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Causes of the Pacific oysters’ success and consequences for 

native bivalves:  

 

General introduction & outline of the thesis 
 

 

Karin Troost 
 

 

 

 

 

1.1. Introduction  

 
Oyster farmers first introduced the Pacific cupped oyster Crassostrea gigas (Thunberg, 
1793) in the Dutch Oosterschelde estuary in 1964 (Drinkwaard 1999b). Although at 
that time this species was deemed unable to reproduce in the ‘cold’ Dutch waters, a 
decennium and repeated introductions later a first extensive spatfall was recorded. The 
Pacific oyster had established itself successfully (Drinkwaard 1999b). It spread rapidly 
throughout the Oosterschelde estuary and to other Dutch estuaries, forming large and 
dense oyster reefs in the intertidal and subtidal (Dankers et al. 2006). When the 
current investigation was started in 2002, it had become clear that Pacific oysters had a 
major impact on Dutch estuarine ecosystems (Figure 1.1). In a worst-case scenario the 
expansion of C. gigas was supposed to eventually lead to a complete replacement of 
native bivalves. Therefore this thesis investigates the causes of its remarkably 
successful establishment in the Netherlands as well as the consequences for native 
bivalves. Results presented in this thesis will contribute to elucidate general 
mechanisms in marine invasion ecology. 
  
1.2. Biological invasions 

 
Globalisation of human activities increasingly promotes homogenisation of the earth’s 
biota by introducing species outside their natural ranges (Lodge 1993; Gray 1997; 
Vitousek et al. 1997; Bax et al. 2003; Olden and LeRoy Poff 2003; Galil 2007). 
Biological invasions are considered as an important element of global change (together 
with e.g. increasing CO2 concentrations, climate change, changes in land use, and 
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overexploitation of natural resources; Vitousek et al. 1997) and occur everywhere: in 
terrestrial, aquatic and marine ecosystems, on islands, on continents, in coastal areas 
and oceans. Biological invasions pose a serious threat to global biodiversity 
(Occhipinti-Ambrogi and Savini 2003; Occhipinti-Ambrogi 2007), and can change the 
functioning of ecosystems in extreme cases in such a way that they change the rules of 
existence for all species (Vitousek et al. 1997). In this thesis, the term ‘biological 
invasions’ refers to species moved outside their natural range by human activities 
(deliberate and accidental introductions) and natural range expansions (after Carlton  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. An oyster bed covering a large area in the intertidal of the Oosterschelde estuary (picture 
taken at ‘Zandkreek’). 

 
 
1989). The term ‘introduced species’ is used specifically for species introduced by 
human activities, while ‘invasive species’ refers to introduced species that manage to 
establish successfully and have a certain impact on the receiving ecosystem. 

Examples of individual invaders that caused major changes in the receiving 
ecosystems are the brown tree snake Boiga irregularis, the zebra mussel Dreissena 

polymorpha, the Nile perch Lates niloticus, and the ‘killer weed’ Caulerpa taxifolia. The 
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accidentally introduced brown tree snake largely depleted the island of Guam of native 
birds, bats and reptiles (Fritts and Rodda 1998). The snake also causes electric power 
outages on a large scale by climbing energy lines and creating short-circuits (Fritts 
2002). The zebra mussel invaded the Great Lakes in North America where it smothers 
indigenous unionid bivalves, affects the food web by increasing water clarity and 
controls phytoplankton and zooplankton community structure by its high grazing rate. 
It is now the main biofouling organism of water intakes and other man-made littoral 
structures in the Great Lakes (Hebert et al. 1991; Mills et al. 1993). The Nile perch, 
introduced in Lake Victoria in Africa, drove approximately 200 fish species extinct in 
less than a decade and caused far reaching changes in the food web (Ogutu-Ohwayo 
1990; Goldschmidt et al. 1993). In the Mediterranean Sea the green alga Caulerpa 
taxifolia is associated with a reduction in species richness of native hard substrate algae 
by 25 – 55%. It threatens ecologically important species-rich seagrass meadows with 
replacement by species-poorer dense Caulerpa taxifolia meadows (Boudouresque et al. 
1995; Galil 2007).  

