as attachment surfaces for
oyster larvae back on the same mussel bed. Twerdters were placed on top of a dense
mussel layer with néucus overgrowth and another 20 oysters were placedeanby mussel
bed patches with a den&ecus cover. The algal thalli were carefully lifted attte oysters
were placed underneath. Oysters were marked indilhdwith an iron bar that was labelled
and placed next to them. The experiment startel dmgust 2003 and ended 30 days later
when all oysters were brought back to the laboyadod searched for oyster spat.

2.7 Statistical analysis

Results are given as arithmetic means with stanéaror (SE). Data on abundance of
juveniles were subjected to analysis of variandd@&A) or to Repeated Measures ANOVA
if data sets contained two or three time periodse Tevene test was used to test for
homogeneity of variances and data were log (x fofl)square root-transformed if variances
were heterogeneous. Data on recruitmemfloédulis in relation to barnacle overgrowth were
subjected to non-parametric tests (Kruskal-Walld&\VA followed by Mann-Whitney U-
Tests) because of the heterogeneity of variancespitde transformation. Effects were

considered to be statistically significant if pwalwas < 0.05.
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3 Results

3.1 Effect of tidal height on recruitment C. gigas)

The abundance @rassostrea gigas spat was significantly higher on intertidal steallectors
than on subtidal ones (Fig. 2; Table 2). This pattgas consistent over sites (KH and MM)
and years (2002 and 2003).

Fig. 2 Effect of tidal height on recruitment
O Intertidal M Subtidal of Crassostrea gigas (mean +1 SE, n = 6)
on oyster shells placed on two mussel
beds (KH and MM) in intertidal and

subtidal locations during August 2002 and
2003
1 -
0
KH MM KH MM
2003

2002

Juvenile C. gigas /shell
N

Table 2 Effect of tidal height, substrate and barnacle epigrowth on recruitment of Crassostrea
gigas. Results of Repeated Measures ANOVA (effect of tidal height and substrate) and ANOVA
(barnacle epigrowth)

Source of variation SS df MS F p
Tidal height
Site 11.14 1 11.14 31.00 0.000
Tidal height 25.16 1 25.16 70.04  0.000
Site x tidal height 0.53 1 0.53 1.49 0.238
Error 6.83 19 0.36
Time 4.46 1 4.46 9.64  0.006
Time x site 3.77 1 3.77 8.16 0.010
Time x tidal height 0.24 1 0.24 0.52 0.479
Time x site x tidal height 0.10 1 0.10 0.23 0.641
Error 8.79 19 0.46

Substrate specificity intertidal:
Crassostrea plot, Mytilus plot, mussel bed

Substrate 366.33 2 183.16 8.68 0.010
Error 168.90 8 21.11
Time 651.88 1 65188 2335 0.001
Time x substrate 39.26 2 19.63 0.70 0.523
Error 223.35 8 27.92
Barnacle epigrowth
Substrate (C. gigas — M. edulis) 0.69 1 0.69 14.68 0.000
Barnacle cover (yes — no) 0.06 1 0.06 1.24  0.270
Substrate x barnacle cover 0.36 1 0.36 7.71 0.008
Error 2.38 51 0.05
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3.2 Substrate specificity of recruitment near Syl{C. gigas and M. edulis)

Substrate Qrassostrea plots, Mytilus plots or mussel bed) significantly influenced
abundances of juvenil€. gigas in October 2002 and in May 2003 (Fig. 3; Table IB).
October 2002, i.e. about 2 months after settlertwk place, abundance of O-group juvenile
oysters was about three times higher on intert@alssostrea plots (804.0 i) than on
Mytilus plots (231.9 rif) and on the natural mussel bed (285:%).nn May 2003 abundance
on all three substrate types was about 75% lowelicating that winter mortality did not
differ between substrates (no substraténe interaction). Recruiteld. edulis (< 25 mm shell
length) were equally abundant @nassostrea, Mytilus and mussel bed sites in October 2002
(ANOVA, F = 0.53, df = 9, p = 0.604, i.e. no sigoént difference between plots). In May
2003 densities were reduced by 50% on all threstgatie types, again indicating mortality to

be independent of substrate.
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Fig. 3 Substrate-specific recruitment in the intertidal. Mean abundance (+ 1 SE) of Crassostrea gigas
(< 20 mm in October, < 33 mm in May) and Mytilus edulis (< 25 mm in October and May) on
experimental Crassostrea plots (4 m2, n = 4), Mytilus plots (4 m2, n = 4), and on control mussel bed
areas (n = 8; n =12) in October 2002 and May 2003

In the subtidal (Fig. 4), recruitment Gf gigas was about twelve times higher Gnassostrea
than onMytilus plots (ANOVA, F = 39.70, df = 6, p < 0.001) whifaussel recruitment
showed no difference (ANOVA, F = 0.03, df = 6, 9.869).
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Fig. 4 Substrate-specific recruitment in the subtidal. Mean abundance (+ 1 SE, n = 4) of Crassostrea
gigas (< 20 mm) and Mytilus edulis (< 25 mm) on experimental Crassostrea plots (1 m?) and Mytilus
plots (1 m2) in October 2003

3.3 Substrate specificity of recruitment in the Oarschelde C. gigas)

Recruitment ofC. gigas was much higher on living oysters (100.6 juverdksll valve) than

on living mussels (1.1 juveniles/shell valve; F&y. Taking into account that oysters used as
substrate were about twice as long and wide astissels, the amount of spat g edulis
should be multiplied by 4 to balance for the sizfetbence. In addition, the undulated,
grooved surface of oyster shells has a much higlindace area than the smooth mussel shells.
This difference is roughly estimated to be aboueedfold. Thus, in this experiment, shell
surface area of living oysters is considered t@ tienes higher than the shell area of mussels.
But as the amount of spat on oysters was 100 timggdser than on mussels, there is still a

difference by an order of magnitude.

120 - Fig. 5 Substrate-specific recruitment of
Crassostrea gigas on an intertidal area in
» 100 I [ the Oosterschelde (The Netherlands).
= Mean number (£ 1 SE, n = 6) of spat per
s 807 shell valve of living bivalves and per outer
% 60 - surface of dead shell valves
E 4
1S
=}
Z 20 A
0 T T
C. gigas C. gigas M. edulis M. edulis
alive shell alive shell

Comparing oyster recruitment on living substrated @ead shells showed no difference
between living and dead oysters, whereas thereavgamificantly higher recruitment on dead
mussel shells than on living mussels (ANOVA, F =620 df = 10, p < 0.001). Recruitment of
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C. gigas was significantly higher on the rougher outer acef of oyster shells than on the
smooth inner surface (ANOVA, F = 5.51, df = 20, £.829).

3.4 Effect of barnacle epigrowth on recruitment C. gigas and M. edulis)

C. gigas or M. edulis as substrates had a significant influence on oyseruitment; it
explained 19.7% of the variance (Fig. 6; TableB3rnacle cover on the other hand had no
significant effect; however, the interaction betwesubstrate species and barnacles was
significant, showing that barnacles had an effectezruitment on the less favoured substrate,
M. edulis.

Mussel recruitment was strongly affected by thesenee of barnacles (Kruskal-Wallis-
ANOVA, p < 0.001); significantly more recruits wefeund on oysters and mussels with
barnacle overgrowth than on those without barngdfesin-Whitney U-Test, p < 0.001 and p
= 0.005 respectively). Even though slightly moreruégs were found on mussels than on
oysters, the difference was not significant. In swary, recruitment of oysters largely depends

on the type of substrate while mussel recruitmeimfluenced by the presence of barnacles.
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Juvenile C. gigas /cage
Juvenile M. edulis /cage

0 . ; . | 0,4* : : i

clean C. gigas with  clean M. edulis with clean C. gigas with  clean M. edulis with
C. gigas barnacles M. edulis barnacles C. gigas barnacles M. edulis barnacles

Fig. 6 Effect of barnacle epigrowth on shells for recruitment of Crassostrea gigas (left) and Mytilus
edulis (right). Substrates were placed in open cages on a mussel bed near Munkmarsch; for C. gigas
recruitment from 29 July to 12 September 2003; for M. edulis recruitment from 10 July to 18 August
2003. Mean number of juveniles (+ 1 SE, n = 16) per cage (each cage containing 1 C. gigas or 2 M.
edulis)

3.5 Effect of Fucus cover on recruitment (C. gigas)
Recruitment ofC. gigas was significantly reduced underne&ilcus cover (ANOVA, df = 32,
F =42.46, p < 0.001). GrRucus-free adult oysters about 4 times more juveGilgigas (7.6 £

1.0) were found than drucus-covered oysters (1.7 £ 0.4).
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3.6 Fucus coverage ornCrassostrea and Mytilus plots

Fucus cover varied during the investigation period bwswalways higher on experimental

Mytilus plots than onCrassostrea plots (Fig. 7; Table 3). Repeated Measures ANOVA
revealed significant effects of substrate, time emeraction of substrate and time; however,

substrate explained 45% of the variance, compavea lower time (16%) and interaction
(15%) effect.

100 - Fig. 7 Variability of Fucus cover (% + 1
O Crassostrea plot SE, n = 4) on experimental intertidal
Crassostrea plots (4 m?) and Mytilus plots

80 1 M Mytilus plot (4 m?) in November 2001, May 2002 and
October 2002

60 -

40

0

Nov 01 May 02 Oct 02

Fucus cover (%)

Table 3 Repeated Measures ANOVA on effect of substrate
(experimental Crassostrea and Mytilus plots) on Fucus cover.

Source of variation SS df MS F p
Fucus cover

Substrate 7350.00 1 7350.00 15.94 0.007
Error 2766.67 6 461.11

Time 2533.33 2 1266.67 12.85 0.001
Time x substrate ~ 2500.00 2 1250.00 12.68 0.001
Error 1183.33 12 98.61
4 Discussion

This study showed differences and similaritiesenruitment patterns of introduced oysters
and native mussels that may lead to niche separatid coexistence of the two species (Fig.
8). Recruitment ofC. gigas andM. edulis occurred mainly in the intertidal zone (this study
and Buschbaum, unpubl. data). While oyster receiritmvas highest on conspecifics, mussels
showed no preference for either oyster or mussestsate. Barnacles, the most abundant

fouling organisms on both mussel and oyster shielid, a positive influence on mussel but
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not on oyster recruitmentucus vesiculosus, which can cover mussel beds with a dense
canopy, led to reduced abundances of juvenile oy$teis study) and mussels (Buschbaum,
unpubl. data). Recruitment patterns in relatiorthe different factors are discussed in the

corresponding order.

Subtidal

Fig. 8 Differential recruitment patterns of Crassostrea gigas and Mytilus edulis on intertidal
and subtidal habitats and in relation to Fucus and barnacle cover as revealed by experiments
in the northern Wadden Sea. Arrows indicate high (thick arrow), medium (thin arrow) or low
(dotted arrow) recruitment of oysters and mussels. Some arrows for mussels are based on
Buschbaum, unpubl. data

4.1 Tidal height

Crassostrea gigas has been described as an intertidal species tiyabocasionally occurs in
subtidal locations (Buroker 1985). Presumably, teiglue to reduced recruitment success
because of sediment deposition on the settlemarficas (MacKenzie 1970, Keck et al.
1973, Rothschild et al. 1994) or water temperatbessg too low for larval or spat survival in
the subtidal zone (Quayle 1988). Also high curreelbcities could lead to oyster larvae
having difficulties in attaching to the substrafggkawa 1990Db). In this study recruitment of
C. gigas was significantly higher on shell collectors iretimtertidal than in the adjacent
shallow subtidal zone. Even though deposition afirment on the settlement surfaces was

higher in the subtidal compared to the intertidaile, on average only 10 - 20% of the surface
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area was covered with sediment. As the temperatifiference between surface water and
deep water in the gullies is very small (less tha@; van Beusekom, pers. comm., 2004),
water temperature is not a very likely reason far fower recruitment in the subtidal zone.
High current velocities might be a cause of lowgster abundances in the subtidal, But
gigas has settled successfully in tidal gullies with tietay high current speeds in the Dutch
Wadden Sea near Texel (Dankers, pers. comm., 200d\ever, a comparison of the
performance ofC. gigas in the Dutch and northern German Wadden Sea shalkl into
account that the oysters originate from differamrdaductions. The oysters in the Dutch
Wadden Sea most likely originate from the Oostegkish (Bruins 1983) whereas the oysters
in the northern German Wadden Sea sprang from ateiogulture near Sylt (Reise 1998).
Therefore, the populations could be geneticallfedént. Another aspect could be higher
early post-settlement mortality due to predatiortha subitdal zone: when shell collectors
were protected with mesh cover, recruitment of files was similar on intertidal and
subtidal habitats (own unpubl. data).

Mytilus edulis is widespread from high intertidal to subtidaldtions because it withstands
high fluctuations of salinity, desiccation, temgdara and oxygen tension (Seed & Suchanek
1992). In the subtidal, however, it is limited bigln predation pressure and competition
(Ebling et al. 1964, Kitching & Ebling 1967, Paii®74). In the study ared. edulis
recruitment in the subtidal also seems to be lidhtig predation (Buschbaum, unpubl. data;
Saier 2001). Thus, both oyster and mussel recnugyg find a refuge from predation in the
intertidal.

4.2 Substrate specificity

Recruitment ofC. gigas was higher on conspecifics than on mussels. Oyateae tend to
settle gregariously triggered by adult conspecifi@ayne 1969, Keck et al. 1971, Hidu et al.
1978). The preference of oyster larvae for rougfases has been described before (Korringa
1976, Quayle 1988) and has been confirmed in thidys because the smooth mussel shells
caught much less oyster spat than the rough ogk@dis and also the smooth inner surface of
the oyster shells received fewer recruits than rihegher outer surface. Protection from
predation in the shell crevices is considered t@abreason for high recruitment success on
rough shells (O’'Beirn et al. 2000). The higher vé#onent of oysters on conspecifics than on
mussels suggests that the oysters will aggregatettaat the more oysters are present, the
more recruits are to be expected on these aggoegan future years. This positive feedback
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may soon generate compact oyster reefs like the almeady present in the Dutch Wadden
Sea near Texel (Dankers et al. 2004).

Mussel recruits were equally abundant @rassostrea, Mytilus and mussel bed plots and

suffered the same winter mortality of about 50%adinthree sites. This contradicts other
findings of gregarious behaviour of mussels andaheidance of competition due to site-
selective settlement (Suchanek 1981, Petersen 1882qular, grooved and rough surfaces
have also been described to be especially suitedhissel settlement (Chipperfield 1953,
Seed 1969, Menge 1976, Grant 1977) and mussehfpulin oyster cultures is a common
phenomenon (Quayle 1988, Arakawa 1990b). Theref@w@yster shell is likely to be a good

settling substrate for mussels, which may even igeoyrotection from predation in the

crevices of the shell.

4.3 Barnacle epigrowth

Barnacles had little influence on oyster recruittnesnly on the less favoured mussel
substrate did barnacle cover increase oyster $peatdance. Presumably the rougher surface
structure due to the barnacle shells enhance@settit and early post-settlement survival of
juvenile oysters. A similar effect was observed @umirginica (Osman et al. 1989). On the
other hand, there may also be space and/or foogeitition between oysters and barnacles
(MacKenzie 1970, Abbe 1986, Arakawa 1990b) thaldéead to differential settlement and
horizontal zonation (Bushek 1988). In this studygruitment was measured after about one
month, and hence did not include post-settlemernisvover a longer period of time. For
example, oysters settling on barnacles insteadh diving bivalves may have a greater risk of
dislodgement, because the barnacles may fall &fdhbstrate as the oyster grows. The
juvenile oyster could then easily be washed awaynt@avourable habitats. Juvenile oysters
attached to the remains of dead barnacles werednfitequently found scattered on the tidal
flats in the study area (own obs.). On the othedh¢his may as well be regarded as a way of
dispersal and may give rise to oyster reefs outside mussel beds. In turn, massive
settlement of barnacles on juvenlegigas was not observed, while adult oysters may be as
heavily overgrown as mussels (own obs. and Gopizs. comm., 2004). The reason for this
might be the smoother shell surface of juvenile parad to adult oysters, because barnacles
settle gregariously and preferentially on surfasét cracks, crevices and pits (Chabot &
Bourget 1988, Berntsson et al. 2004).
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In contrast to the effects on oysters, barnaclesngly increased mussel recruitment,
regardless of whether the barnacles were attachegster or mussel shells. This is attributed
to protection from predation and from unfavouralglevironmental conditions such as
desiccation and heat (Seed 1969, Navarette & &a%890, Barnes 2000, Saier 2001). It can
be concluded that barnacles may have an influendbeofurther development of mussel beds

and oyster reefs in the area.

4.4 Fucus cover

The presence dfucus vesiculosus on intertidal mussel beds reduced recruitmer@.gjigas.
This corresponds with lower overall oyster abunéanmnFucus-covered mussel bed patches
compared td-ucus-free areas (Reise 1998, own unpubl. data). Degsgf juvenile mussels
are also reduced undernedihcus cover (Buschbaum, unpubl. data). Total mussel bssna
however, is only slightly lower and more persistent Fucus-covered mussel bed areas
compared td-ucus-free patches, which leads to the conclusion Fuatis cover is not a major
factor for mussel bed dynamics (Nehls 2003). limportant to note thafucus on mussel
beds lacks a holdfast and is attached to the mimesklonly by the byssus threads of the
mussels. This is the reason why oyster reefs willbe overgrown byrucus, while mussel
beds can be almost completely covered (Nehls 2008 Fucus cover varies considerably
over time, but some mussel bed areas are more aftered than others (Nehls 2003). These
densely covered mussel beds will catch less oggi@rthan bare ones resulting in a very slow
increase in oyster abundance. Thus, oyster recmiiksaccumulate in areas free &lucus
overgrowth where abundances of adult oysters amady high. Once the proportion of
mussels and oysters is in favour of oysters, thesas may stay free froRucus overgrowth
and attract still more oyster spat. However, durpegrs with high mussel recruitment, the
mussels may settle on top of the oysters and subséy Fucus overgrowth could occur.
Thus, fucoids may give rise to a mosaic of oystamd mussels, which may show patch

dynamics as recruitment of the two species asagetifFucus varies over the years.

5 Conclusion

The further development of the oyster populatiothenWadden Sea and especially the spatial
distribution on existing mussel beds will dependrecruitment success in different habitats.
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Oyster reproduction in the northern Wadden Seandirced to a short period in summer (July
to September) when spawning and settlement ocBastuitment success depends on high
water temperatures during this time and is theeeforatic: it occurred only in 6 out of 18
years since the first introduction Gf gigas in this area (Diederich et al. in press). Mussel
spawning and settlement, on the other hand, isxdgtkand occurs throughout the year with
peaks in early summer and autumn (Pulfrich 199@)ong year classes that lead to a
rejuvenation of mussel beds, however, are rareusndlly follow severe winters (Beukema
1992, Beukema et al. 2001, Strasser et al. 2001hd study area, the last mass recruitment
event occurred in 1996 (Nehls 2003) when oysterg \s8ll rare. Temperature may thus play
a key role in determining the balance between W lhivalves: hot summers will favour
oyster reproduction, while cold winters will leaa ligh mussel recruitment in the following
summer.

The experiments revealed sufficient differencesséttlement and/or recruitment patterns
between oysters and mussels to predict that babiep are likely to co-occur in mixed and
mosaic beds, provided other processes such ascfoagetition do not overrule the studied

fine-scale performance with regard to substrate.
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Chapter 4

High survival and growth rates of introduced Pacifi C oysters may

facilitate displacement of native mussels in the Wa  dden Sea

Abstract

Pacific oystersQrassostrea gigas Thunberg 1793) were introduced to the northern &gad
Sea (North Sea, Germany) by aquaculture in 1986 fanally became established. Even
though at first recruitment success was rare, tlu@esecutive warm summers led to a
massive increase in oyster abundances and to grgrowth of native mussel bedsglytilus
edulis L.). These mussels constitute biogenic reefs ensdnd and mud flats in this area.
Survival and growth of the invadinG. gigas were investigated and compared with the
resident mussels in order to predict the furtheretigment of the oyster population and the
scope of coexistence for both species. Field exparis revealed a high survival of juvenile
C. gigas (approximately 70%) during the first three mondifter settlement. Survival during
the first winter varied between > 90% during a naltl 25% during a cold winter and was
independent of substrate (i.e. mussels or oystard)tide level. Within their first yeat.
gigas reached a mean length of 35 - 53 mm, and withmyears grew to 68 - 82 mm, which
is about twice the size native mussels would atthiring that time. Growth of juvenile
oysters was not affected by substrate (i.e. sandsets, other oysters), barnacle epigrowth
and tide level, but was facilitated by fucoid algBg contrast, growth of juvenile mussels
was significantly higher on sand flats than on reliss oyster beds and higher in the subtidal
compared to intertidal locations. Cover with fucatbae increased mussel growth but
decreased their condition expressed as dry flesfhiveersus shell weight. High survival and
growth rates may compensate for years with lowuigoent, and may giveC. gigas a
competitive advantage that may lead to the perntasisplacement of native mussels to less
favourable habitats.

Keywords
Crassostrea gigas, Growth, Introduced species, Mussel bdgtilus edulis, Survival, Wadden
Sea
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1 Introduction

The accidental or deliberate release of ‘exoti@dnimative) species into new habitats by
shipping and aquaculture activities is an incrgagphenomenon in coastal ecosystems all
over the world (Carlton & Geller 1993, Reise et1®199, Ruiz et al. 2000, Naylor et al. 2001).
Most introductions fail to produce self-sustainipgpulations or develop only a limited
population growth (Williamson & Fitter 1996). Neteeless, there are numerous examples of
invasive exotics that profoundly changed the recipiecosystem (Nichols et al. 1990,
Grosholz & Ruiz 1996, Kideys 2002). The PacificJapanese oysteCiassostrea gigas) is

an example of an invasive species that has beesdirded to various coastal areas through
aquaculture activities and subsequently establigihékde wild (Andrews 1980, Chew 1990).
Examples include introduced oyster populations intigh Columbia (Quayle 1988),
California (Span 1978), South Africa (C. Griffippers. comm.), Australia (Ayres 1991), New
Zealand (Dinamani 1991), France (Grizel & Héral 199The Netherlands (Drinkwaard
1999), and Germany (Reise 1998).

Recently a dramatic increase in oyster abundanessbleen observed in the Dutch and
German Wadden Sea (Dankers et al. 2004, Diedetichl.ein press). As this area is
characterised by extensive intertidal mud and dhaid, it lacks primary hard substrata for
oyster settlement. However, epibenthic mussel Ifeysilus edulis) and dead shell material
provide secondary hard substrata, which the oystasas settlement surfaces. In the German
Wadden Sea, oysters are therefore mainly founghiagoats on intertidal mussel beds and are
at present turning some mussel beds into oystés (Béederich et al. in press). Since mussel
beds take a prominent position in the Wadden Selaganerally constitute hot spots with
respect to productivity and filtering-capacity (Assn1987, Asmus et al. 1992, Dankers &
Zuidema 1995), biodiversity (Riesen & Reise 1988uchiya & Nishihira 1986, Dittmann
1990), and as a food resource for various crustacdesh, birds and man (Seed & Suchanek
1992, Nehls et al. 1997, Saier 2001), their ovextjnoor possible displacement by oysters
might profoundly change the entire ecosystem. Umdw, recruitment ofC. gigas in the
northern Wadden Sea was sporadic depending on waarkigh summer water temperatures.
However, three consecutive warm summers (2001-2@08) a positive feedback of adult
oysters on recruitment of juveniles, strongly imsed oyster abundance and expansion of the
population (Diederich in press, Diederich et al.piress). Thus, abundance may be high

enough, by now, to ensure some recruitment evemglucool’ summers. Provided these
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recruits suffer a low mortality and adults achigvigh longevity, this might guarantee
population persistence and facilitate a furtheraase in the Wadden Sea. As a consequence,
oysters might permanently restrict the local musselless favourable habitats, especially if
they show higher growth and survival rates than ihgves. However, no information is
available on survival and growth 6f gigas in the Wadden Sea. The present study aims to fill
that gap and attempts to find out whether oystefsrenay be regarded as a temporary
phenomenon or are likely to be habitat structunpesseding mussel beds in the Wadden Sea.
Generally, survival or mortality of benthic bivatves described as a change in abundance of
individuals or year classes present in a populatieer some period of time. In addition to
physical stress, competition and desease, predatioiten a major cause of natural mortality
in bivalves (Walne & Davies 1977, Reise 1985, MaGraet al. 1990, Strasser 2002). As
predation is especially effective on juveniles amdler conditions of extended submersion,
survival largely depends on size and tide levek{3én 1968, Seed 1969, 1993). Fast growing
species may rapidly outgrow predation pressurerefbee, it is assumed that Pacific oysters,
which grow to about 30 cm in their native habitatwell as in the Dutch Wadden Sea
(Korringa 1976, Dankers et al. 2004) might haveadwantage over the much smaller native
mussels Mytilus edulis), which attain a maximum size of about 7 cm inrtbethern Wadden
Sea (Nehls 2003). The growth rates of both, mussets oysters may depend on various
factors, including tidal exposure (Quayle 1988, @umum & Saier 2001), interspecific
competition (Bertness & Grosholz 1985, Okamura 1986d epibionts on the shells like
algae or barnacles (Arakawa 1990, Dittman & RobhB®1, Buschbaum & Saier 2001).

In the study at hand, survival @ gigas and growth of bothC. gigas andM. edulis, were
investigated in relation to tide level, substréi@nacle epigrowth and algal cover, in order to
assess whether habitat requirements are the sambketiner there might be species specific
refuges from potential competition. Information owssel survival and growth rates was
taken from literature but for a comparison of grhowerformance in different microhabitats

oyster and mussel growth was investigated simuttaslg.
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2 Material and Methods

2.1 Study area
The study was conducted in the List tidal basirthe northern Wadden Sea (North Sea,
Germany, 54°50’ - 55°10'N and 08°20’ - 08°40’E).iF basin (404 km? area) is surrounded
by the mainland and by two islands (Sylt and Rgtha) are connected to the mainland by
dams (Fig. 1).

Fig. 1 Study area in the northern
Wadden Sea (Germany) and
location of experimental sites (KH
and MM, asterisks). Shaded areas
indicate intertidal sediment flats

_____

U

List tidal basin

MM

A narrow tidal inlet of 2.8 km in width is the ongonnection to the North Sea. This inlet
branches out into three main water channels (maxindepth 40.5 m; maximum current
velocity 1.2 m &), which govern the current and transport regimethim the lagoon.

Intertidal flats, which are mostly sandy, compr&326 (134 km?) of the total area. Tides are

semidiurnal and the mean tidal range is 2 m; thexage salinity is close to 30 psu. Monthly
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mean water temperatures range from 18.2°C in AugusR.3°C in February. Primary
production is about 300 g C myear’. Detailed information on hydrography, geology,
sediments and biota of the bay is given in Gatpk Reise (1998). Within the List tidal basin,
natural intertidal mussel beds cover about 1.5 @dehls 2003) and are partly covered by the
brown macroalgad-ucus vesiculosus forma mytili (Nienburg) Nienhuis. Some of these
mussel beds extend into the shallow subtidal zéneommercial oyster farm has been in
operation in this basin since 1986 and producesutalo million oysters per annum.
Experiments were carried out in Konigshafen (KH}idal bay at the northern end of the
island of Sylt, and in Munkmarsch (MM) approximgtéb km further south.

2.2 Survival of C. gigas

Survival of C. gigas was investigated via three experiments on diffetieme scales (during
the first three months, the first winter, and tinstfyear after settlement) and in relation to tide
level (intertidal and subtidal) and substrate (relasd oyster bed).

To quantify the survival of early recruits on anemidal mussel bed during the first three
months after settlement, six unglazed ceramic (@%sx 29 cm) were fixed on mussel bed
MM on 16 August 2002 as settlement surfaces fotevyigrvae. Settlement onto the tiles
followed shortly thereafter with the main settlempariod ending at the end of August, but
light settlement occurring until late September .t tiles had an imprinted grid, the position
of each attached oyster could be exactly determifld survival of juveniles was calculated
from the difference in numbers of oysters that waresent at the first examination on 29
August and the subsequent sampling dates. Sampliegrred seven times in irregular
intervals until 26 November 2002.

To investigate the survival of oysters during tHest year after settlement in relation to tide
level, 1 counted numbers of juveniles that weredited to shell collectors placed on two
mussel beds (KH and MM), at each site on intertatad subtidal locations. Each collector
was made from 30 clean (i.e. with no epibiontspdleyster shells (mean shell length + SD:
101.0 £ 14.1 mm) that had a hole drilled in thedlfedso that they could be strung on a plastic
covered clothesline. These lines were about 1m land were pinned with iron bars
horizontally on the mussel bed so that the shelixched the mussels underneath. The
collectors (6 at each location) were deployed enfteld on 9 and 10 August 2002. Settlement
occurred shortly thereafter and the number andtherfigrgest diameter of the shell) of

juveniles on the shell surfaces was recorded dinsE9 and 30 August 2002 by removing 10
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oyster shells from the clothesline and searchiegtifior oyster spat with a stereomicroscope
in the laboratory. On 27 and 28 November anothestidlls were removed from the string
and searched for living oyster spat. On 21 Febraad/4 March 2003 the remaining 10 shells
were returned to the laboratory and juvenile ogstezre counted and measured.

The latter set of shells were kept in an indook tasth continuous seawater flow for 1 to 2
days and then brought back to the field and irexfatin the same spot on the mussel beds to
follow their survival for another few months. Oraidd 16 May 2003 and finally on 7 and 10
July 2003 the oyster shells were again returnethéolaboratory and the attached juveniles
were counted and measured. As significant settleimerthe collectors exposed on site MM
occurred later than 29 August 2002, the numbejsvailes present in November 2002 were
taken as starting value for mortality quantificatibecause there was no more settlement after
that date.

Two calculations were made: survival of juvenilesni November 2002 to February 2003 to
determine survival over winter, and survival durithg “first year” after settlement, that is
from November 2002 to July 2003. As the collectmmghe subtidal MM site were lost before
the end of the experiment, the comparison of abureta from November 2002 with July
2003 could only be done for intertidal locationsta2tor (site and tide level) analysis of
covariance was used to compare abundances of jegeni November 2002 and February
2003. The percentage survival at the differenssated tide levels was analysed using 2-factor
(site and tide level) analysis of variance. Aburctadata were log(x+1) transformed and
percentages were arcsine square-root transformedcliteve homogeneity of variances
(Levene test).

To quantify the dependence of survival on subsmatdity, survival of juvenileC. gigas was
analysed during two consecutive winters on expertaientertidalCrassostrea plots, Mytilus
plots and on a nearby natural mussel bed (MM). Expntal Crassostrea andMytilus plots

(n = 4) were randomly distributed along the edge afussel bed (MM) on sand covered with
dead mussel shells in July 2001. ‘Oyster plots’evereated by collecting live wild oysters
from the nearby mussel bed, removing all attachedsels, and placing the oysters on four 2
x 2 m plots. The oysters were densely packed, reguh a three-layered aggregation with a
density of about 500 oysters’fMussel plots’ were constructed by collectingelM. edulis
clumps with no attached oysters from the adjoimmgssel bed and placing them on foux 2

2 m areas. Mussel density on these plots was &a@at n.
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Samples were taken on each of the plots and oadjoéning mussel bed in November 2001,
May 2002, October 2002 and May 2003. Two sub-sasnplkere taken from each of the four
experimental oyster plots by randomly placing aX225 cm frame on the plot area and
removing all living bivalves and dead shells unaath. On mussel plots (two sub-samples
taken from each of the four plots) and on the ratonussel bed (eight samples taken in 2002
and twelve in 2003) samples were collected usirigl.& x 14.5 cm box corer instead of a
frame. The different sampling devices were usedabse of substantial size differences
between oysters that were forming solid aggregataiten exceeding 15 cm in diameter and
the much smaller mussels. Therefore, the corerdcoat be used for oysters and the frame
would have been too time-consuming to use for mussepling. All material inside the
frame or box corer was sieved over a 5 mm meslesievthe laboratory, all mussels and
oysters were measured with electronic vernier paif to the nearest 0.01 mm. Dead shell
material was searched for attached juvenile oysisrsvell. Oysters were considered as O-
group juveniles if their shell length was < 20 mmthe fall samples and < 33 mm in the
spring samples. These size cutoffs were chosen afteanalysis of length-frequency data.
Numbers of juveniles in November 2001 were compasgth numbers in the following
spring (May 2002) using a non-parametric test (KaliVallis ANOVA) because of
heterogeneity of variances despite transformatidmundances in October 2002 and May

2003 were compared using Repeated Measures ANOVA.

2.3 Size and growth ofC. gigas

Length frequency data df. gigas were obtained at two mussel beds (KH and MM) by
measuring the shell length (largest diameter) nfloanly encountered oysters (n = 68 - 307
for each sampling) with vernier callipers to theamgst millimetre (see Diederich et al. in
press). Sampling was conducted in 1999 (April/Mag &eptember/October), 2001 (April
and November), 2002 (April and October), 2003 (Mag August), and 2004 (April/May and
September). The mean length of cohorts was detednloy using Bhattacharya’s Method
(1967) with the program FISAT Il (Version 1.1.2, BACLARM Fish Assessment Tools). A
von Bertalanffy growth function was establishedngselectronic length-frequency analysis
(ELEFAN; Gayanilo et al. 1989, Pauly & David 198b) calculate growth parameters. As
larger animals were poorly represented, the paemhgtwas not determined iteratively, but
set to 180 mm according to the maximum length ateskduring this survey. As the oysters

did not grow during winter in this area (approxiglgt November to February; own
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unpublished data and Fig. 6), the winter point westo WP = 1. The calculation was run
with the starting point May 2003 for KH and May 20for MM, because of clearly defined
cohorts in these data sets. To verify these calonk | used the growth of O-group juvenile

C. gigas that were attached to shell collectors descrilEda.

2.4 Growth experiments withC. gigas and M. edulis

2.4.1 Substrate and tide level

A field experiment was carried out to investigatevgth of juvenileC. gigas andM. edulisin
relation to substrate (sand flat, mussel bed, arstieo reef) and tide level. It is important to
note that this experiment was not designed to tya® differences in absolute growth
between oysters and mussels, but to find out hosteoy and mussels perform in different
habitats. Therefore it was not essential to uséeaysand mussels of the same age. Juvenile
oysters (mean shell length = SD: 27.7 £ 1.0 mm) randsels (mean shell length £ SD: 30.4 +
1.8 mm) were collected from mussel bed MM in A2@I02 and cleaned from all epigrowth
with an iron scraper and brush. Only oysters thatewattached to dead shell material were
used to avoid possible interactions between batil@ad epibiont. The shell length (largest
diameter) of each oyster and mussel was measuréd wernier callipers to the nearest
millimetre. Afterwards the oysters and mussels wiaeed separately (that is one bivalve per
cage) in cylindrical cages made from plastic codesére netting U 5 - 6 cm, length 8 - 9
cm, mesh opening 11 mm). 280 cages (20 containgsters and 20 containing mussels for
each of 7 locations) were installed in the fieldMay and June 2002 by fixing each cage with
an iron bar to the ground. Seven different locatiovere chosen: (1) intertidal sand flat
(northern Sylt), (2) shallow subtidal sand (north&ylt), (3) intertidal mussel bed (KH), (4)
subtidal mussel bed (KH), (5) intertidal mussel b@dM), (6) experimental intertidal
Crassostrea plot (MM), (7) experimental intertidalytilus plot (MM). Subtidal habitats are
referred to as areas remaining submerged duringgspow tides and comprise depths of
about 1 m at mean low tide. Intertidal sites hadesan exposure time of 2 - 3 hours per tide.
ExperimentalCrassostrea and Mytilus plots (n = 4) were built next to a natural mudsed
(MM) in July 2001 (see above). The cages were rantgldlistributed on these plots but only
on areas withoufucus cover. The length of each individual oyster andssell was measured
in the field in June, July, August, September angdinber 2002. Unfortunately, the cages at
the subtidal sand flat location were lost after Astg2002. Daily growth rates were calculated

for a two months (49 - 64 days) period from Jun@uagust 2002 for all seven locations. The
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daily growth rates on the 5 intertidal locationsrev€ompared using analysis of variance
(ANOVA). In a separate ANOVA the effect of tidalight was analysed for the sand flat and
mussel bed (KH) locations. Tukey’'s HSD test for alabced data sets was used to compare
single sites. All data were square root transformedobtain homogeneity of variances
(Levene test). Effects were considered to be sitatlly significant if p-value was < 0.05.