Biological invasions occur at a global scale, and in large numbers. Most countries 
count 102 – 104 documented introductions (Lodge 1993). Apart from causing dramatic 
ecological effects, non-indigenous species can also cause high economical damage. In 
the United States only, damage caused by the approximately 50,000 foreign species is 
estimated to amount to almost $120,000,000,000 per year (Pimentel et al. 2005).  
 

1.2.1. Pathways of marine invasions 

 
Globalisation of human activities increases the rate of biological invasions by creating 
and expanding invasion pathways. In the marine environment, five principal pathways 
of marine invasions can be discerned, that are created or caused by humans: 
intentional release of species (e.g. for mariculture), unintentional escape from captivity 
(e.g. from culture, aquariums), contaminants of species kept and transferred by 
humans (e.g. parasites, commensals), stowaways in human transport vessels (e.g. on 
hulls or in ballast water of ships), and via man-made corridors (e.g. canal systems). All 
pathways listed above can be followed by natural dispersal of the exotic species  in 
recipient regions (Reise et al. 1999; Wolff 2005; Hulme et al. 2008).  

In the marine environment, the bulk of exotic species is imported by accident as 
stowaways on ships’ hulls and in ballast water (Carlton 1987; Carlton and Geller 1993; 
Gollasch 2002; Wonham and Carlton 2005; Drake and Lodge 2007; Barry et al. 2008). 
The wood-boring shipworm Teredo navalis was probably introduced into the 
Netherlands as a stowaway in ships’ hulls, and caused massive damage to wooden 
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constructions in seawalls in the 18th and 19th centuries (Wolff 2005). Another 
infamous stowaway is the green crab Carcinus maenas, that was introduced world-wide 
in either ballast water, solid ballast, in ships’ hulls in holes bored by T. navalis, or in 
seaweeds used for packing marine products (Carlton and Cohen 2003). This voracious 
predator has a major ecological impact at Atlantic and Pacific coasts of North 
America (Grosholz et al. 2000; Behrens Yamada et al. 2005; Taylor 2005).  

Another major invasion pathway is found in shellfish imports for mariculture 
(Wonham and Carlton 2005), especially in oyster transfers (Wolff and Reise 2002; 
Wolff 2005). These transfers not only present an invasion pathway for the target 
shellfish species themselves, but also for non-target species that are transferred along 
with the shellfish. An overview of the long history of oyster transfers in northwestern 
Europe is given by Wolff (2005). Main species of interest for shellfish culture in 
northwestern Europe, historically and at present, include the oysters C. gigas, 
Crassostrea angulata, Crassostrea virginica, Ostrea edulis and the mussel Mytilus edulis 
(Wehrmann et al. 2000; Wolff 2005; Wijsman and Smaal 2006). An overview of global 
introductions of C. gigas is given in Box 1.1. Many species have been introduced 
globally with oyster imports (as contaminants), such as the protist parasite Bonamia 
ostreae, the snail Crepidula fornicata and the seaweed Sargassum muticum in Europe 
(Blanchard 1997; Eno et al. 1997; Wolff 2005). B. ostreae was introduced in the 
Netherlands with oysters (O. edulis) from Brittany in 1980. It caused the nearly 
complete disappearance of Dutch culture of O. edulis and is still infecting oysters in the 
Oosterschelde estuary and Lake Grevelingenmeer (Van Banning 1991; Wolff 2005).  

Man-made corridors also caused high rates of introductions into new areas. Well-
known examples are the canal systems that connect the Ponto-Caspian region to the 
Baltic and North Sea coasts (Bij de Vaate et al. 2002; Ketelaars 2004), the Suez canal 
connecting the Red Sea with the Mediterranean Sea (Galil 2007) and the Welland canal 
and St-Lawrence Seaway connecting the Great Lakes to the Atlantic Ocean (Mills et 
al. 1993).  

An example of an ‘escapee’ is the macro-alga Caulerpa taxifolia, that probably 
escaped from aquariums of Monaco’s Oceanographical Museum into the 
Mediterranean Sea where it causes large-scale ecological effects (Boudouresque et al. 
1995).  

Finally, the Chinese mitten crab Eriocheir sinensis is a good example of an invader 
with a fast natural range expansion. It was introduced into northern Germany and 
southern France, and showed maximum rates of natural range expansion of 562 km 
per year in northern Europe (1928 – 1938) and 380 km per year in southern France 
(1954 – 1960). It is now widely distributed in Europe (Herborg et al. 2003).  
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BOX 1.1. 

Global introductions of Crassostrea gigas 
 
Pacific oysters originate from the Sea of Japan 
and the Pacific coasts of the Japanese islands. 
Their native range lies between the Russian 
island of Sakhalin and Primorskiy Kray on the 
continent in the north (latitude ~48° north), 
and the Japanese island of Kyushu and the 
east coast of southeast Asia in the south 
(latitude ~30° north; Arakawa 1990a). Pacific 
oysters C. gigas have long been cultured in 
Hokkaido, Miyagi, Hiroshima and Kumamoto 
prefectures in Japan. In 1902 and 1903 first 
export shipments were made to Washington 
State in the USA, and British Columbia in 
Canada (Arakawa 1990a; Shatkin et al. 1997). 
Pacific oyster culture became widespread 
along the Pacific coast (hence the English 
name of the species) from British Columbia 
in Canada to California in the United States 
(Arakawa 1990a). British Columbia became a 
major source of new introductions. From 
Japan, C. gigas was first introduced in Australia 
in 1947 and in France in 1966. From British 
Columbia, C. gigas was first introduced in the 
Netherlands in 1964 and in the UK in 1965. 
The Pacific oyster was subsequently imported 
from Wales into Ireland in 1969, from the 
UK into Germany in 1971 and from 
Germany into Denmark in 1979. In New 
Zealand, accidentally introduced C. gigas were 

discovered in 1970 (Shatkin et al. 1997; Wolff 
2005).  
At present, C. gigas is the species with the 
greatest global production volume in 
aquaculture, with about 4.4 million tonnes 
(FAO 2004). Producer countries are Canada, 
the USA, Mexico, Peru, Argentina, Chile, 
Norway, Ireland, UK, Germany, the 
Netherlands, France, Portugal, Spain, 
Morocco, Algeria, Tunisia, Senegal, Namibia, 
South Africa, China, Japan, Korea, Taiwan, 
Australia, New Zealand, and New Caledonia. 
Introductions of C. gigas have also been 
recorded in Belgium, Denmark, Sweden, 
Ecuador, Belize, Costa Rica, Puerto Rico, the 
United States Virgin Islands, Brazil, Israel, 
Philippines, Malaysia, Romania, the Ukraine, 
the Seychelles, Fiji, French Polynesia, Guam, 
Palau, Samoa, and Vanuatu (FAO 2004). 
The Portuguese oyster Crassostrea angulata, 
originally a strain of C. gigas from Taiwan (Ó 
Foighil et al. 1995; Boudry et al. 1998), was 
introduced in Portugal already somewhere 
between 1500 and 1800. From there, C. 

angulata has been introduced elsewhere. In the 
Netherlands it was introduced in the 19th 
century and in the 20th century until a few 
years after the Second World War. The 
species never established itself in Dutch 
estuaries (Wolff and Reise 2002).  

 

 
 
1.2.2. Number of introductions underestimated 

 
The number of recorded introductions probably underestimates the total number of 
introductions dramatically (Lodge 1993). Many introductions are not noticed and the 
distinction between indigenous and non-indigenous species can be very difficult, if not 
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impossible. For instance, some non-indigenous species were introduced long before 
biological research started. This was the case with Mya arenaria that is thought to have 
been introduced from North America into NW Europe by the Vikings before 1245 - 
1295 (Petersen et al. 1992). Some species cannot be reliably demonstrated to be either 
native or exotic. These are termed ‘cryptogenic’ species (Carlton 1996). Invaders may 
also be considered as native species if they closely resemble native species. Often such 
cryptic species cannot be distinguished from native species based on morphological 
differences alone. Molecular genetic techniques are often required. These have proven 
a powerful tool in differentiating cryptogenic taxa, and in taxonomic verification and 
identification of source populations and vectors (Geller et al. 1997; Holland 2000; 
Wares et al. 2002). Furthermore, what seems to be a human-induced introduction may 
in fact be a natural range expansion. During the last glaciation (appr. 18,000 years 
ago), the sea level dropped at least 110 m, exposing the North Sea floor as arctic dry 
land. After the ice age, marine organisms recolonised the North Sea from refuges. 
This may still be going on today (Reise et al. 1999, and references therein).  