2.4.2Fucus cover

A second set of field experiments was designedudysthe effect of a dense fucoid cover on
intertidal mussel beds with respect to growth amaddtion of juvenileC. gigas andM. edulis.

This experiment was conducted three times, eaadh tising a different intertidal mussel bed
in “Kénigshafen” in the north of Sylt: KH | (30 Mayp 28 August 1999), KH Il (23 July to 20
September 1999), KH Il (3 May to 8 August 2001¢r leach experimental site 40 juvenile
oysters (mean shell length = SD: KH [I: 51.3 = 5./anKH 1I: 45.8 £ 2.8 mm; KH IlI: 40.6 +
5.6 mm) were collected a few days prior to the expents on intertidal mussel beds and
cleaned from all epigrowth with an iron scraper dnash. Only oysters attached to dead shell
material were used. Shell length and at site KHsb &hell width of oysters was measured
with vernier callipers to the nearest millimetredaall oysters were marked individually. For
experiments KH | and KH Il oysters were marked vide numbers (2 mm in diameter) that
were glued to the upper shell valve. For experinkétill the oysters were placed separately
in pouches made from plastic covered wire nettBg0(x 180 mm; mesh opening 10 mm).
After marking the oysters, they were brought to tégpective mussel beds. On each mussel
bed 20 oysters were placed on fucoid-free patchds28 oysters on patches with a dense
Fucus canopy. In experiments KH | and KH Il the oystemsre placed between the byssus
threads of the mussels to prevent them from gettiaghed away. On algal covered areas the
oysters were placed between the mussels undertteakucus thalli. In experiment KH Il

the cages were fixed to the mussel bed with iras.l@ver the following 2 - 3 months, fucoid
algae were removed several times frbotus-free patches as necessary. At the end of this
period, the oysters were collected and length merg (on site KH | also width increment)
was measured in the laboratory. On location KHal$lo the growth of juvenil®. edulis was
investigated. Mussels (mean initial shell lengtBR: 36.5 + 2.4 mm) were treated the same
way as described above 10r gigas.

To test whether the fucoid cover had an effecthendondition ofC. gigas andM. edulis, the

condition index (CI) of the oysters and mussels determined in experiment KH Ill. The
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condition index used here is among the most aceuwaes that involve easily measured
parameters (Davenport & Chen 1987): CI = Dry meaigivt / Dry shell weighk 100. For
dry weight determination, the oysters and musselsstored in a deep freezer at —20°C for
several days. Then the bivalves were cooked in ateavior 4 minutes. Afterwards meat and
shell of the individuals were separated and dredanstant weight at 80°C (6-7 days). After
cooling in a desiccator, meat and shell were welghea torsion balance (x 0.01 g). Data on
growth and condition were subjected to ANOVA (sbeee).

2.4.3 Barnacle epigrowth

The effect of barnacle cover on the growth of juleeand adult oysters was experimentally
tested during the growing season of 2003. 32 jueaysters (mean shell length + SD: 20.25
+ 3.96 mm) and 32 adult oysters (mean shell leag8D: 50.32 + 12.72 mm) which were
attached to living mussels were collected on mukedl MM on 30 May 2003. 16 juvenile
and 16 adult oysters with their attached mussel® wkaned from barnacles with an iron
scraper and brush, whereas the other oysters wédbh&d mussels were not cleaned and >
50% of their shell surfaces were covered with baaga The shell length of the oysters was
measured with electronic vernier callipers to tlearest 0.01 mm and afterwards the oysters
were placed separately in cages made from plastiered wire netting (mesh opening 11
mm). The cages were fixed with iron bars on anriitt@l mussel bed (KH) on 1 June 2003.
On 8 October 2003 the cages were returned to twdeory and all oysters were measured
again. The growth of the oysters was determinedudytracting the initial length of each

oyster from the final length and data were analysadg ANOVA.

3 Results

3.1 Survival of C. gigas

On 29 August 2002 there were 11.0 + 2.2 (mean =j®Enile oysters attached to the tiles

that had been fixed on an intertidal mussel bedmFthese 70.0% survived their first three

months until 26 November 2002 (Fig. 2). The de@easibundance was estimated according
to M = 1/t In(N/Ng) with Np = density atdand N = density at t = 89 days. The estimated
daily instantaneous mortality rate (M:%)dduring the period from late August to late

November was 0.004 + 0.001 (mean + SE).
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Fig. 2 Survival (% + SE) of juvenile C. gigas on tiles (n = 6 tiles
with 5-19 attached oysters each) that were fixed on an intertidal
mussel bed (MM) from August to November 2002

Abundance decreases of juverlilegigas on shell collectors were independent of site (rluss
beds KH or MM) and tidal height (Fig. 3, Table The over winter survival rate (November
2002 to February 2003) amounted to 63.7 + 7.1% rte&E) and the daily mortality rate for
the same period was M = 0.005 + 0.004 Hirst year survival of juveniles (November 2002
to July 2003) was independent of site as well aretaed 42.6 + 3.9%. The daily mortality
rate for this period was 0.004 + 0.0004 d

| mNov02 MWFeb03 @mMayO03 [Jul03

bl

Intertidal | Subtidal |ntertidal ubtldal
KH MM

Juv. C. gigas / shell

Fig. 3 Abundance of juvenile C. gigas on shell collectors (mean
+ SE, n = 4-6 collectors on each location) on two mussel beds
(KH and MM) in intertidal and subtidal locations from November
2002 to July 2003. X = no data
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Table 1 Analysis of covariance of abundance of juvenile C. gigas (log
transformed) and analysis of variance of survival (%) of juvenile C. gigas
(arcsine square-root transformed). Bold face values: p < 0.05

Source of variation SS df MS F p
Abundance Nov 02 - Feb 03
Site (KH — MM) 0.002 1 0.001 0.203 0.658
Tide level (intertidal — subtidal) 0.017 1 0.017 1.985 0.178
Site x Tide level 0.001 1 0.001 0.107 0.748
Abundance Nov 02 0.044 1 0.044 5.295 0.035
Error 0.133 16 0.008
Survival Nov 02 — Feb 03
Site (KH — MM) 0.082 1 0.082 0.485 0.497
Tide level (intertidal — subtidal) 0.255 1 0.255 1.506 0.239
Site x Tide level 0.003 1 0.003 0.019 0.893
Error 2.543 15 0.170
Survival Nov — July 03
Site (KH — MM) 0.001 1 0.001 0.049 0.831
Error 0.260 9 0.029

Following a strong recruitment event in the sumofe2002 abundances of 0-gro@ gigas
were six to eight-folds higher in October 2002 tiMNovember 2001 in all three locations
(Fig. 4). A decrease in numbers of juveniles contd be detected during the winter of
2001/2002 suggesting high surviv@lréssostrea plot: 94.1% survival from November 2001
to May 2002). In the following winter (2002/2003pumdances decreased significantly
(Repeated Measures ANOVA, Factor Substrate: MS 3:18 F = 8.68, p = 0.010, Factor
Time: MS = 651.88, F = 23.35, p = 0.001). The iatéion between substrate and time was
not significant (MS = 19.63, F = 0.70, p = 0.52Bpwing that survival did not differ between
substratesrassostrea plot: 23.9% Mytilus plot: 23.9%, mussel bed: 23.6%).
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Fig. 4 Mean abundance (+ SE) of juvenile C. gigas (< 20 mm in
fall, < 33 mm in spring) on experimental intertidal Crassostrea
and Mytilus plots (4m?, n = 4) and on control mussel bed areas
(n = 8-12) in November 2001, May 2002, October 2002 and May
2003. X = no data
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3.2 Size and growth ofC. gigas

Analysis of length-frequency data revealed thatrd@uig juvenileC. gigas reached a mean
shell length of 12.0 mm on site KH and 20.0 mm it [8IM about eight to nine months after
settlement which occurred in August and SeptemibBigr 6). Within one year post settlement
they reached 39.6 mm (KH) and 48.1 mm (MM) andréfi® years they had grown to 74.2
mm (KH) and 75.4 mm (MM). Von Bertalanffy growthrictions were fitted to both data sets
(sites KH and MM) with fixed L = 180.00 mm and calculated growth constants ofH(K
0.26 and K(MM) = 0.30. Growth rates 6f gigas cohorts were slightly higher on site MM
than on site KH (Table 2) and lower in the wintatftyear than during the growing season

from spring to fall.

Table 2 C. gigas cohort length increment (in mm month™) in two locations (KH, MM) during
the first winter after settlement (fall - spring), the first growing season (spring - fall), the
second winter and the second growing season, respectively. Data derived from length-
frequency distributions and cohorts were separated using Bhattacharya’s method

Cohort of 1997 Cohort of 2001 Cohort of 2002 Cohort of 2003

KH MM KH MM KH MM KH MM
1% winter 2.7 1.5 21 15 21
1% growing season 4.8 72 93 63 7.2
2" winter 0.3 1.5 27
2" growing season 42 2.7 57 3.9

The growth experiment with newly settl€d gigas revealed that juveniles grew from 1.7 £
0.3 (mean = SE) mm in August 2002 to 12.3 = 2.5 mrivlay 2003 and reached 31.5 + 7.0
mm in July 2003 (Fig. 6). During the 2 months frdrh May 2003 to 10 July 2003 they
reached a mean growth rate of 9.6 + 2.3 mm mbrito growth occurred during winter from

November to February.
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Fig. 6 Mean shell length of juvenile C. gigas (+ SE; n = 5-6
collectors on each location) that had attached to shell
collectors on two intertidal mussel beds (KH and MM) from
August 2002 (settlement) to July 2003 (11 months after
settlement). mo. = months after settlement
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3.3 Growth experiments withC. gigas and M. edulis

3.3.1 Substrate and tide level

The length of individually marked juvenile. gigas increased similarly on all intertidal sites
from 27.8 £ 0.6 mm (mean = SE) in June to 45.96:@m in November 2002 (Fig. 7; left).
For M. edulis there was a higher length increase on the sahdh#é& on all other intertidal
locations (Fig. 7; right). The mean daily growthesaofC. gigas on intertidal locations were
independent of site (Sand, mussel bed KH, musskIMid, experimentaMytilus plot and
experimentalCrassostrea plot; Fig. 8, Table 3). However, comparing growdgh the 2
intertidal and 2 subtidal sites (sand flat and ralbgd KH) tide level showed a significant
effect on growth on the sand flat (Tukey’s HSD festunbalanced data, MS = 0.02, df = 63,
p = 0.001), but not on the mussel bed.

50 1 —=~Sand 40 4 —Sand -m-MB (KH)
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Fig. 7 Length (mean = SE) of individually marked juvenile C. gigas (left, n = 16-20) and M. edulis
(right, n = 16-19) on 5 intertidal locations in the List tidal basin from June to November 2002
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Fig. 8 Daily growth rate (mean + SE) of juvenile C. gigas (n = 16-20) and M. edulis (n = 16-19)
calculated from length increment from June to August 2002 on 5 intertidal and 2 subtidal locations.
Sand: sand flat; MB (KH): mussel bed KH; MB (MM): mussel bed MM; M-plot: experimental Mytilus
plot; C-plot: experimental Crassostrea plot
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The daily growth rate of juvenil®. edulis in the intertidal was significantly higher on the
sand flat than on mussel bed or oyster plot looati@ukey’s HSD test for unbalanced data,
MS = 0.00, df = 82, p = 0.000). Tide level affectgdwth ofM. edulis on both sand flat and
mussel bed, explaining 40.4% of the variation (w&edSD test for unbalanced data, MS =
0.00, df = 65, p(Sand) = 0.002, p(MB) = 0.000).

Table 3 Analysis of variance on daily growth rate of C. gigas and M. edulis (square-root
transformed). Bold face values: p < 0.05

Source of variation SS df MS F p
Daily growth rate C. gigas intertidal
Site (Sand - MB(KH) - MB(MM) - M-plot - C-plot) 0.110 4 0.028 2.398 0.057
Error 0.930 81 0.011
Daily growth rate C. gigas intertidal - subtidal
Site (Sand — MB(KH)) 0.110 1 0.110 7.000 0.010
Tide level (intertidal — subtidal) 0.217 1 0.217 13.834 0.000
Site x Tide level 0.058 1 0.058 3.691 0.059
Error 0.989 63 0.016
Daily growth rate M. edulis intertidal
Site (Sand - MB(KH) - MB(MM) - M-plot - C-plot) 0.293 4 0.073  26.314 0.000
Error 0.228 82 0.003
Daily growth rate M. edulis intertidal - subtidal
Site (Sand — MB(KH)) 0.135 1 0.135 33.468 0.000
Tide level (intertidal — subtidal) 0.290 1 0.290 71.730 0.000
Site x Tide level 0.029 1 0.029 7.287 0.009
Error 0.263 65 0.004

3.3.2Fucus cover
Growth of juvenileC. gigas was significantly higher ofucus covered mussel bed patches

than on uncovered ones (Fig. 9, Table 4).
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Fig. 9 Growth (left; mean + SE, n = 17-20) and condition index (right; mean + SE, n = 17-20) of
individually marked juvenile C. gigas on three intertidal mussel beds (KH I, KH 1l, KH Ill) and of
juvenile M. edulis on one intertidal mussel bed (KH I1I) on patches without and with Fucus cover



High survival and growth rates of introduced Paaifysters 83

This pattern was consistent over all three sites.stle KH | also width increment was
measured and was significantly higherFarcus-patches (ANOVA, MS = 250.82, F =9.32, p
= 0.004). Even though the condition@fgigas on all three sites was lower &uicus covered
patches than on uncovered ones, ANOVA revealethere# significant effect dfucus cover
on a 5% probability level nor a significant inteian betweenFucus and site on condition
index. JuvenileM. edulis also showed a significantly higher growth rate witevered with

Fucus, but their condition was significantly reducedlive presence of algal canopy.

Table 4 Analysis of variance on effect of site (KH I, KH II, KH IIl) and Fucus
cover on growth and condition index of C. gigas and on effect of Fucus cover
on growth and condition index of M. edulis. Bold face values: p < 0.05

Source of variation SS df MS F p
Growth C. gigas
Site (KH I, KH II, KH 1) 286.38 2 143.19 6.46 0.002
Fucus cover (present - absent) 526.425 1 526.43 23.74 0.000
Site x Fucus cover 7.89 2 3.94 0.18 0.837
Error 2372.25 107 22.17
Growth M. edulis
Fucus cover (present - absent) 12.34 1 12.34 4.47 0.04
Error 96.74 35 2.76
Condition index C. gigas
Site (KH I, KH II, KH 1) 4.97 2 2.49 256.62 0.000
Fucus cover (present - absent) 0.03 1 0.03 3.53 0.063
Site x Fucus cover 0.02 2 0.01 0.82 0.441
Error 1.04 107 0.01
Condition index M. edulis
Fucus cover (present - absent) 0.19 1 0.19 17.28 0.000
Error 0.39 35 0.01

3.3.3 Barnacle cover

Fouling barnacles had no effect on growth of juleeand adult oysters (Fig. 10).

dF Ms = D Fig. 10 Growth of juvenile and adult
Oyster age group 1 12.56 0.001 C. gigas with and without barnacle
Barnacles (present- absent) 1 26.30 0.23 0.636 cover on the shells (mean + SE, n =
Size x Barnacles 1 30493 265 0.113
Brror 31 11494 6-13) from 1 June 2003 to 8
30 1 T October 2003. Inset: Results of
[ ANOVA
E 20 - [
E
£
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4 Discussion

This study was conducted to detect differentiafgremance in survival and growth of the
invading oysters compared to the native mussetsdar to predict to what extend the former
might displace the latter. My data demonstrate jbaénile Crassostrea gigas have high
survival and growth rates independent of substratktidal height. Growth was not affected
by barnacle epigrowth but was enhanced underneatbvar of brown macroalga€ucus
vesiculosus. Performance of mussels was more variable. Gravath higher on a sand flat
compared to mussels and oysters as substrate giner lin the subtidal than in the intertidal
zone. Fucus cover enhanced length increment but reduced dondiThe high survival of
juvenile and adult oysters - the latter has beemvahin a previous study (Diederich et al., in
press) - may compensate for years with low recrinand may facilitate a further increase
in abundance and range. As the oysters grow fastgrreach a larger size than the native
mussels, they might have a competitive advantage tve mussels and might displace them
to less favourable habitats. The survival and gnoot both species is discussed in the

corresponding order.

4.1 Survival

Approximately 70% of juvenil€C. gigas survived the first three months on the mussel bed,
and about 40% reached their first reproductiveqokin the summer one year after settlement.
Survival was independent of tidal height, i.e. itit&l or shallow subtidal mussel bed area,
and substrate, i.e. oyster or mussel bed. Howesemnlitment was much lower in the subtidal
compared to the intertidal zone and on the mussdmdtsate compared to the oyster substrate
(see also Diederich in press), which leads to trelaision that recruitment patterns and not
post-settlement mortality may determine the distidn of the population regarding tidal
height and substrate. In comparison, the nativesgissare known to be limited by predation
pressure in the subtidal zone (Ebling et al. 18&&d 1993, Saier 2001).