 
1.2.3. Characteristics of successful invaders and invasible ecosystems 

 
Since numbers of invasions are still increasing, it becomes more and more important 
to be able to understand and predict invasion patterns and mechanisms. Without 
proper knowledge about why and how exotic species are able to invade and establish 
themselves in other ecosystems and in what ways these invasions are facilitated by 
man, trying to manage or even prevent unwanted introductions will be very difficult if 
not impossible. In many cases however, an invader is not discovered until after the 
invasion event, at a point where the invader already is a part of the ecosystem 
(Williamson 1996). Consequently, ecological responses to the invasion may go 
unnoticed for a long time, and the mechanism of invasion and the causes of its 
success may never be elucidated.  

A large body of scientific work is devoted to finding general rules in invasion 
ecology. What characteristics determine whether species are invasive? And what 
characteristics determine whether a community is invasible? Although the relatively 
high amount of attention given to pests may give the impression that most introduced 
species cause trouble, proportionally only very few introduced non-native species 
actually become pests (Lodge 1993; Williamson and Fitter 1996). Species that are 
introduced into new habitats encounter many abiotic and biotic barriers (Colautti et al. 
2006). They have to be able to live in or adapt to the new habitats. Generally three 
determining stages are identified in invasion ecology: 1) colonization of the receiving 
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habitat, 2) establishment in the receiving habitat, 3) natural range expansion after 
establishment (Sakai et al. 2001). Common causes of failure to establish are: an 
unsuitable climate, disturbance, predation, competition and disease. Species that do 
manage to establish themselves face many different interactions with native species in 
the new community (Lodge 1993; Sakai et al. 2001). Many attempts have been made 
to identify characteristics of species that allow predictions about their invasiveness 
(Lodge 1993; Williamson and Fitter 1996; Morton 1997; Kolar and Lodge 2001; Sakai 
et al. 2001). For successful establishment in the receiving ecosystem, other traits may 
be required than for successful colonization and natural range expansion (Sakai et al. 
2001). Successful colonists are generally species with fast reproductive rates. They are 
characterized by fast growth rates, rapid sexual maturation and a high fecundity 
(Lodge 1993; Williamson and Fitter 1996; Morton 1997; Sakai et al. 2001) (Table 1.1).  

 
 
Table 1.1. A selection of characteristics generally attributed to successful invaders, especially relevant for 
bivalve invaders and for the three principal stages from first colonization to natural range expansion 
(from Lodge 1993; Williamson and Fitter 1996; Morton 1997; Sakai et al. 2001; Marvier et al. 2004; 
Wallentinus and Nyberg 2007; and references therein).  

Stage Trait 
  
Colonization rapid growth 

 rapid sexual maturation 

 high fecundity 

 ability to colonize wide range habitat types 

 broad diet 

 
tolerance to wide range environmental 
conditions 

 gregarious behaviour 

 genetic variability & phenotypic plasticity 

 ability to recolonize after population crash 
  
Establishment competitiveness 

 lack of predators, parasites and diseases 

 association with humans 

 repeated introductions 

 ecosystem engineering 

 genetic variability & phenotypic plasticity 
  
Natural range expansion dispersability 

 traits of successful colonists (see above) 

 