The mortality rates found foE. gigas in this study (0.004 Hduring the first three months
post-settlement and 0.005 during the first winter) are very low compared tormality rates

of other juvenile bivalves in the Wadden Sea (&gasser 2002). For example, daily
mortality rates foMacoma balthica of 0.034 ¢ to 0.093 & and forCerastoderma edule and
Mya arenaria of 0.056 d were described for the first three months aftétlesaent (van der

Veer et al. 1994 and references therein). From ehtugepulations in England annual
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mortality rates of T year mussels of 95 - 100B@ve been described and only few mussels
survived beyond their second or third year (Daré6}9

Over-winter survival of oysters varied widely beemethe two winters investigated. During
the winter of 2001/2002 more than 90% of the O-grjuveniles survived until the following
spring, but during the next winter of 2002/2003yoabout 25% survived. It is notable that the
first winter was very mild with only one day of &&ng air temperatures accompanied by
offshore winds that lead to prolonged emersion sinhe the second winter, however, low air
and water temperatures caused by a cold spell ofi@ys with freezing air temperatures
together with prolonged offshore winds (data frdme tocal weather station of the German
Weather Service), may have caused the high maortafijuvenile oysters. However, adult
oysters seem not to be affected by cold wintersalDH length-frequency distributions
revealed that oysters above one year of age expedeno detectable mortality during the
next five years including the winter of 2002/2003igderich et al. in press). This is in
accordance with a study from Reise (1998) who fodmat about 66% of the oyster
population in List tidal basin survived the anoma@evere winter of 1995/1996 with over 60
days of freezing air temperatures and formatioic@flows.

Also, the native mussels in the Wadden Sea sedra t@ry tolerant of freezing temperatures
(Beukema 1990, Strasser et al. 2001). Howeversomiring as well as storm events can
severely damage intertidal mussel beds (Nehls &IThD93, Obert & Michaelis 1991,
Strasser et al. 2001). The destruction of musses$ iy storms or ice scouring could be a
reason for lower abundances of juvenile oystees aftsevere winter. Young oysters together
with mussels will be more easily scraped off theugid than larger oysters that are partly
stuck in the sediment or that form solid reef suies. However, there is no evidence whether
the oysters in this study died or were simply washe other locations by storms or ice.
Nevertheless, it can be assumed that the newlylajge@ oyster reefs are more resistant to ice
and storms than the native mussel beds, becausaysiers form more solid structures by
cementing their heavy and thick shells to eachrqrig. 11).

Survival of juvenile and aduft. gigas on intertidal and subtidal mussel beds in the Wadde
Sea is very high compared to survival rates of rothiealves, including mussels. As high
recruitment events that lead to a rejuvenatiorhefgopulation occur only sporadic in oysters
as well as in mussels (Strasser et al. 2001, Diddet al. in press), high survival is important
to ensure the persistence of the population anchtnmpgrmit population growth even if

numbers of recruits are low.
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4.2 Size and growth

Juvenile oysters reached a mean shell length efS3mm after one year and of 68 - 82 mm
after two years on intertidal mussel beds in thehmon Wadden Sea. A mean growth rate of
approximately 7 mm of shell length per month (maximgrowth rate: 9.6 mm per month)
was obtained during their first growing season thats from April to October. During the
next growing season in the™2year, the growth rate was with 3 - 5 mm per month
considerably lower. A comparison of the growth perfance ofC. gigas in different
geographical regions reveals that in the Wadden @#eath rates are somewhat lower
compared to other areas (Table 5). However, grasvinly slightly lower than in the native
habitat (Japan and Korea). The oysters also dd reir maximum length of about 300 mm
that has been described for other areas (Dinantfi,1Quayle 1988, Dankers et al. 2004).
Therefore it can be concluded that growth perforreaim the Wadden Sea is unlikely to
hamper the spread of Pacific oysters in the Wa&#sn

Table 5 Growth of C. gigas at different geographical locations as indicated in literature

Length at time after

Location Tide level Reference
settlement
Japan intertidal 60 mm (1 year) Kobayashi et al. 1997
90 mm (1.5 years)
Korea subtidal 70 mm (1-15years) Hyunetal 2001
New Zealand intertidal 80 - 100 mm (1 year) Dinamani 1971
intertidal 60 mm (1 year) Dinamani 1991
British Columbia subtidal 90 mm (1 year) Quayle 1988
subtidal 60 - 100 mm (1 year) Brown and Hartwick 1988
70-110 mm (2 years)
California intertidal 100 mm (2 years) Chew 1979
Mexico intertidal 90 mm (1 year) Garcia-Esquivel et al. 2000
Dutch Wadden Sea intertidal 30-100 mm (1 year) Dankers et al. 2004
130 mm (2 years)
intertidal 30-40mm (1 year) Tydeman et al. 2002
60 mm (2 years)
70 mm (3 years)
North. Wadden Sea intertidal 40-50 mm (1 year) this study

70-80mm (2 years)
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Growth of mussels on intertidal mussel beds in YMadden Sea is well documented,
including the sites of this study; juveniles reattout 10 - 30 mm shell length after one year,
30 - 40 mm after two years, and they approach thakimum size of 50 - 70 mm after three
to four years (Buschbaum & Saier 2001, Nehls 2008)he subtidal, mussels grow to about
20 mm in one year and they reach 55 - 60 mm aftey@ars (Dankers & Zuidema 1995). The
size differences in mussels and oysters are obyvieilis oysters attaining about three times
the length of mussels after one year. An advantdgehe larger size could be a possible
competitive advantage if food competition occurstiom densely packed mussel bed. Local
food depletion may occur immediately above musselsbwhen populations of suspension
feeders occur at great densities or when curreatta low to replenish the food (Dame et al.
1984, Fréchette et al. 1989, Peterson & Black 19Bi¢ filtration rate of large mussels (5 - 7
cm shell length) is with 70 | ddy(Davenport & Woolmington 1982), much lower than of
medium-sized oysters (9 - 10 cm shell length) whigdch a filtration rate of 30 I'n(Quayle
1988). A comparison of filtration rates of similsizedC. gigas andM. edulis revealed that
filtration rates ofC. gigas are two to three folds higher (Walne 1972). Howeweedifferent
feeding behaviour and possibly also different fgodrces utilised b. gigas andM. edulis
lead to the assumption that mussels and oystersnoiapecessarily be strong competitors
(Bougrier et al. 1997, Riera et al. 2002). Whethemot the oysters and mussels in the
Wadden Sea are direct food competitors will neethéur study, as it is difficult to transfer
physiological studies from laboratory experimemtghe actual field situation. Nevertheless,
the faster growth rate may enable the oystersdw gnto a size refuge from predation much
earlier than the native mussels. Most benthic poedaare described as size-selective feeders
that preferentially prey on food items that promig#imal energy gain (Elner & Hughes
1978, Hughes 1979). For example, mussels attairearsfuge from starfish predation when
they reach a length of 35 mm (O’Neill et al. 19B8usch & Chapman 1997) and shore crabs
seldom feed on mussels above 20 mm shell lengthn(Elt al. 1964, Dare & Edwards
1976). The only predators that feed on larger masa® shorebirds like oystercatchers and
eider ducks (Goss-Custard et al. 1981, Zwarts &Dd981). However, it is unlikely that
they will be able to feed on large oysters esplcm@hce the oysters are interconnected in
solid reefs. Therefore, | conclude that gigas will have a competitive advantage owdr

edulis because of faster growth and larger size.
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4.3 Factors affecting growth

4.3.1 Substrate

Growth of juvenileC. gigas was not affected by substrate, i.e. sand flat, seluded,
experimental mussel and oyster plot. Mussels orother hand showed significantly higher
growth rates on the sand flat compared to all otbestions. This could be a hint towards
density dependent growth in mussels but not inesgsiThat mussel growth may be reduced
due to intraspecific competition has been describefre, one reason being that juveniles
amongst the byssus of larger mussels are unalenpete successfully for food (Dare &
Edwards 1976, Kautsky 1982, Bertness & Groshols1@&amura 1986). However, also for
oysters reduced growth in the presence of intradinterspecific competitors has been
described (Zajac et al. 1989, Arakawa 1990, Rhe&ailtce 1996). On the other hand, oyster
reefs with a high profile have been described asibg ideal conditions for oyster growth,
because of high current velocities caused by thégsteucture that counteract food depletion
in boundary layers and smothering through sedinient§Peterson & Black 1987, Fréchette
et al. 1989, Lam & Wang 1990). Bearing in mind ttiegt oysters show a higher filtration rate
than mussels of similar size (Walne 1972), it kelly that the inferior mussels are more
affected by competition than the oysters and aeeetbre growing faster on the sand flat

compared to mussel or oyster beds.

4.3.2 Tide level

Mussel growth was strongly affected by emergenoe twith significantly higher growth
rates in subtidal than in intertidal zones on ks#hd flat and mussel bed. Oyster growth, on
the other hand, was only on the sand flat higheéhénsubtidal than in the intertidal zone. On
the mussel bed, no significant effect of emergenoe on oyster growth occurred. Lower
growth rates in intertidal compared to subtidaleis a well known phenomenon in mussels
(Seed 1969, Bertness & Grosholz 1985, BuschbaumaderS2001), and is seen as a
consequence of reduced feeding times (Petersona&kB1987) or metabolic stress due to
anaerobiosis (Widdows & Shick 1985, De Zwaan & N&ih1992). Growth ofC. gigas
seems to be less affected by emergence time. RoagdeMann (1995) describe no effect of
exposure on oyster growth as long as the aeriadsexp stays below 25% as in the study at
hand. Another study found reduced growth in theriidal (20% exposure during a tidal
cycle) only during the first month after settlemelntit not thereafter (Crosby et al. 1991).
Hydrodynamic factors that may enhance the food Iyupp the shore due to resuspension of
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orgainc matter are considered to compensate faucezl feeding times in the intertidal
(Bayne et al. 1988). In conclusion it may be assluitit emergence time has a stronger
effect on mussels than on oysters. This may hintatds oysters having a broader

physiological niche.

4.3.3Fucus cover

Fucus cover on intertidal mussel beds significantly evdeal shell growth of both, mussels
and oysters. However, condition indices of bothcegggewere lower underneaftucus cover,
but this effect was significant only for mussel$isshows that the enhanced shell growth
was not accompanied by a corresponding increaseest content and that this effect was
stronger in mussels than in oysters, indicating tysters may benefit frorRucus cover,
whereas mussels might be negatively influenced.

The enhanced shell growth undernektitus canopy compared to uncovered mussel bed
patches is surprising, because the algal canoplg leahigher sedimentation due to reduced
current velocities (Albrecht & Reise 1994), which known to be disadvantageous for
shellfish growth (Loosanoff & Tommers 1948, Widdoetsal. 1979, Barillé et al. 1997). On
the other hand, the modified flow regimes causedthm® Fucus canopy may lead to
accumulation of food (Leonard 1999) and therebyrmi@ growth. However, the shapehdf
edulis andC. gigas is known to vary with environmental factors sushd&nsity and type of
substrate on which they are growing (Seed 1968yl@uUED88). On very soft ground, like it
occurs on mussel beds underndatlus canopy, oysters grow longer and narrower, possibly
because they want to escape suffocation in mud.aBushell width also showed a higher
increase underneaffucus cover, the higher growth rate undernelticus canopy cannot be
sufficiently explained by an elongated shape. Adddlly, during the experiment on site KH
[l where growth ofC. gigas andM. edulis in relation toFucus cover were compared, oysters
and mussels were kept in mesh cages above theswfa were therefore prevented from
sinking into the mud. In conclusion, the lower citioth index of Fucus covered mussels is a
hint that Fucus interferes with mussel performance, whilegigas is less affected or may
even benefit from the algal cover.

4.3.4 Barnacle epigrowth
Whereas growth of. gigas was not affected by barnacle cover (this studylssel growth is
significantly reduced by barnacle epigrowth (Busalnin & Saier 2001). The reason for lower
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mussel growth is considered to be not food conipetliut changed hydrodynamic conditions

and modified microcurrents due to the barnaclelstiBuschbaum & Saier 2001). As oyster

shells are undulated and much rougher than muke#$ sit is likely that barnacle epigrowth

on oyster shells will not change hydrodynamic ctads in the same way as on the smooth
mussel shells. Another possible reason for redumessel growth is a drag-induced trade-off
effect caused by epigrowth, because mussels withiogs have a greater surface area and
are more vulnerable to being washed away by clgrdiiterefore, the mussels need to invest
more energy in byssus thread production (Price 1@&3amura 1986). As the oysters do not
produce byssus but attach themselves very firmiaal substrates and to each other by
releasing cement from a food gland, this would aixpWwhy mussels are affected by barnacles
and oysters are not. Further, the much largerdfiogsters relative to barnacles than the size
ratio of mussels to barnacles may render epigraitharnacles as insignificant to the oyster.
In conclusion, the very common and widespread laderfauling on mussels and oysters may

interfere with mussel growth while oysters remaiaffected.

5 Conclusion

The persistence and further increase of the oysteulation in the Wadden Sea will be
facilitated by high survival rates in juveniles aadults, because this may compensate for
years with low recruitment. The settlement prefeeenf C. gigas for conspecifics in the
intertidal zone (Diederich in press) leads at prese the formation of massive oyster reefs
that are expected to be more resistant to enviratahstress like storms and ice scouring
than the native mussel beds, which they replacg. (EL). In addition, high growth rates
independent of tide level, substrakeicus cover and barnacle epigrowth, contribute a wide
niche. The faster growth of invading oysters coragao native mussels might give them a
competitive advantage if food and/or space is limgit Therefore it can be concluded that the
recent massive increase ©f gigas in the northern Wadden Sea following high recreitin
during three consecutive anomalously warm summBisedgrich et al. in press), and a
positive feedback of adult oysters on settlemenedBrich in press) is likely to lead to a

permanent transformation in the benthic commuriithis area.
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Fig. 11 Resident mussel bed (Mytilus edulis) and non-native oyster reef (Crassostrea gigas) in the
northern Wadden Sea in summer 2004. Inset: start of oyster reef formation. Photos: K. Reise, S.
Diederich
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Chapter 5

Pacific oysters Crassostrea gigas in the Wadden Sea:

invasion facilitated by weak predation?

Abstract

In the Wadden Sea (North Sea), bivalve populatamesoften limited by benthic predation,
with shore crab<Carcinus maenas and starfishAsterias rubens being important predators.
Introduced Pacific oyster€rassostrea gigas recently increased in abundance and range,
overgrowing resident epibenthic mussel bikléilus edulis. Even though recruitment success
of C. gigas is confined to years with particularly high sumnveater temperatures, high
survival rates of juveniles and adults compensateykars with low recruitment. Using
predator exclusion experiments and laboratory fegdpreference trials, | tested the
hypothesis thatC. gigas is subjected to low predation pressure becausemiiae benthic
predators prefer mussels to oysters. Predationonsfound to affect oyster recruitment in
the subtidal, but not subsequent survival in eithartidal or subtidal locations. Juvenile and
adult shore crabs and starfish strongly preferresels to oysters in feeding trials. It is
concluded that the invasion succes<Cofjigas is supported by (1) selective feeding by the
main mussel predators, (2) a possible mismatch d@iwoyster recruitment and predator
abundances and (3) a larger size and faster grofaglisters compared to native mussels that
may facilitate an early size refuge from predatibime competitive advantage Gf gigas over

M. edulis may lead to a permanent displacement of mussel$caa shift in the food web of
the Wadden Sea.

Keywords

Introduced species, Predation, Size refuge, Catiygeadvantage, Mussel beds
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1 Introduction

Predation may have a profound impact on structunragine benthic communities (Reise
1985a, b, Seed 1993, Hunt & Scheibling 1997). Bepkeg their prey below carrying
capacity, predators may allow coexistence of comgetspecies and thus prevent
monopolization by a dominant species (Paine 19VHis steady state may be threatened by
invaders if these escape predation pressure bgergspredators and become superabundant
(Keane & Crawley 2002, Colautti et al. 2004).

Pacific oystersCrassostrea gigas have been introduced to the Wadden Sea by aquesurt
the 1980s (Reise 1998). They reproduced naturaftlyy eecently started to increase
dramatically in abundance and range (Dankers €04, Smaal et al. 2004, Diederich et al.
in press). As they need hard substrates for sedtignthey are overgrowing shell beds as well
as resident epibenthic mussel b&tigilus edulis, thus posing a threat to this native species.
Mussel beds are characterized by a high produgtifdsmus 1987, Dankers & Zuidema
1995) and biodiversity (Riesen & Reise 1982, Tsyml& Nishihira 1986, Dittmann 1990),
which makes them important food resources for wericrustaceans, fish, birds, and humans
(Seed & Suchanek 1992). Their overgrowth and ptessdplacement by oyster reefs may
therefore have a profound impact on the benthicroomty of the coastal North Sea.

As recruitment success @ gigas in the northern Wadden Sea is confined to a fears/e
with exceptionally high summer water temperatutis, high survival rates of juveniles and
adults that have been found in a previous studyimp®rtant prerequisites for the invasion
success, because they compensate for recruitmimesa(Diederich et al. in press, Diederich
submitted). The question arose, whether a lackedation may cause the high survival rates
and may facilitate the invasion process by givihggigas a competitive advantage over its
native congener.

Mussel populations in the Wadden Sea are oftertdanby predation and depend on high
recruitment success in years when predator abuedaae low, usually following severe
winters (Beukema 1991, Strasser et al. 2001, Sur&X¥)2). Especially epibenthic predators
like shore crab&arcinus maenas and starfishAsterias rubens have profound impacts on the
density and distribution of mussels (Scherer & Bdi881, Jensen & Jensen 1985, Dankers &
Zuidema 1995, Kristensen & Lassen 1997, Saier 20B%gn though shrimp£rangon
crangon and various fish species like gobiesmatoschistus microps, floundersPlatichthys
flesus and plaicePleuronectes platessa are known to prey on juvenile bivalves, their iripia
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considered to be low (Reise 1977, Jensen & Jen88B).1Birds like eidersSomateria
mollissima, oystercatcherslaematopus ostralegus and herring gulld.arus argentatus may
intensively prey on medium to large sized musséisafts & Drent 1981, Hilgerloh et al.
1997, Nehls et al. 1997). However, under the prerthait population dynamics are largely
determined by survival of juveniles, the impacbofls seems to be low compared to benthic
predators (Reise 1985b). Thus, in this study tlcedgawill be on predation by shore crabs and
starfish, because they are abundant and voraciogsahconsumers in the Wadden Sea and
are known to feed on oysters on other shores (Ragsons 1974, Walne & Davies 1977,
Chew 1998).

Predator exclusion experiments were conducted tertidal and subtidal mussel beds in
order to assess the impact of benthic predatiomecruitment and survival of juvenil€.
gigas. Laboratory feeding preference experiments wittiecent sizedC. maenas and A.
rubens were added to show whether species and size iselgmiedation preferences may
explain the high survival rate of juveni gigas. In this respect the possible advantage of
faster growth and larger size of an introduced iggecompared to a native congener is
discussed in view of size refuge from predation amdsing predators in the recipient

ecosystem.

2 Material and methods

2.1 Study site

Field experiments on survival of juvenilassostrea gigas were carried out in the List tidal
basin in the northern Wadden Sea (North Sea, Ggmaf50’ - 55°10'N and 08°20’ -
08°40’E). This shallow basin (404 km? area) is sunded by the mainland and two islands
(Sylt and Rgmg) that are connected with the mathtandams. Intertidal sand flats, seagrass
meadows, and natural epibenthic mussel beds ceazecthe area. Tides are semidiurnal and
the mean tidal range is 2 m; the average salisitglase to 30 psu. Primary production is
about 300 g C fy™. Monthly mean water temperatures range from 18i2°@ugust to
2.3°C in February. Detailed information on hydrggdrg, geology, sediments and biota of the
bay is given in Gatje and Reise (1998). A commémyater farm that produces about two

million oysters per annum has been in operatighigibasin since 1986.
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2.2 Predator exclusion experiments

Three separate predator exclusion experiments e@rducted in order to assess the impact
of benthic predation on recruitment and survivglueknileC. gigas on intertidal and subtidal
mussel beds. The first experiment, designed to wdstther predation may limit early
recruitment ofC. gigas, was carried out from 31 July to 15 September 20@8ch is the
settlement period of oysters in this area. Shdlectors made from eight clean (i.e. with no
epigrowth) dead oyster shells (mean shell leng8D+ 87.7 £ 7.9 mm) that were strung on a
plastic covered line were used as attachment sgféar oyster larvae. The experimental
design included full cages to exclude all possiptedators, partial cages to control for

potential cage artefacts and shell collectors witlamy protection (Fig. 1).

Fig. 1 Schematic diagram of the experimental set-up used in the
shelll - predator exclusion experiments: (a) shell collector protected by a full
cage, (b) shell collector with partial cage and (c) shell collector
without cage

Although partial cages cannot control for all pbsiartefacts of caging, they were employed
in consideration of known artefacts such as changeslight, hydrodynamics and
attractiveness for predators that may influenctleseént and survival (e.g. Connell 1997). To
achieve full protection, shell collectors were gldcseparately in cylindrical cages (250 mm
long, 125 mm diameter) made from plastic rings gadze (1 mm mesh opening). Partial
cages were constructed in the same way, but twesH@0x 15 mm) were cut into the gauze
at opposite sides. Shell collector lines withoutage around them were used as control
treatments. All experimental units (six replicaf@seach treatment and two tidal levels) were
pinned with iron bars horizontally on intertidaldagubtidal parts of a natural mussel bed so
that the shells touched the mussels beneath. Tesidal location had an exposure time of
about 2 h per tide and the subtidal location wasatled 0.5 - 1 m below the surface level at
low tide. At the end of the experimental period, @llectors were brought back to the
laboratory and attached juvenile oysters were @auand shell length (largest diameter of the
shell) was measured with electronic vernier catbpgccurate to 0.1 mm. Analysis of variance

(ANOVA) followed by Tukey’s HSD test was used tongoare abundances of recruits on the
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shell collectors in relation to tidal level and eagrotection. Data on shell length of recruits
were compared using non-parametric tests (Kruskal8YANOVA) because of a failure to
satisfy the heterogeneity of variances assumptdiects were considered to be statistically
significant if p-value was < 0.05.

The survival of juvenileC. gigas was investigated on a subtidal mussel bed fror@dt@ber
2003 (which is about 1 - 2 months after settlement)l 19 March 2004. The experimental
setup consisted of full and partial cages and mbeption controls as described above. The
same cages and no cage setups were used (eighateg), but only two dead oyster shells
with two juvenileC. gigas attached to each shell were strung on the line.dysters had an
initial shell length of 2 - 12 mm (on each shekrd was one juvenile oyster with 2 - 6 mm
shell length and one with 6 - 12 mm). At the endhaf experimental period all remaining
oysters were counted and measured and the lengtement of individual oysters was
determined.

A third caging experiment was conducted in ordeageess survival of juvenifé. gigas on

an intertidal mussel bed during the first threéotar months after settlement. This time frame
was used becaugearcinus maenas, which is one of the most common predators thag ma
prey on juvenileC. gigasin the intertidal, is only present in this areanfrspring to fall (Reise
1977). Thus, it was not necessary to extend thpemxent over the winter period. The
experimental setup was similar to the one descrddmml/e, consisting of full cages, partial
cages and no cage replicates, but the cages diffenmewhat. Dead oyster shells with 1 - 3
attached juvenileC. gigas were screwed on wooden boards (26000 mm), which were
fixed on an intertidal mussel bed with iron bars. ZD of these boards, cylindrical mesh cages
were mounted (80 mm height, 100 mm diameter, 5 nesmopening). On another 20 boards
the same cages were mounted, but these had twangpegf7Ox 40 mm) cut into opposite
sides of each cage. Altogether 60 experimentakumére deployed on an intertidal mussel
bed from 11 September to 12 December 2002 whemetimaining juvenileC. gigas were
counted and measured. Data for abundance, lengthgewth of juvenileC. gigas were
analysed using ANOVA.

2.3 Length — meat weight relationship foiCrassostrea gigas and Mytilus edulis
The relationship between shell length and meatwkight was established f&@. gigas and
M. edulis in order to assess whether shell length wouldnbapgropriate parameter to be used

in feeding preference experiments. Shell length dndmeat weight of 83 oysters (shell
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length: 24 - 160 mm) and 109 mussels (shell ler@@h: 71 mm) was obtained from bivalves
collected on two different mussel beds in May 20B2@r dry weight determination, the
oysters and mussels were stored in a deep freeze20aC for several days. The bivalves
were then cooked in seawater for 4 minutes. Aftedwaneat and shell of the individuals
were separated and dried to constant weight at §6°C 7 days). After cooling in an
exsiccator meat and shell were weighed separateytorsion balance accurate to 0.01 g. An
exponential relationship between meat dry weight Emgth was established (Fig. 2). For
bivalves from 20 to 40 mm shell length there wadifference in meat content in relation to
shell length. For larger bivalves, however, meaiteot was higher if€. gigas than inM.

edulis of similar size.

61 ¢ C.gigas 1,6 C. gigas
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Fig. 2 Meat dry weight of C. gigas and M. edulis in relation to shell length (left) and enlargement of2 g@e

20 - 60 mm shell length section (right). Ectuations for regression lines are: C. gigas y = 0.00004x""",
R? = 0.834, n = 83; M. edulis y = 0.0001x*°%, R? = 0.750, n = 109 with y = meat dry weight (g) and x =
shell length (mm)

2.4 Feeding preference experiments

Laboratory feeding preference experiments withedéht sizedCarcinus maenas (13 - 73 mm
carapax width, the latter is about the maximum siz€. maenas in this area) were carried
out in July 1999, June 2002 and September 2003 e&ch set of experiments, crabs were
collected by hand on intertidal mussel beds in ltie¢ tidal basin and kept in an indoor
aquarium tank (1000 I) with running seawater (ambveater temperature; in July and August
approximately 18°C) prior to experiments. Only umadged crabs free of parasacculina
carcini infestations were selected. Prey items, Megtilus edulis and Crassostrea gigas of
different size classes, were collected on the sawestidal mussel beds. All bivalves were
measured with vernier callipers to the nearestimmtire (shell length = largest diameter of

the shell) and cleaned from epigrowth with an ismmaper to avoid confounding artefacts,
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because epibionts may alter predator preferen@es Esderlein et al. 2003). For the same

reason, only oysters attached to dead shell mhvegi@ used in the feeding trials.

Table 1 Carcinus maenas. Laboratory feeding preference experiments with different
sized shore crabs which were offered different sizes of Crassostrea gigas and Mytilus
edulis as prey. f = female, m = male, n = number of replicates (each C. maenas is
one replicate), Cra = Crassostrea, Myt = Mytilus. Consumed bivalves = bivalves
consumed crab™ day™ divided by bivalves offered crab™ day™

Carapax Time No. and size of Consumed Consumed
Trial width Sex n (days) prey C. gigas M. edulis
(mm) YS) (mmlength) (% * SE) (% + SE)
a 13-17 f 3 2 2 Cra (6-8) 0
2 Myt (6-8) 66.7 £ 0.0
b 23-25 m 4 2 2 Cra (6-8) 0
2 Myt (6-8) 100.0£0.0
c 34-42 m 13 14 4 Cra (10-30) 58+0.8
4 Myt (10-30) 57.6+1.7
d 47-50 m 10 14 4 Cra (20-30) 1.6+£0.9
4 Myt (20-30) 56.4 +2.8
e 61-69 m 8 16 5 Cra (30-40) 2.7+0.8
5 Myt (30-40) 15.0+1.9
f 10-15 f 6 2 2 Cra (3-5) 8.3+8.3
2 Cra (6-8) 0
2 Cra (9-11) 42+4.2
2 Myt (3-5) 62.5+4.2
3 Myt (6-8) 69.4 +8.3
3 Myt (9-11) 8.3+238
g 20-25 m 6 2 2 Cra (3-5) 0
2 Cra (6-8) 0
2 Cra (9-11) 0
2 Myt (3-5) 100.0+£0.0
3 Myt (6-8) 100.0+£0.0
3 Myt (9-11) 91.7+2.8
h 20-25 m 5 3 2 Cra (4-6) 26.7+3.3
2 Cra (6-8) 20.0+0.0
2 Myt (4-6) 100.0+£0.0
2 Myt (6-8) 90.0+5.8
2 Myt (8-10) 73.3+13.3
i 60-73 m 10 16 1Cra (20-30) 18.8+4.1
1 Cra (35-40) 6.3+2.2
1 Myt (20-30) 98.8+0.9
1 Myt (35-40) 23.1+3.4

At the start of each experiment, crabs were plaepérately in 2% 15x% 17 cm aquaria filled
with aerated seawater (5 |, circa 18 - 20°C), aldayer and &ucus cluster to provide shelter

from visual stress. Carapax width Gf maenas was measured with vernier callipers to the
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nearest millimetre. After starving the crabs fodays to standardize hunger levels, mussels
and oysters of different sizes were added. Eachofllye experimental periods, which lasted
between 2 and 16 days, the water inside the aquasachanged and the number and size of
consumed mussels and oysters was noted (see TablexXperimental set-up).

Subsequently, all eaten bivalves were replaced ibglves of the same species and size.
Results are expressed as mean number of consunadddsi per crab per day divided by the
number of bivalves of the respective species off@er day:

% Consumed = No. of consumed bivalves ¢rdhy* / No. of offered bivalves cratday™.

This method of data presentation was chosen, becprey choice was the focus of this

investigation and not absolute numbers of bivathas are consumed I§y. maenas.

Prey choice experiments with different siz&sterias rubens (14 - 151 mm arm length, the
latter being the largest starfish size class ptesethis area) were conducted in August and
September 1999, in June 2002 and in September atab& 2003 in similar experimental
set-ups as described above. All starfish useddaretperiments were fished with a traditional
oyster dredge from subtidal habitats in the Lidalibasin and only undamaged individuals
were selected. Mean arm length of eAchubens was determined by measuring the distance
from the tip of each arm to the mouth opening withnier callipers to the nearest millimetre.
Mussels and oysters used as prey items were alect intertidal mussel beds, cleaned from
all epigrowth and stored in an indoor tank (100GvBh running aerated seawater. Each
starfish was placed in a separate aquarium (sizgjedria depending on starfish size: 30, 60,
and 110 ) with running aerated seawater (circaCl&nd was offered a choice of sets of
large and smalM. edulis andC. gigas of similar size (see Table 2 for experimental .g&}t-
Number and size of prey items consumed was recoddégl and every bivalve eaten was
replaced with an individual of the same species sind. Experiments lasted from 1 to 37
days.

From September to October 1999 an additional feedikperiment was conducted with 17
largeA. rubens (mean arm length 103 - 130 mm) that were placgdtter in a 1000 | indoor
tank with running aerated seawater. 100 musseld@aaysters (shell length of both species
30 - 60 mm) were added and number of individuakereavas recorded every day for 2
weeks. Consumed bivalves were replaced with indad&l of the same size and species. After
2 weeks, the remaining mussels were removed antiéanext 37 days only oysters remained
as food items. Again, numbers of individuals eatene recorded and replaced every day.
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Table 2 Asterias rubens. Laboratory feeding preference experiments with different
sized starfish which were offered different sizes of Crassostrea gigas and Mytilus
edulis as prey. n = number of replicates (each A. rubens is one replicate), Cra =
Crassostrea, Myt = Mytilus. Consumed bivalves = bivalves consumed starfish™ day™
divided by bivalves offered starfish™ day™

Arm lenath Time No. and size of Consumed Consumed
Trial (mm)g (days) prey C. gigas M. edulis
YS) (mmlength) (% % SE) (% + SE)
a 19-22 1 2 Cra (6-8) 20.0+12.2
2 Myt (6-8) 60.0 +24.5
b 26 - 31 1 2 Cra (6-8) 30.0+£20.0
2 Myt (6-8) 60.0 £24.5
c 14 - 17 6 5 2 Cra (6-8) 25.0+10.9
2 Cra (9-11) 18.3+3.1
2 Myt (6-8) 41.7+5.9
2 Myt (9-11) 31.7+96
d 23-28 6 5 2 Cra (6-8) 28.3+8.6
2 Cra (9-11) 31.7+4.9
2 Myt (6-8) 71.7+4.2
2 Myt (9-11) 86.7+4.2
e 31-35 6 5 2 Cra (6-8) 16.7 £ 3.7
2 Cra (9-11) 11.7+5.0
2 Myt (6-8) 90.0+3.1
2 Myt (9-11) 86.7+4.2
f 35-41 6 5 2 Cra (6-8) 30.0+4.2
2 Cra (9-11) 16.7 £+ 4.6
2 Myt (6-8) 88.3+7.3
2 Myt (9-11) 85.0+3.1
g 84-102 9 11 2 Cra (10-25) 1.3+0.8
2 Cra (26-40) 2.7+1.2
3 Myt (10-25) 38.4+54
3 Myt (26-40) 44.4 +6.3
h 122 - 151 8 37 4 Cra (40-50) 0.3+0.1
4 Cra (50-60) 0.2+0.1
4 Myt (40-50) 9.7+1.2
4 Myt (50-60) 2.2+05

Data analysis of feeding preference experimendgfisult because of a lack of independence
of variables and inappropriate use of controls€Rein & Renaud 1989, Roa 1992). Solutions
proposed for this problem which suggests physicadbiring experimental chambers
containing a predator and randomly arranged maeltfpbd items with a control chamber
containing no predator but the same food items{eret al. 2004) were not applicable for the
experiments presented here, because the prey ekl not change without a predator
present and therefore a control chamber would gdeowio additional information. As there is
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no unimpeachable solution for this problem, and tbsults obtained during the feeding

experiments were clear-cut, | refrained from stiatié analysis.

3 Results

3.1 Predator exclusion experiments

Recruitment of juvenil&. gigas was significantly affected by tide level, cage emge and
interaction between the two factors (Fig. 3, Ta)leFor the intertidal location, Tukey’s HSD
Test revealed significant differences only betwéah and partial cages, suggesting cage
artefacts confounded the results. On the subtmizdtion, however, abundances of recruits
were about three times and significantly higherfdly protected oyster shells (2.29 + 0.33
juveniles shelt) than on unprotected (0.77 + 0.17 juveniles shedind on partly protected
ones (0.71 + 0.12 juveniles shBll suggesting a predation effect on abundancegrb0pC.
gigas. The length of juveniles in the subtidal locatiodisl not differ between the three
treatments (mean length + SD = 5.5 + 1.3 mm; Krls8%allis ANOVA, H (2, N = 18) =
1.73, p = 0.421), but in the intertidal cage colad a significant influence on shell length
(Kruskal-Wallis ANOVA, H(2, N = 18) = 7.45, p = @20).

T 3

2

< I

. 1

2 2

(@)

o

2 14

c

(]

>

o 0

-g Full Partial |No cage | Full Partial |No cage

2 cage cage cage cage
Intertidal Subtidal

Fig. 3 Crassostrea gigas. Mean abundance (+ SE) of juveniles
that settled on dead oyster shells with and without cage
protection in intertidal and subtidal locations. Cages (n = 6) in the
field from 31 July 2003 - 15 September 2003
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Table 3 2-way analysis of variance (a) and Tukey's HSD Test (b) on effect of predation on

abundance of juvenile C. gigas in intertidal and subtidal locations. Bold face values: p < 0.05

()] df MS F p (b) Full cage Partial cage No cage
Tide level 1 6.46 23.69 <0.001 Intertidal
Cage 2 5.42 19.85 <0.001 Full cage 0.022 0.845
Tide level x Cage 2 1.02 3.74 0.035 Partial cage 0.022 0.263
Error 30 0.27 No cage 0.845 0.263
Subtidal
Full cage <0.001 <0.001
Partial cage <0.001 1.000
No cage <0.001 1.000

There was no significant difference in survival jafenile C. gigas in relation to cage
protection in either the intertidal or the subtittadation (Fig. 4, Table 4). In the intertidal,
survival varied between 82% on shells in full cagesl 61% and 59% on partly and
unprotected shells, respectively. In the subtiddl- 75% of juveniles survived. Length and
growth of juveniles was independent of caging,he tntertidal as well as in the subtidal
experiment (ANOVA).