 
These are traits of an r-selected life history strategy (r-selected species are 
opportunistic, adapted to unstable environments by investing in high numbers of 
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offspring and fast growth rates, whereas K-selected species are more adapted to stable 
environments by investing in the quality rather than the quantity of offspring, and a 
long life rather than high growth rates; Pianka 1970). Habitat generalists may also be 
more successful in colonizing (Marvier et al. 2004). Characteristics of habitat 
generalists include: broad tolerances for wide ranges of environmental conditions, the 
ability to occupy a wide range of habitat types, and a broad diet (Lodge 1993; Morton 
1997; Sakai et al. 2001; Marvier et al. 2004). For successful establishment, other traits 
seem more important. Highly competitive species seem more successful in 
establishing, as well as species that are defended against predators or that lack 
predators in the receiving ecosystem (Lodge 1993; Sakai et al. 2001). An association 
with humans may result in repeated introductions, which may increase establishment 
opportunities (Lodge 1993; Sakai et al. 2001). Also a wide genetic variation and 
phenotypic plasticity may result in higher chances of establishing successfully, since 
this provides the invading species with a wider range of tools to adapt to a new 
environment (Sakai et al. 2001). Ecosystem engineers also seem successful invaders 
(Jones et al. 1994; Wallentinus and Nyberg 2007). They modify the habitat to their 
own requirements (Gutiérrez et al. 2003).  

Life history theory predicts a trade-off between fast reproductive rates, that 
facilitate colonization, and competitive ability, that facilitates establishment (Pianka 
1970). However, in some invaders both strategies are represented (Keddy et al. 1994). 
Blossey and Notzold (1995) suggested that invasive species that have been released 
from the pressure of diseases or predators in their native habitat, reallocate energy 
used for defence into reproduction and growth.  

Once an invader is established, subsequent spread is related to the dispersability 
of the invader. For successful natural dispersion, again colonization capabilities and 
broad tolerances are considered useful characteristics (Sakai et al. 2001). 
Many attempts have also been made to identify characteristics that determine the 
invasiveness of receiving communities. Despite conflicting evidence, disturbance is 
often considered such a characteristic (Lodge 1993; Occhipinti-Ambrogi and Savini 
2003; Marvier et al. 2004). Evidence from palaeobiological reconstructions, from 
impacts of invaders on islands and in brackish waters, and from modelling exercises 
suggests that species-poor communities are more susceptible to invasions than 
species-rich and more saturated communities (Wolff 1973; Lodge 1993; Wolff 1999). 
In the marine environment, estuaries seem to be common sites of invasions 
worldwide (e.g. Filice 1958; Wolff 1973; Cohen and Carlton 1998; Smith et al. 1999; 
Wolff 1999; Wonham and Carlton 2005; Nehring 2006). In the North Sea, numbers of 
non-indigenous species increase from open sea towards the coast, reaching a 
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maximum in the brackish reaches of estuaries (5 – 20 psu; 20% of all species non-
indigenous) and decreasing again land inward (Reise et al. 1999; Wolff 1999; Nehring 
2006). Possible explanations for this phenomenon were investigated in Dutch 
estuaries by Wolff (1973, 1999) and in German estuaries by Nehring (2006). They 
concluded that the following explanations may have played a part in enhancing the 
number of exotic brackish-water species in NW European estuaries: 1) most ports are 
situated in brackish regions, giving brackish-water species a better chance of being 
transported; 2) brackish-water species have a better chance of surviving transport in 
ballast water because they are more tolerant to conditions in ballast water tanks; 3) 
because the species number in brackish water is relatively low, it is easier for an 
introduced species to establish itself; 4) salt-tolerant limnetic alien species introduced 
into inland water reach the coast at first in the estuaries. Of the 80 non-indigenous 
species that were assumed by Reise et al. in 1999 to have been established in the 
North Sea, 22 occur preferentially in brackish waters. This is likely an underestimation 
of the actual number of introductions (Reise et al. 1999), as mentioned in the previous 
section. Furthermore, a lack of predators in the receiving community is often 
suggested as a reason for fast proliferation of introduced non-indigenous species 
('enemy release' hypothesis: Williamson and Fitter 1996; Keane and Crawley 2002; Liu 
and Stiling 2006). 

Despite all effort and some successes in finding general characteristics, all 
generalizations are characterized by a large variance and many exceptions (Lodge 
1993). Different characteristics will be important in different habitats (Williamson 
1996). It is therefore difficult (and according to some: impossible) to predict the 
outcome of an introduction (Lodge 1993). It is easier to describe invasions and to find 
explanations for specific invasions, than to predict future invasions (Williamson 2006). 

 

1.2.4. Crassostrea gigas as an invader 

 
By 2005, the Netherlands counted at least 112 non-indigenous marine and 

estuarine species (Wolff 2005). At present the Pacific oyster C. gigas (Box 1.2) is one of 
the best known non-indigenous animals in the Netherlands. While some consider it an 
enrichment of Dutch estuarine biodiversity (Cadée 2007), it is considered a nuisance 
by many. Its dense beds change the appearance and structure of tidal flats as people 
knew them, the razor sharp edges of oysters growing in an upright position in 
intertidal oyster beds sometimes cause severe injuries among wind surfers and scuba 
divers (Anonymous 2002; Smaal et al. 2006; pers. comm. Marnix Poelman), and 
commercial mussel stocks and culture plots are fouled by spat of C. gigas (Smaal and 
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BOX 1.2. 

Biology of Crassostrea gigas 

 
Pacific oysters are lamellibranch suspension-
feeding bivalves of the class Pelecypoda. They 
live attached to hard substrates along exposed 
shores and form reef structures on tidal flats 
(Arakawa, 1990; Reise, 1998; Dupuy et al., 
1999).  
In NW European estuaries, colonization of 
tidal flats generally starts with few individuals 
colonizing pieces of hard substrate such as 
shell fragments or stones, or with 
colonization of mussel beds (Reise 1998; 
Diederich 2005a; Nehls et al. 2006). As the 
density of the oysters increases, oysters settle 
onto each other, forming aggregations, until 
eventually larger patches and entire reefs of 
upright oriented oysters are formed (Figure 
B1.2.1.; Diederich et al. 2005). Pacific oysters 
are oviparous; in the northern hemisphere 
they release their gametes into the water 

mainly in July and August, when water 
temperatures are highest. After a pelagic 
phase of about 3 weeks (Box 1.5), the veliger 
larvae settle onto hard substrate: rock, stones, 
or pieces of other hard substrate. After 
settlement, their lower (left) cupped valve 
becomes partially or almost completely 
cemented to the substrate. By doing so, 
generally the shell assumes the form of the 
substrate to which it attaches (Arakawa 1990a; 
Reise 1998; Gosling 2003). With a maximum 
shell length of about 30 cm, the Pacific oyster 
is the largest bivalve in Dutch waters since the 
near-disappearance of O. edulis. Pacific oysters 
feed by filtering planktonic organisms and 
detritus from the surrounding water. Relative 
to other bivalve species in Dutch estuaries 
they process large volumes of water per time 
unit (Box 1.3).    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B1.2.1. Left: Oyster bed in the Oosterschelde estuary (Neeltje Jans); Right: aggregation of oysters 
settled onto each other. 
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Lucas 2000). Moreover, regarding dramatic negative impacts by introduced species 
worldwide, considering that native bivalve filter-feeders largely utilize the same food 
source and habitat as C. gigas, and considering the large filtration capacity of C. gigas 
(Box 1.3), Pacific oysters may have the potential to out-compete and replace native 
bivalves.  