1009 A Intertidal 1009 B subtidal
80 - T 80 -
< <
€ 60| [ [ € 0|
T K
2 2
> >
S 404 S 404
(] n
20 - 20 -
0 ‘ 0 ‘
Full cage Partial cage No cage Full cage Partial cage No cage

Fig. 4 Crassostrea gigas. Mean survival (% + SE) of 0-group juveniles on intertidal (A) and subtidal (B)
mussel beds with and without cage protection. A: n = 14 -19 replicates with 1-3 juvenile oysters each;
from 11 September to 12 December 2002. B: n = 8 replicates with 4 juvenile oysters each; from 10
October 2003 to 19 March 2004

Table 4 Analysis of variance (ANOVA) on
effect of predation on survival of juvenile C.
gigas in intertidal and subtidal locations

df MS F p
Intertidal
Cage 2 2939.7 219 0.123
Error 46 1341.2
Subtidal
Cage 2 218.4 0.24 0.789
Error 20 912.9
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3.2 Feeding preference experiments
Prey choice experiments showed that juvenile amidt &arcinus maenas strongly preferred
mussels to oysters (Table 1, Fig. 5). When offeliffdrent size classes of mussels and

oysters, smaller individuals were preferred.
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Prey choice experiments withsterias rubens showed that starfish with arm lengths greater
than 20 mm strongly preferred mussels to oysteablél2, Fig. 6). Only one feeding trial (c)
with the smallest size class Afrubens (14 - 17 mm arm length) showed no clear preference

for either of the prey species.
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Fig. 6 Asterias rubens. Feeding preference experiments with different sized starfish
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different sizes of A. rubens used in feeding trials
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Large starfish with 102 - 130 mm arm length exalebi fed onM. edulis when given the
choice betweeml. edulis andC. gigas for 14 days (Fig. 7). WheNl. edulis were removed
andC. gigas remained as only prey items from day 14 on, thepmed feeding for about 2
weeks until they started to eat increasing amowft€. gigas up until the end of the

experiment at day 51.
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Fig. 7 Asterias rubens. Laboratory feeding preference experiment with 17 large
starfish (102 -130 mm arm length) together in one aquarium tank. During the first
14 days 100 Mytilus edulis and 100 Crassostrea gigas (30 - 60 mm shell length)
were offered as prey. Consumed bivalves were replaced every day. At day 14,
mussels were removed and from then on 100 C. gigas were the only food items.
Given is the number of consumed bivalves from day 1 to day 51

4 Discussion

This study was conducted in order to assess whethvepredation pressure may explain high
survival rates of introduce@rassostrea gigas and may facilitate a competitive advantage
over resident mussels. Predator exclusion expetswemnealed high survival rates of juvenile
C. gigas and no significant mortality due to predation. Yrécruitment in the subtidal might
have been affected by predation pressure. In ltédngréeeding preference experiments it was
demonstrated that two of the main predators indhés, the shore crdlarcinus maenas and

the starfishAsterias rubens, strongly preferred mussels to oysters.
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4.1 Predator exclusion experiments

The experiment on predation effects on recruitm@n€. gigas showed significant effects
only subtidally, where about three times as mawyuits survived in the exclusion cages than
in partial and no cage treatments. In the inteltidawever, no clear results were obtained,
because a significant difference occurred only betwfull cages and partial cages, but not
between full cages and no cages. The experimenssimival of juvenile oysters during the
first months after settlement revealed no diffeemnin mortality between exclusion cages and
partial and no cage treatments in the intertidalvall as in the subtidal location, suggesting
predation to play a minor role for post-settlemmottality. However, caging experiments are
susceptible to misinterpretation due to cage artefeonfounding the results (Connell 1985,
Peterson & Black 1994, Hunt & Scheibling 1997, Arsde & Connel 1999, Strasser 2002).
In most cases, it is not possible to separate tsffe¢ differential recruitment versus
differential post-settlement mortality among treatts, because cages may enhance
settlement that will be erroneously interpretedoager post-settlement mortality (Keough &
Downes 1982). The method of using partial cagetesb for caging artefacts is not free of
implications either, because the effects due tangagrtefacts and due to the variable of
interest could both occur to some extent withirtipacages, but neither to the extent that they
occur in the full cages or no cage treatments (l€#yn1991). However, a profound
knowledge of the characteristics of the speciedistumay help to evaluate possible artefacts.
Caging, for example, often leads to changed hydradyc conditions that may have an
influence on settlement and survival of sessilecigsebecause of sediment accumulation
(Kennelly 1991, Olafsson et al. 1994, but see &sasser 2002). In the study at hand, no
enhanced sedimentation on the oyster shells itsiges was observed that could potentially
lead to lower recruitment because of smotheringeaiflement surfaces (Rothschild et al.
1994). Also, length and growth of juveniles was affécted by cage coverage, except for in
the recruitment experiment in the intertidal looatiwhere juveniles in the no cage treatments
were significantly smaller than in the full and {er cages, supporting the assumption that
this part of the experiment was confounded withecadefacts. A possible attraction of larvae
by the mesh cover seems to be unlikely, becausterolmvae settle preferentially on the
shells of conspecifics (Diederich in press) and rawe capable of byssus drifting (Quayle
1988). Another problem with partial cages is thet that predators such as shore crabs seek
shelter inside these cages which may lead to aehighedation effect in partial cages
compared to uncaged plots rendering them uselessrdaols (Strasser 2002). However, in
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the study at hand no significant differences intelysbundance or survival between partial
cages and no cage controls occurred.

In summary, the results obtained by the predatolusion experiments suggest that low post-
settlement predation pressure might be one reamothé high survival rate of juvenilé.
gigas in this area. This has also been observed in @que study (Diederich submitted)
where about 70% of juvenilé. gigas survived the first three months after settlemantaa
intertidal mussel bed and approximately 65% suxbitheeir first winter, independent of tide
level. However, the generally lower abundancesugénile oysters in subtidal compared to
intertidal locations in this area (Diederich in $8® may not only be caused by differential

settlement but also by predation pressure actiregilly after settlement.

4.2 Feeding preference experiments

To verify the low predation pressure acting on ddtrcedC. gigas, laboratory feeding
preference experiments with two of the main redigeedators for juvenile bivalves were
conducted. BothCarcinus maenas andAsterias rubens strongly preferred mussels to oysters.
Only juvenile starfish < 20 mm did not show a clpaeference for mussels. However, it is
important to note that species may behave diffgreint the field than under laboratory
conditions. Additional food sources, predation, ammnpetition stress may alter foraging
behaviour (Lawton & Zimmer-Faust 1992). For examplevenile starfish < 10 mm arm
length strongly prefer the very abundant balanithiepts Semibalanus balanoides, Balanus
crenatus, Elminius modestus) to mussels (Hancock 1955, Mertel 2002), suggggimedation
pressure exerted by juvenile starfish to be lowdgsters as well as for mussels in the field
situation.

The feeding behaviour @&. maenas andA. rubens generally follows the optimal foraging or
energy maximization premise, whereby a predatoulshchoose its diet in order to maximize
net energy intake per unit of handling or feedimget (Elner & Hughes 1978, Hughes 1979,
O'Neill et al. 1983). Size-selective and specidsetere feeding of shore crabs and starfish is
well known. When feeding on mussels, a linear iasecbetween crab and preferred prey size
has been observed with crabs generally preferringsels that are small enough to be easily
crushed (Elner & Hughes 1978, Ameyaw-Akumfi & Hugh®87). On the other hand, when
feeding on oystersQstrea edulis and Crassostrea gigas), large C. maenas (55 - 70 mm
carapax width) showed no preference for any pddicsize of oyster species within a range
of 10 to 40 mm shell length, which might be expémirby weak parts of the more irregular
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shell where crabs can insert their claws (Dard.et983, Mascar6 & Seed 2001). However,
whether the crabs would invest this extra timehmfield situation, when they themselves are
in danger of predation, remains doubtful (see Amep&kumfi & Hughes 1987). Regarding
species selective feeding, it has been shown himse crabs seem to prefer mussels and clams
to oysters, which has been attributed to the differshell morphology (Dare et al. 1983,
Chew 1998, Mascar6 & Seed 2001). However, crabalaeeto learn handling skills that may
enable them to feed more effectively on novel anddr prey (Hughes 1979, Cunningham &
Hughes 1984, Kaiser et al. 1993, Hughes & O’Bri@A1). Especially if a suboptimal bivalve
becomes more abundant, a switching of prey pretesemay occur (Ameyaw-Akumfi &
Hughes 1987).

For A. rubens, similar size and species-specific feeding pastdrave been observed, with
small starfish preferring barnacles and largerviaials showing the following preference
order: mussel$/ytilus edulis > slipper limpetCrepidula fornicata > oystersOstrea edulis
(Hancock 1955, Dolmer 1998, Saier 2001). One re&sotiis pattern might be explained by
the more irregular, scaly and sharp-edged oystelt sbmpared to mussel shells that may
hamper attachment of the starfish’s tube feet ¢ostiell. Studies on the impact of epigrowth
on mussel shells on prey selection showed thdistgrefer clean mussels to mussels fouled
with barnacles, possibly because the epigrowthferes with the feeding mode and hampers
attachment of the tube feet (Laudien & Wahl 1998e62001).

In summary, the results obtained in the feedindepemce experiments stand in line with
previous studies, which highlighted size- and sgeselective feeding &. maenas and A
rubens. Both predators prefer relatively small and easggen prey, which leads to a higher
predation pressure on juvenile mussels compareflivenile oysters. However, as both
predators are able to feed @ngigas and may improve their opening techniques by leayni
they may switch t&. gigas once these outnumbbkft. edulis in the Wadden Sea.

4.3 Implications for the invasion success @rassostrea gigas

Pacific oysters recently started to increase draadgt in abundance and range and are
locally overgrowing resident mussel beds in the WéedSea (Dankers et al. 2004, Diederich
et al. in press). The question arose whether tlsteoy might outcompete the local mussels
and which factors might be responsible for a pdssimmpetitive advantage &@. gigas.
Previous studies have shown that the recent stramgase in abundance was caused by high

recruitment success during three consecutive yeéinshigh summer water temperatures and
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a positive feedback of adult oysters on settlen{Biederich et al. in press, Diederich in
press). A larger size and faster growth comparedussels, together with high survival rates
that may compensate for recruitment failures, ssiggecompetitive advantage 6f gigas
over M. edulis (Diederich submitted). The question arose, whetber predation pressure
might explain the high survival rates Gf gigas and might facilitate a possible displacement
of mussels.

Predation may have a profound impact on structumngsel populations (Seed 1969, Seed &
Suchanek 1992, Strasser 2002). Whereas epibemtdators like shore crabs and starfish are
important sources of mortality for juvenile musseisthe Wadden Sea (Scherer & Reise
1981, Jensen & Jensen 1985, Dankers & Zuidema 1@&ensen & Lassen 1997), adult
mussels are more often preyed upon by birds lidereSomateria mollissima, oystercatchers
Haematopus ostralegus and herring gulld.arus argentatus (Zwarts & Drent 1981, Hilgerloh
et al. 1997, Nehls et al. 1997). Even though mb#tese resident predators are known to feed
on oysters in other areas (Korringa 1976, Walne &iBs 1977, Quayle 1988), information
about predation o€. gigas in the Wadden Sea is scarce.

Predation pressure on early juveniles is considesdtave a stronger quantitative effect on
population dynamics than predation that acts oar laevelopment stages (Reise 1985b,
Gosselin & Qian 1997, Hunt & Scheibling 1997). Tdéfere, predation by birds is expected to
play a minor role in determining the population dgmcs of C. gigas and M. edulis.
However, if predation intensity is very high, birtike herring gulls, oystercatchers and
especially eiders may severely decrease adult mdssesities (Goss-Custard et al. 1981,
Nehls et al. 1997). Only herring gulls are knowinéwe already learned to prey on introduced
C. gigas in the Wadden Sea, however, feeding on oysterslegaseffective than feeding on
mussels because only about 30% of the oysters twereen by shell-dropping whereas
almost 100% of mussels broke (Cadée 2001). Evemgthonothing is known about
oystercatchers preying @ gigas in this area, they might be able to switch to essif other
food sources are scarce. The similar sized AmermgstercatchetHaematopus palliates
feeds predominantly on oysteCsassostrea virginica in Virginia, because of shorter handling
times compared to the mus$atukensia demissa (Tuckwell & Nol 1997a, b, Crockett et al.
1998). However, the most important bird predatothim Wadden Sea, the eider, is not likely
to switch to oyster prey because of their feedimglenwhich includes diving and swallowing

mussels whole. This method would not work with phatiged oysters that are cemented to
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each other in a solid reef structure. Therefor@dation pressure by birds seems to be
unimportant for oysters while it could deplete adnlissels.

In the intertidal, O-groui®. maenas are the main predators that may limit mussel patmnis
(Scherer & Reise 1981, Jensen & Jensen 1985, Dagk&uidema 1995). From July to mid
October they are very abundant on intertidal mugsels where they seek shelter from
predation (Klein Breteler 1976, Thiel & Dernedde94 A temporal mismatch between the
occurrence of 0-grouf. maenas and O-group bivalves caused by severe wintersbbas
shown to greatly enhance bivalve survival, inclgdmussels (Strasser & Gunther 2001,
Strasser 2002). SettlementMf edulis in the northern Wadden Sea may take place duhieg t
whole year, but peak settlement occurs from Magéptember (Strasser & Glnther 2001),
which is the time when abundances of juvefllenaenas are highest (Klein Breteler 1976).
Higher survival rates, that ensure population gégsaice, mainly occur after severe winters,
when the advent of predators is delayed and in laemsities on the tidal flats (Strasser
2002). The settlement period Gf gigas is confined to a short period in late summer (Asigu
to mid September). At this time, abundance of Qigr@. maenas has already declined (Klee
2001) and the remaining crabs might be too largéeéa on small oysters (Fig. 8). This
temporal mismatch between predator and prey maltéde high survival rates of juvenilg.

gigas even if crabs may learn to feed on this novel prey

&
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Fig. 8 Schematic diagram of predation pressure by Carcinus maenas on Crassostrea gigas and
Mytilus edulis during different life stages. Bold horizontal lines indicate main settlement period of C.
gigas and M. edulis. Shaded areas indicate time periods when 0-group C. maenas (small crab) and
adult C. maenas (large crab) are present on tidal flats (after Reise 1977). Given are mean shell
lengths of C. gigas and M. edulis during the time periods when C. maenas is present and maximum
shell lengths (shell lengths of M. edulis after Nehls 2003, of C. gigas after Diederich submitted). Bold
arrows indicate high predation, medium arrows medium predation and dotted arrows very low
predation as inferred from feeding trials
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During the winter months, shore crabs are absent the intertidal zone, but adults reappear
in mid April. Then, juvenile mussels will have atied a size of 10 - 20 mm and will grow to
20 - 40 mm by autumn (Nehls 2003). Juvenile oysgeosv in the same period from 5 - 35
mm in spring to 35 - 55 mm in autumn (Diederich rauted). Concerning the size- and
species selective feeding preference of shore cthbspredation pressure dh. edulis is
expected to be much higher than@rgigas during this time. As large shore crabs are able to
open mussels up to 50 mm shell length (Elner & H3gh978, Ameyaw-Akumfi & Hughes
1987), they will not find a size refuge from pradatbefore their third or fourth year of life
(Nehls 2003). Oysters will reach a size refuge meaHier; they may reach 50 mm shell
length during their first year after settlementwéwer, studies from Britain have shown that
C. maenas can open larger oysters than mussels because alf paats of the oyster shell,
which enable the crabs to open larger sized indal&l (Dare et al. 1983). Large crabs of 75
mm carapax width were able to open oysters of 68 mm shell length, whereas they could
not feed on mussels > 45 mm (Dare et al. 1983)eNbegless, these size differences seem to
be of minor importance compared to the much fagtewth of C. gigas. In summary, the late
settlement period and fast growth rate of juveflegigas are likely to lead to a temporal
mismatch between predator and prey and an eamryreizge from predation. These factors
may facilitate high survival rates even if crabgghiswitch their feeding preference from
mussels to oysters.

Starfish are voracious predators that may contwldistribution and abundance of mussels in
low intertidal and subtidal zones (Seed 1969, O&%#6, Seed & Suchanek 1992, Kristensen
& Lassen 1997, Saier 2001). They are size-seletti@ders and generally prefer mussel size
classes below the maximum size that they are ablepen (Reusch & Chapman 1997,
Dolmer 1998). In the study at hand, the largesfishathat occur in the area (120 - 150 mm
arm length) strongly preferred mussels with a slealyth of 40 - 50 mm over larger mussels.
However, Saier (2001) showed that large starfisthenWadden Sea do feed on the largest
mussels available (about 70 mm shell length), mtithg that mussels do not reach a size
refuge from starfish predation. However, abundasfc&. rubens is highly variable and mass
occurrences alternate with periods of relatively ldensities, presumably triggered by food
availability (Dare 1982, Saier 2001). In the Wadd&aa, the erratic distribution &f rubens
and the preference for barnacles as prey itemausnjle starfish reduces the direct impact of
starfish predation on mussel populations (SaierlROBlowever, as juvenile starfish prey
severely on barnacles, they have an indirect negatifect on mussel recruitment, because
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barnacle epigrowth strongly enhances mussel recenit (Navarette & Castilla 1990, Saier
2001, Diederich in press). As oyster recruitmergsdoot depend on the presence of barnacles
(Diederich in press), this indirect negative effetstarfish predation does not affé€ktgigas.
Species-selective feeding of shore crabs and stanfay facilitate a competitive advantage of
C. gigas over M. edulis. As predation pressure on juvenile oysters is lthey show high
survival rates that may compensate for years widtv Irecruitment success due to
unfavourable environmental conditions such as saldmer water temperatures. Mussels, on
the other hand, are strongly limited by predatioespure. High recruitment success is
therefore erratic depending on low predator desssithormally in the wake of a cold winter.
Under the premise that the invasion succes£.ofjigas will continue and mussels will
become more and more displaced by oysters, theytrmagperience an ever-increasing
predation pressure because the remaining musseltharpreferred prey. However, @s
maenas and A. rubens are both able to feed on oysters, they might atesstage switch to
oyster prey. It has been shown tlat maenas is able to adapt to larger sized prey by
developing larger crusher claws (Smith 2004). Nénedess, as oysters reach an early size
refuge from predation and are a less profitabley grecause of longer handling times, a
possible regime shift from mussel beds to oysteisrmay impair predator performance.
Unfortunately, there is a lack of information abpuédation pressure dh gigas in its native
habitat of Japan and Korea. However, as these dm@stsvery large predatory crabs like
Scylla serrata, it is likely thatC. gigas is subjected to higher predation pressure inats/e
habitat than at the temperate Atlantic and North 8easts (Vermeij 1977). For example,
Crassostrea virginica, a native to the east coast of the United Statéls similar shell
morphology a<C. gigas, is subjected to heavy predation by the large Qalbnectes sapidus
(carapax width up to 190 mm) arMenippe mercenaria (carapax width up to 128 mm;
Menzel & Hopkins 1955, Vermeij 1977, Bisker & Cagta 1987, Egglestone 1990). At the
North Sea coastsC. maenas (maximum carapax width 75 mm) ar@ancer pagurus
(maximum carapax width 250 mm) are the largest sp@ties, however, the latter is rare and
confined to subtidal parts of rocky shores (Hayw&r®&yland 1995). Even if a local trend
towards an increase @. pagurus densities will continue (Buschbaum, pers. obseraat
they would most likely first decimate subtidal meisgopulations before switching to oyster

prey, because they also prefer mussels to oyd¥rscaro & Seed 2001).
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5 Conclusion

It is concluded that low predation pressure byrtten benthic predator§arcinus maenas
and Asterias rubens, will facilitate a competitive advantage & gigas over M. edulis.
Whereas mussel populations are strongly limitegof®dation pressure and depend on high
recruitment success during years when predatordanaoes are low, the high survival rates of
juvenile and adulC. gigas may facilitate population persistence and growtkbneif cold
summers lead to low oyster settlement. A possiblginme shift with mussel beds being

largely replaced by oyster reefs may have profaommhcts on the Wadden Sea food web.
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6 General Discussion

Different aspects of spread and niche occupationintfoduced Pacific oysters were
highlighted in the previous chapters. It was sholat high recruitment success is facilitated
by high summer water temperatures, a positive feedlof adults on settlement, and low
predation pressure by resident predators. In aaddlitiigh growth and survival rates found in
different locations suggest a broad ecological @ichomparisons with resident blue mussels
indicate thatC. gigas might be a stronger competitor if space and/odfae limiting, mainly
because of higher survival and growth rates, amsd |gredation pressure. In the general
discussion these results will be combined in otdegenerate an overall picture of possible

impacts ofC. gigas on the recipient community.

6.1 Factors facilitating the establishment of C. gigas

Pacific oysters are habitat generalists with a éreavironmental range (Quayle 1988). They
have been distributed to various parts of the wddd to aquaculture activities, and in many
locations wild oyster populations have establisbeon after oyster farming had commenced
(e.g. Korringa 1976, Andrews 1980, Quayle 1988,v\Ch890).C. gigas is able to reproduce
and grow in salinities of 14 - 32 psu, and to satilintertidal as well as in subtidal locations
of rocky coasts and sandy flats (Quayle 1988, Matral. 1991, de Kluijver & Leewis 1994,
Leewis et al. 1994). They are able to grow in terapges ranging from 5 to 35°C and to
survive temperatures as low as -5°C; however, épraduction they need more than 20°C
(Korringa 1976, Buroker 1985, Mann et al. 1991)g&iher with an r-selected life history trait
(high fecundity and dispersal capacity, fast grgwthe broad environmental tolerances
predisposeC. gigas as a species likely to be a successful invadedded 993, Williamson &
Fitter 1996, McMahon 2002).

In addition, aquaculture seems to be a very efficiector that leads to a high probability of
species becoming established in the recipient &iaffReise et al. 1999, Naylor et al. 2001).
The continuous input of larvae from the local oydem will surely have facilitated the
invasion ofC. gigas. Young oysters are imported regularly from hatesem England and

Ireland, and placed on the culture plot where tip@yv to marketable size. When the oysters
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found suitable conditions for reproduction, natw@étfalls occurred and oysters settled in the
wild. Due to the general aquaculture practice tissbreed different strains in order to select
for preferable characteristics, a high genetic aldlity within the newly established
population can be assumed (Quayle 1988). This poitant because it prevents that genetic
drift caused by a population bottleneck due to alsnumber of initial colonists will lead to a
low genetic variability within the new populatiosdkai et al. 2001). A reduced genetic
diversity would then limit population growth andethikelihood of persistence because it
reduces the potential of the population to evoak@i et al. 2001, Cox 2004).

Another factor that may have facilitated the esséiphent ofC. gigas within the area is the
location of the aquaculture plot in the List tidesin, an almost enclosed bay. High larval
retention will certainly facilitate the establishmief a species with a planktonic larval stage
because it prevents the larvae to drift away fromtable habitats. Therefore, even low initial
numbers of larvae may be sufficient to allow a gapon to increase.

The recipient habitat, namely the Wadden Seayeryadynamic and relatively young habitat
that exists in its present state only since abg@years. No endemic species have evolved
and species richness is relatively low, suggestingypresence of empty habitats and free
resources for invading species (Reise 1985, ArnsorSe Reise 2003). In addition,
disturbances like storms and ice winters frequele#d to a change in species abundances
and composition (Beukema 1992, Nehls & Thiel 1988asser et al. 2001). These factors,
low species richness, free resources, and freglisturbances, are considered to enhance the
invasibility of an ecosystem (Elton 1958, Crawl&8T, Lodge 1993, Stachowics et al. 1999).
In fact, even though about 80 nonindigenous speaiesestablished in the North Sea, they
have driven no native species to extinction; thaties are rather considered as an addition to
the resident community (Reise et al. 2002). Needeis, exotic species irreversibly changed
the North Sea ecosystem, and as the rate of siakcegsoductions is still increasing, there is
a severe risk of new invaders becoming establighatl may have negative impacts on
ecosystem functioning and/or human health (Reisal.e2002). In addition, the increasing
number of established exotics may facilitate thegmon by other species, a phenomenon that
is called invasional meltdown (Simberloff & Von H®[1999).

In summary, the successful establishmentofigas in the northern Wadden Sea may have
been facilitated by species-specific charactegsticthe invader, by an efficient vector, and

by characteristics of the recipient habitat thaters it susceptible to invasion (see Box 1).
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Box 1 Generalisations about biological invasions applied to the invasion of C. gigas in
the northern Wadden Sea

(after Crawley 1987, Di Castri 1990, Lodge 1993, Williamson & Fitter 1996, Sakai et al. 2001,
McMahon 2002, Shea & Chesson 2002).

Characteristics of a successful invader: C. gigas
> r-selected trait (high fecundity, high dispersal and growth rate) Yes
> habitat generalist Yes
> high genetic variability Yes
Efficient vector: Aquaculture
> continuous input of larvae Yes
> no population bottleneck Yes
Recipient habitat with characteristics of high invasibility: Wadden Sea
> free habitat and resources, low species richness Yes
> high disturbance rate Yes (ice, storms)

6.2 Spread of C. gigas in the northern Wadden Sea

In 1991, 5 years after the local oyster farm hadtatl its business, the first wild oysters were
found on intertidal mussel beds about 6.5 km nofttine culture plot (Reise 1998). However,
the expansion of the wild oyster population in th&t tidal basin started off slowly. In 1995,
14 out of 17 investigated mussel beds containethdi¥C. gigas, but mean abundances
remained low (3.6 individuals y Reise 1998). By 1999, all mussel beds in the arew
colonised byC. gigas, but densities were still on a low level (3.7 widuals n?). Only after
three consecutive years with high recruitment ss£d2001, 2002, and 2003), a massive
population increase occurred with mean densitiesl26 individuals ¥ and maximum
densities of over 300 oysters?non single mussel beds in 2003 (chapter 2). In 2@84ut
2000 - 3000 t oyster biomass were calculated ferLiist tidal basin; in comparison, mussel
biomass was about 3000 t (G. Nehls and own unplald).

The colonisation of the subtidal zone occurred nslolwver and up until 2004 only scattered
oysters were found in subtidal locations. Howewe2004, spatfall was observed on former
mussel culture plots, indicating thatgigas is able to colonise subtidal habitats and might be
able to generate subtidal oyster reefs as has hagdpe the Oosterschelde (The Netherlands,
Kater & Baars 2003) and in the Dutch Wadden SeaTeeel (N. Dankers, pers. comm.).
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Outside the List tidal basin, abundances @fgigas are still low although the oyster
population did spread north- and southwards aldrey doastline. Only on one intertidal
mussel bed east of the island of Amrum (about 40 douth of the List tidal basin)
abundances of over 150 oysterd were recorded in summer 2004 (G. Nehls, unpulth)da

In summary, the wild oyster population in the nerthWadden Sea increased slowly. It took
about 17 years until a population of several millaysters became established, even though
C. gigas is a species with an r-selected life history tthdt includes high fecundity and
dispersal capacities (Quayle 1988). The main re&siothe relatively slow expansion is the
fact that high recruitment events were erratic aoclirred only in years with abnormally high
summer water temperatures (1991, 1994, 1997, 22012, and 2003). Therefore, climatic
conditions are considered to play a key role irarining the future population development
of C. gigas in the northern Wadden Sea. Tlatgigas is a reef building species that creates
its own habitat might be another reason for a dted¢dag period, which is a common
phenomenon in invasion processes and describésribdoetween the initial colonisation and
the onset of rapid population increase (Sakai.e2@01). As the oysters settle preferentially
on conspecifics, a positive feedback of adults enruitment is assumed with higher
recruitment proportional to the amount of oystérsaaly present (chapter 3).

6.3 Interaction with recipient community

In order to assess the future development of tiséeoypopulation and possible impacts on the
recipient ecosystem, the study of biotic interawtiavith the native community is essential.
Unfortunately, | have no information on the popigiatecology ofC. gigas in its native
habitat from Japan to Taiwan. Therefore, a comparis species interactions in the native
habitat versus the introduced habitat is not péssibthis stage, even though the importance
of home and away comparisons is unquestionableréradt al. 2000, Hierro et al. 2005).

In the Wadden Sed&. gigas is not invading free habitat patches, but is ipgftbn top of
epibenthic mussel beddlytilus edulis (Reise 1998). These are centres of high species
richness, biomass, and production, and representotily extensive habitat for sessile
organisms (Seed & Suchanek 1992). In addition, eisissnd their associated organisms are
an important food resource for various benthic gted, fish, birds, and humans (Dankers &
Zuidema 1995, Nehls et al. 1997, Saier 2001). ThexeC. gigas is invading a complex
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community, and various interactions with residgrecses are likely to occur that determine

the impact ofC. gigas on the recipient ecosystem.

6.3.1 Spatial coexistence . gigas and M. edulis

Pacific oysters are large, suspension-feeding \s@galthat need hard substrates for settlement.
As mussel beds are the only extensive hard subsikatilable on the mud and sand flats of
the Wadden Sea, the oysters are attaching themdmeltbe shells of living and dead mussels.
Therefore, competition for space and food may qattinese resources are limiting. Space is
not considered a limiting factor in the Wadden 8egeneral; however, habitat for sessile
organisms is restricted to mussel beds and therefoairce. Mussel beds are very stable and
may persist for decades provided that no musskerfisoccurs (Obert & Michaelis 1991,
Reise et al. 1994, Dankers et al. 1999). Howevechastic events such as ice scouring and
storms may severely damage and dislodge mussel (Rdmist & Michaelis 1991, Nehls &
Thiel 1993, Strasser et al. 2001). Therefore, nmussds are generally confined to semi-
exposed locations, where they are sheltered fromeveation, but where currents are still
high enough to guarantee adequate food supply KBiam et al. 2002). In addition, a tidal
zonation is apparent, because locations too higtheshore are less favourable because of
food limitation by short submersion periods anddegiccation stress, and the locations at or
below the low water line are susceptible to heargdation by crabs and starfish (Seed &
Suchanek 1992, McGrorty et al. 1993, Saier 200Inkran et al. 2002). That suitable
habitat for stable mussel beds may be limited é@wwWmeadden Sea is supported by the fact that
mussel beds that were destroyed often reappedreasame location (Obert & Michaelis
1991).

High mussel recruitment, however, is rare and cmafito years when predator densities
happen to be low, usually following severe wintBgukema 1992, Beukema et al. 2001,
Strasser et al. 2001). High oyster recruitmenthenother hand, is facilitated by high summer
water temperatures (chapter 2); post-settlementatityrdue to predation seems to play only
a minor role (chapter 5). Therefore, a successfomaom summers as has recently occurred
(2001, 2002, and 2003) is expected to lead to angoowth of mussel beds Y. gigas and

to a transition from mussel beds to mixed bedsfenadly to oyster reefs (Fig. 1). However, a
dense cover oFucus vesiculosus that frequently occurs on intertidal mussel beelduces
oyster settlement and may provide a spatial refiogeM. edulis, albeit under suboptimal

conditions. The next cold winter may then lead tghhmussel recruitment and to an
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overgrowth of oyster reefs by. edulis. As mussels have a high reproductive capacity;, the

may reach a strong population increase even if reusnbf adults are low (Seed 1975, Sprung

1983). However it may be possible that mussel rBoant will be reduced on oyster reefs,

because of predation by oysters that filter mulsseae from the water column (Troost 2004).

Furthermore, biotic interactions like food compefit and high predation pressure might

repress the overgrowth of mussels on oyster refs & initial recruitment success is high.

Mixed bed

A
MV ENY i
<© High pyster
PFA recruitment

e Storms, =
Oyster reef waves Oyster reef waves

High mussel High mussel
recruitment recruitment

| Mixed bed N r) / ) Mixed l;ed -
A
IE > g@%
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<Q> Hot summer
A
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Fig. 1 Schematic diagram of the possible development of intertidal mussel beds and oyster reefs
based on differential recruitment success of Crassostrea. gigas and Mytilus edulis. High oyster
recruitment is facilitated by high summer water temperatures and the presence of conspecifics,
whereas mussel recruitment is facilitated by low predator densities after sever winters and the
presence of barnacles. The future development will primarily depend on climatic conditions. Climate
change leading to a higher frequency of hot summers and a lower frequency of cold winters will favour
the dominance of oyster reefs

Oyster reef with variable
mussel epigrowth
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As climatic conditions seem to be important foredetining recruitment success of both,
oysters and mussels, a possible climate changentedd warmer summers and milder
winters in the wake of an increasing North Atlan@scillation index (Roeckner 2001,
Meincke et al. 2003), will favour the developmehbgster reefs that may contain a variable
amount of mussel epigrowth depending on recruitreaotess in different years.

Whether or not mussels may find a spatial refugdédni in the intertidal zone will depend on
different tolerances towards desiccation and fregmperatures. Zonation as a consequence
of predation or interspecific competition is a wiellown phenomenon on rocky shores (e.g.
Connell 1961, Underwood 1992, Paine 1994). For @@nVl. edulis finds a spatial refuge
from competition withM. galloprovincialis by settling higher on the shore at the coast of
Washington (Suchanek 1981), and barnaBaanus balanoides avoid competition withV1.
edulis by settling in the upper intertidal where orBalanus can exist (Peterson 1979).
However, even though a zonation with mussels reimgimigher up the shore and oyster reefs
emerging in the lower intertidal zone is apparenseme locations in the northern Wadden
Sea, further studies are needed to test for pediocm of both species under suboptimal
conditions that prevail in the high intertidal zone

Another interesting aspect is the fact t@agigas might be able to create its own habitat on
the sandy flats of the Wadden Sea. Especially srsyavith high barnacle abundances on
oyster and mussel shells, juvenile oysters araaftd attached to the bivalve, but to barnacle
shells. Subsequently, the barnacles become ovengie, and get easily detached from their
basibiont. Then, the young oysters are without tsates and are prone to drift with the
currents away from the mussel bed. Oysters attathel®ad barnacle shells are frequently
found on the sand flats of the Wadden Sea (Figl't®re, they seem to survive and grow well

because they do not sink even into muddy

sediments and can free themselves from
sediment cover (own unpubl. data). The

species selective settlement of oyster larvae

— they settle preferentially on conspecifics
— may then lead to the generation of oyster
reefs on formerly bare sand flats. Storms

may act in the same way and may lead to

dislodgement not only of mussel clumps
Fig. 2 Juvenile C. gigas attached to dead 9 y P

barnacles (Nehls & Thiel 1993), but also of oysters,
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thereby facilitating the creation of new reef stanes. The generation of new oyster reefs on
formerly bare sand is expected to be stronglyifatéld by low predation pressure on juvenile
oysters. The development of new mussel beds, onttiex hand, is considered to be limited
firstly by unfavourable conditions like currentsidmge too strong or too low (Brinkman et al.
2002), and secondly by predation, because juvenilssels are subjected to high predation
pressure and the bare sand flats provide no spafiajes from predation (Scherer & Reise
1981, Revelas 1982, Dankers & Zuidema 1995, Frands®olmer 2002). As oyster reefs
might be more stable and resistant to high curresttt/ms and ice scouring, they may
develop on areas that are not suitable for museds,bsuggesting that oyster reefs may
potentially become more abundant than mussel beds éver been.

In the subtidal zone, the situation might be défdr because of different factors influencing
population dynamics. For example, higher predgbi@ssure and stronger currents than in the
intertidal are known to limit subtidal mussel pagidns (Kitching et al. 1959, Ebling et al.
1964, Seed 1993, Saier 2001, Brinkman et al. 2062he List tidal basin, recruitment &f
gigas was much lower in shallow subtidal compared terindal locations (chapter 3), which
may partly be explained by higher predation pressur early recruits (chapter 5). Another
reason could be differential settlementfgigas that is widely considered as an intertidal
species and might be limited by cold water or hioginrents in the subtidal zone (Buroker
1985, Quayle 1988, Arakawa 1990). However, as tyseos suffer much less predation
pressure compared to mussels, they are likely table to survive and grow well in subtidal
locations. This is supported by the fact that gngdiult oysters are frequently found in the
subtidal zone and that in 2004 the first significaubtidal spatfall was recorded with
juveniles being attached to dead shells and toteseat adult oysters. Therefore, the
development of subtidal oyster reefs as has oatuime the Oosterschelde (western
Netherlands; Kater & Baars 2003) is expected, alwgh a longer lag phase than in the
intertidal zone.

In summary, oyster reefs are expected to develapténtidal as well as in subtidal locations.
Whether or not mussels will be able to recoloniggte@r reefs in high recruitment years needs
to be awaited because the last high recruitmeniteMaV. edulis dates back to 1996 (Nehls
2003). However, the mussels may find a spatialgefin the high intertidal zone provided

that they are better adapted to the suboptimalitond prevailing there.
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6.3.2 IsC. gigas a stronger competitor thanM. edulis?

High survival rates of juvenile and ad@t gigas and the ability to reach an old age on mussel
beds as well as on sand flats are assumed to geanaopulation persistence and growth even
if ‘cool’ summers will lead to low oyster recruitmie during most years. A competitive
displacement of native mussels may occuC.ifgigas is a stronger competitor for limiting
resources. As mentioned above, space might beianbnfactor, however, as both species
show high fecundity and dispersal capacities amd adnle to settle on top of each other,
coexistence may be possible. Nevertheless, thegaraompetitor might displace the weaker
congener to less favourable habitats and may aaasgere population decline.

Comparisons of life-history characteristics ©f gigas and M. edulis may allow tracing
possible competitive advantages (summarised ineTAblIBoth species are habitat generalists
with a broad global distribution (e.g. Quayle 19&®)sling 1992). However, as mentioned
above,C. gigas is at its northern distributional limit in the W&eh Sea, because the oysters
need about 20°C water temperature for succesgpubdection (Korringa 1976, Mann 1979,
Buroker 1985).

Table 1 Summary of life history characteristics of Crassostrea gigas and Mytilus edulis as derived
from literature

Life history trait

C. gigas

M. edulis

Tolerance to abiotic factors

Adapted to climatic conditions
of the Wadden Sea

Size and life span

r-selected life history traits:
high fecundity,

high growth rate

early maturity

Dispersal rate

Relative juvenile survivorship

Predation pressure

Resistance to disturbances
(ice scouring, storms)

Habitat generalist

Yes, but northern limit of distribution

Max. size: 30 cm
Max. age: ~ 30 years

50 - 100 million eggs per female
rapid (30 - 70 mm during 1> year)
1 year

High
(planktonic larval period: 3 - 4 weeks)

High

Low

High
(solid reef structure)

Habitat generalist

Yes

Max. size: 7 cm
Max. age: ~ 20 years

7 - 8 million eggs per female
rapid (10 - 30 mm during 1> year)
1 year

High
(planktonic larval period: 1 - 4 weeks,
secondary byssus drifting possible)

Low
(exception: low predator densities
after cold winters)

High

Medium
(mussel beds dislodged by ice and
storm)
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Oysters and mussels are both long-living, ®ugigas is much larger and reaches about 3 to 4
times the size oM. edulis. Both bivalves have a high dispersal capacity tduan extended
larval period, buC. gigas has a higher fecundity with adult females releg&i - 100 million
eggs whereas large mussels produce only 7 - 8omiélggs (Quayle 1988, Seed & Suchanek
1992).

One important difference between oyster and mussalitment is the fact, that oyster
settlement is confined to a short period from latéy to early September, whereas mussel
settlement may occur year round with the main paaspring and minor peaks in summer
and/or autumn (Pulfrich 1995, Strasser & Guntheéd120This may in part explain the low
predation pressure on juvenile oysters, becausengpdral mismatch between predator
abundances and oyster recruitment is assumed érh&jpt Studies on biological factors
affecting recruitment o€. gigas andM. edulis revealed that oyster recruitment is facilitated
by the presence of conspecifics, while mussel reoemt is enhanced in the presence of
barnacle cover (Fig. 4). A dense layer of the braowmercroalgaFucus vesiculosus reduced
recruitment of both, mussels and oysters (C. Bumehib unpubl. data and chapter 3).
However, as survival rates of newly settled oysteesvery high (about 70% survived their
first three months on the mussel bed), presumalbéytd low predation pressure, the oysters
are expected to be stronger competitors compargdissels and to be able to increase even if
number of recruits are still low.

A regular plankton survey (10 | seawater sampleddag) revealed that abundancesCof
gigas larvae are increasing in the List tidal basin gi@002, when the first oyster larvae were
found (8 individuals in total). In 2003, 27 larvaere recorded and in 2004 the number of
larvae increased even further (M. Strasser, pasint), reflecting the increasing oyster

recruitment that has been observed on spat colte(fa. 3).

Fig. 3 Abundance of Crassostrea gigas recruits on spat
- collectors made from dead oyster shells (mean + SE, n
= 6 collectors with 8 shells each) on two intertidal
mussel beds (KH and MM) in August 2002, 2003, and
2004.
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Growth experiments revealed a much higher growti 0AC. gigas compared tdvl. edulis
(chapter 4). Whereas 1-year-old mussels reach aldut30 mm shell length on intertidal
mussel beds (Nehls 2003), oysters will grow toragtle of about 30 - 70 mm. In addition,
growth of C. gigas was neither affected by barnacle overgrowth northey presence of
mussels and oysters (Fig. 4). Mussel growth, onother hand, is reduced due to barnacle
cover (Buschbaum & Saier 2001), and the presencenudsels and oysters, indicating
competitive inferiority. A larger size paired wighfiltration rate an order of magnitude higher
— medium sized oysters of 90 - 100 mm shell lemgéth filtration rates of 30 "h(Quayle
1988) whereas large mussels of 50 - 70 mm filteual | h' (Davenport & Woolmington
1982) — will be of competitive advantage if fooohiiation is occurring in dense aggregations
of suspension feeders. Especially in low curretiasions food depletion may occur directly
above mussel beds (Dame et al. 1984, Fréchetté €089, Peterson & Black 1991). In
addition, if the trend towards decreasing eutropine leading to reduced phytoplankton
biomass is continuing (van Beusekom et al. 2008pdfcompetition may become more
important as carrying capacity for filter feedersckhes. However, a different feeding
behaviour and possibly also different food sountssed byC. gigas andM. edulis lead to
the assumption that mussels and oysters are nessextly strong competitors (Bougrier et al.
1997, Riera et al. 2002). Whether or fbtgigas andM. edulis may compete for food in the
Wadden Sea will need further study, because it ificat to transfer results from
physiological laboratory experiments to the acfigdd situation.

Another advantage of faster growth and larger szan early size refuge from predation,
because most benthic predators are size-sele@eaefs which prey preferentially on food
items that promise optimal energy gain (Elner & Hesg 1978, Hughes 1979). Lack of
predation pressure by resident mussel predatocsrisidered to be a main reason for the
observed high survival rate of juvenile and aduwtsters (chapter 5). Species- and size-
selective feeding of crab<Cércinus maenas) and starfish Asterias rubens) which both
strongly prefer mussels to oysters, will certaigiye C. gigas a competitive advantage,
because mussel populations are known to be strdigited by benthic predation (Seed
1969, Seed & Suchanek 1992, Dankers & Zuidema 18@fer 2001, Strasser 2002). In
addition, birds like eidersSomateria mollissima, herring gulls Larus argentatus, and
oystercatcherglaematopus ostralegus may severely decrease adult mussel densities {Goss

Custard et al. 1981, Nehls et al. 1997). Howewsnehough herring gulls learned to feed on
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C. gigas (Cadée 2001), their impact on oyster densitieoissidered to be low, especially if

oysters are cemented to each other in massive reefs

Epibionts

| Recruitment

Substrate Substrate

Predation

Il Growth Epibionts

Substrate Substrate

Fig. 4 Biotic factors affecting recruitment () and growth (Il) of Crassostrea gigas and Mytilus edulis.
Positive effects (+) are marked in red, negative (-) and neutral (0) effects are marked in black. Thick
arrows indicate strong effects, thin arrows weaker effects
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Nevertheless, whether or not birds will be ableide oysters as a food resource needs further
study, especially in the face of impacts that asids shift from mussel beds to oyster reefs
might have on bird populations that use the Wadksnas an essential feeding ground.

In conclusionC. gigas seems to be the stronger competitor comparddl slulis, especially
because of high survival rates due to low predagpi@ssure. However, as food and space is
abound in the Wadden Sea ecosystem, not a dispdgterout a shift in dominances is
expected with oyster reefs becoming abundant iartidal and possibly also in subtidal
locations and mussels being mainly restricted ® élistence as one of many epifauna
species on oyster reefs. Their densities are eagdotvary according to recruitment success
in different years, a well known phenomenon knoamnhany bivalves in the area (Strasser et
al. 2001, Strasser 2002). A similar phenomenon mcdn the Sea of Japan, where
Crassostrea reefs are subjected to a succession of epifaunamomities dominated by
barnaclesBalanus improvisus) and musselg\ytilus trossulus) that settle on the oyster shells
during summer and die off in winter (Zvyagintse\923¥ In late fall, the oyster reef may look
like a mussel bed due to the heavy overgrowth argpring the oyster reef comes back into

view after the mussels have died off (Zvyagintsg92).

6.3.3 Impacts on the Wadden Sea ecosystem

A possible regime shift with mussel beds beingdbrgeplaced by oyster reefs may have
profound impacts on ecosystem dynamics and funiagorrirst of all, a different associated
community may develop on oyster reefs. Even thooyggter reefs are known to harbour a
diverse associated community by providing settldnserfaces for sessile species and shelter
for mobile organisms (Arakawa 1990, Zvyagintsev 2,.990niat et al. 2004), their structure
differs from mussel beds, because the oystersaggerl and they are forming more solid reef
structures by cementing themselves to each othess# beds, on the other hand, are more
dynamic because mussels are able to move withfti@iand byssal threads. This is expected
to have impacts on organisms seeking shelter foedagtion in between and underneath the
mussels and that may not find suitable hideoutsyster reefs. For example juvenile shore
crabs (< 10 mm carapax width) are more abundamhassel plots compared to oyster plots,
whereas larger shore crabs were more abundantstergjots (own unpubl. data). For sessile
species like barnacles, however, no significarfedihces in abundances between oyster and
mussel substrate were found (S. Gorlitz and owrubhplata). In general, the composition
and diversity of epi- and endobenthic species diddiffer between intertidal oyster reefs and
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mussel beds (S. Goérlitz, unpubl. data). However dtown macroalg&ucus vesiculosus that
may cover mussel beds in dense layers and supgaitais herbivores and increases overall
macrobenthic diversity (Albrecht & Reise 1994, Adbiht 1998) will be missing on oyster
reefs because it lacks a holdfast and is attaahétetmussel bed only by the mussels’ byssal
threads. Therefore, the occurrence of these alggendis on the presence of mussels.
However, a recent invader in the Wadden Sea, thandse seaweeshrgassum muticum
readily grows on oyster shells in the shallow siddtiand hosts a more diverse associated
community tharf. vesiculosus (Buschbaum in press).

To follow up a possible development of subtidal teysreefs would certainly be very
interesting, because it may facilitate the esthbiisnt of an associated community that may
be similar to the one that existed on the formefg®f the native European oystestrea
edulis, which became extinct in the Wadden Sea at theaftzhe 28' century (Mobius 1877,
1893, Hagmeier & Kandler 1927, Hagmeier 1941, R&B&2). However, it has to be taken
into account thaO. edulis was restricted to the subtidal habitat and posskedsgferent life
history characteristics thad gigas, such as smaller size (maximum size about 12 lowgr
fecundity and dispersal capacity, and lower tentpegaand salinity tolerance (Mobius 1877,
Korringa 1952, Mann 1979, Andrews 1980, Buroker3)9d herefore, the establishment of
C. gigas cannot be considered as a substitute for theolo®sedulis. Especially a£. gigas is
much larger, it may have different impacts on tbedf web because of higher filtration
capacity and lower risk of predation (Walne & MatBv5, Korringa 1976, Dean 1979, Mann
1979).

If oysters will become superabundant in the Wad8ea, the higher filtration rate of oysters
may have impacts on food availability for other merssion feeders, like mussels, cockles
(Cerastoderma edule), and clamsNlacoma balthica, Mya arenaria). In addition, oyster reefs
may become more abundant than mussel beds havéeser mainly because of a presumed
wider ecological niche. Even though at present fizodot considered to be a limiting factor
for suspension-feeding bivalve populations, andy dokally food depletion may occur
directly above dense aggregations of filter feederéchette & Bourget 1985, Fréchette et al.
1989, Peterson & Black 1987, 1991), a massive as&en oyster abundances may lead to a
depletion of phytoplankton in the water column (Za&nPrins 1998). In addition, decreasing
phytoplankton biomass caused by reduced riveriteemt inputs (van Beusekom et al. 2005)
may contribute to food limitation. Therefore, foodmpetition betweer. gigas and other
filter feeders may occur, as is assumed for cocliled oysters in the Oosterschelde (The
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Netherlands; Geurts van Kessel et al. 2003) andh®moyster cultivation area of Marennes-
Oléron bay in France (Sauriau et al. 1989). A fmesiop-down control of phytoplankton
biomass may modify benthic-pelagic coupling by fiegca shift from pelagic to benthic
consumers because of food depletion in the watengo (Leguerrier et al. 2004). However,
as the oysters release nutrients into the watemnuol phytoplankton productivity may
increase (Righetti 1999, Mazouni et al. 2001). dtdition, pseudofaeces production may
increase food for meiofauna that in turn providesdf for juvenile and adult nekton
(Leguerrier et al. 2004). In oyster cultivation asan France high oyster densities caused a
severe decline in macrofauna and zooplankton bitamsed bacteria, microfauna and
meiofauna which in turn promoted the more actiephic fluxes towards birds and nektonic
fishes (Leguerrier et al. 2004).

As the oysters suffer very low predation pressorthe Wadden Sea, a possible regime shift
with oysters dominating the benthic filter feedpgpulation may have profound impacts on
the food web, because oysters may constitute a ordess dead end in the food chain (Fig.
5). However, it has to be taken into account tleaithic predators like shore crabs and starfish
as well as herring gulls are known to feed®migas in other countries and may learn to feed
on novel prey (Korringa 1976, Walne & Davies 19Quiayle 1988, Cadée 2001). In addition,
as the associated community of oyster reefs andgehbgds is not expected to differ in great
extent, their impact on the food web will not chandlevertheless, large oysters are not
expected to be preyed upon by any of the residesdlgbors and ifC. gigas will once
constitute the majority of the benthic biomassirttagge filtration capacity will transfer most
of the primary production into oyster reefs. A pblsdecline of benthic predators may have
impacts on higher levels of the food web such agadry birds. For example, in the Dutch
Wadden Sea the declining cockle populations hausezha severe decrease in oyster catcher
abundances (Verhulst et al. 2004).

However, these predictions are drawn from studieshe present situation and may not be
valid for processes that may occur once a reginii 8hs occurred, because then other
interactions may appear whose outcome is impossiblgredict. Many introduced species
experience a boom phase with a massive populatmease that is followed by a bust period
when abundances decline and remain on a low lewvel then on (Simberloff & Gibbons
2004). The reasons for the population crash oftanain unknown, however, predation or
competition by subsequently introduced specieseguently considered as a likely cause. For
example, in the Black Sea the arrival of a predatdenophore Beroe ovata) may have
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caused a decline of the previously introduced cgatip Mnemiopsis leidyi and therewith
contributed to the recovery of the ecosystem (Ksd@p02, Bilio & Niermann 2004).
However, the recipient ecosystem may also adaphdadnvader (Cox 2004). For example,
resident species may evolve new characteristies dilowing larger or learning new prey
handling skills (Townsend 1996, Trussel 2000, Heg&e'brian 2001, Smith 2004).

PHYTOPLANKTON PHYTOPLANKTON

Fig. 5 Simplified food chain in the Wadden Sea. Before the introduction of Crassostrea
gigas (left): mussels feeding on phytoplankton and being preyed upon by starfish, crabs
and birds. After a possible regime shift (right): large oyster reefs replacing other filter
feeders and taking up most of the phytoplankton biomass. Low predation pressure on C.
gigas may lead to declining predator densities (including birds) and a transformation of
the Wadden Sea ecosystem

In comparison, previously introduced filter feedettee American slipper limpeErepidula
fornicata and the American razor claBnsis americanus, did not cause major changes in the
Wadden Sea ecosystef. fornicata was introduced with American oysters in the 1830d
now inhabits shallow subtidal zones. However, etrerugh slipper limpets reduce survival
and growth of mussels if attached to mussel shtilsiy abundances are limited by high
mortality in cold winters (Thieltges et al. 2004idltges 2005), which reduces their overall
impact. Ensis americanus, on the other hand, became very abundant afteadtsdental
introduction in the 1970s and is now a prominentriner of the macrobenthos in shallow
subtidal sands (Armonies & Reise 1999). HoweverEaamericanus invaded a sparsely

faunated habitat, no significant interactions wehident species occurred.
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6.4 Conclusion

The further increase of the oyster population e WWadden Sea may lead to a regime shift
with mussel beds being largely replaced by oystefst Intertidal and possibly also subtidal
oyster reefs with a varying amount of mussel owesgin is considered to be a likely future
scenario. Even though oyster recruitment dependsigin summer water temperatures, high
survival rates due to low predation pressure ahayher efficiency of using space and food
resources compared to resident mussels are coedittefacilitate a strong increase in oyster
abundances. This may have profound impacts on théddh Sea food web, because oysters
are not as well integrated in the food chain aslees bivalves. This may have consequences
not only for benthic predators, but also for foragbirds, and may transform the Wadden Sea
ecosystem. However, it has to be taken into accthattthe Wadden Sea is a very dynamic
habitat and that another regime shift has occubefdre when the native European oyster
Ostrea edulis was driven to extinction due to overfishing. Themyssels occupied the vacant
niche thereby causing a shift in species compas{fReise et al. 1989). However, this species
shift was restricted to the subtidal zone and floeeehad fewer impacts on overall ecosystem
dynamics.

Concerning impacts on human issues, different adgas and disadvantages are likely. For
example, the traditional mussel fishery might benpared because seed mussels become
overgrown by oysters (N. Dankers, pers. comm.héfig on wild oyster stocks, on the other
hand, seems to be unprofitable because of the mwreercial value of unshaped oysters
cemented to huge bulks. However, collection of vaigter spat instead of importing seed
oysters may reduce the possible introduction of mexaders, like epibionts or parasites and
pathogens. Whether or not oyster reefs may fatliteoastal protection would be an
interesting subject to study.

In general, the worldwide distribution and subsequestablishment of. gigas is a striking
example of a species that has not caused spediestins, but changed ecosystem dynamics

and has a share in an advancing similarity betweastal biota around the world.
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