 
1.3. Introduction of C. gigas in the Netherlands and neighbouring countries 

 
1.3.1. Short description of Dutch estuaries 

 
The Netherlands count two estuarine areas: the Dutch part of the Wadden Sea in the 
north, fed by the rivers Ems and Rhine (the latter through the rivers IJssel and 
Utrechtse Vecht, through Lake IJsselmeer) and the Delta area in the south-west where 
the rivers Scheldt, Rhine and Meuse reach the North Sea (Figure 1.2). From south to 
north, the Delta area consists of the Westerschelde estuary, Lake Veerse Meer, the 
Oosterschelde estuary, Lake Grevelingenmeer and Lake Haringvliet. The 
Westerschelde estuary is the mouth of the river Scheldt, still in open connection with 
the North Sea. The other water bodies used to drain the rivers Rhine, Meuse and also 
the Scheldt, but were partially closed off from river inputs and the North Sea by a 
coastal engineering project, the ‘Delta’ project. The Haringvliet, nowadays containing 
freshwater, was closed off from the North Sea by a dam and sluices, but still 
discharges water from the rivers Rhine and Meuse. The Grevelingen estuary was 
dammed off from the North Sea and from river inputs, resulting in a brackish Lake 
Grevelingenmeer. Lake Veerse Meer is also a brackish lake since it was dammed off 
from the Oosterschelde estuary in the east and the North Sea in the west. Since 2004 a 
sluice in the Zandkreek dam, separating the lake from the Oosterschelde estuary, 
allows a tidal exchange and a moderate tidal amplitude (Escaravage et al. 2006). The 
Oosterschelde estuary was largely closed off from river inputs by 
compartmentalization dams and locks. A storm surge barrier (Box 1.4), which can be 
closed in times of dangerously high water levels during storm surges, was built in the 
mouth of the estuary. This reduced the tidal amplitude and current velocities in the 
estuary.  
The Wadden Sea and the Oosterschelde and Westerschelde estuaries are characterized 
by a relatively large tidal amplitude of about 1.5 – 3.0 m in the Wadden Sea and about 
3.0 – 4.5 m in the Oosterschelde and Westerschelde estuaries. These tidally driven  
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seawater with organic and 
inorganic particles 

seawater with  
particles < 4 µm 

faeces 

selection at labial palps:  
ingestion or rejection in pseudofaeces 

selection and 
absorption in 

digestive 
organs 

filtration over  
gills 

particles  
> 4 µm 

pseudofaeces 

BOX 1.3. 

Filter-feeding in bivalves 
 
Bivalve filter-feeders (also called ‘suspension-
feeders’) collect their food by filtering and 
sorting particles from the water column. Their 
ciliated gills create a water current through the 
mantle cavity and over the gills. Particles 
above a certain threshold size, generally 2 – 7 
µm (Møhlenberg and Riisgård 1978), are 
retained efficiently. Different types of 
particles can serve as food for bivalves: 
phytoplankton, zooplankton, protists and 
dead particulate organic matter (Fréchette et 
al. 1989; Smaal 1997; Dupuy et al. 1999; Riera 
et al. 2002; Wong and Levinton 2006). 

Selection of particles for ingestion takes place 
on the gills and labial palps (Figure B1.3.1.; 
Shumway et al. 1985; Ward et al. 1998). 
Particles retained on the gills are transported 
towards the labial palps through ciliary 
movement. At the labial palps, rejected 
particles are covered in mucus and excreted as 
pseudofaeces. Particles selected for ingestion 
move into the stomach through the mouth 
(Gosling 2003). Post-ingestive selection of 
particles for absorption occurs in the stomach 
and guts (Brillant and MacDonald 2002). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B1.3.1. Schematic drawing of filtration, selection, ingestion and digestion of food particles in 
bivalves (example: C. gigas).   
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Filtration rates are generally measured as 
clearance rates. By filtering water over their 
gills, bivalve filter-feeders clear the water 
from particles. Whereas the filtration rate is 
defined as the volume of water pumped, 
clearance rate is defined as the volume of 
water cleared of all particles per time unit 
(Riisgård 2001). Hence, the clearance rate is 
only equal to the filtration rate if the particles 
offered are large enough to be retained with 
100% efficiency (Riisgård 2001). For example, 
if a bivalve filters 4 litres of water in one hour, 
and thereby retains 50% of a certain type of 
particles, the filtration rate is 4 l h-1 but the 
clearance rate of that type of particles is 2 l h-

1. In most cases, when clearance rates are 
given in literature, clearance of neutrally 
buoyant particles retained with 100% 
efficiency, and thus filtration rates, are meant.  

Bivalve filter-feeders, and particularly C. gigas, 
can process large volumes of water (Table 
B1.3.1). Clearance rates in C. gigas can be as 
high as 12.5 l h-1 per individual (Walne 1972). 
Clearance rates vary with many environmental 
parameters such as temperature (Bougrier et 
al. 1995), seston (particulate matter) 
concentration (Rueda and Smaal 2002; 
Riisgård et al. 2003) and composition 
(Pouvreau et al. 2000; Hawkins et al. 2001; 
Rueda and Smaal 2002), and current velocity 
(Newell et al. 2001). Pacific oysters may even 
adjust their retention threshold from about 4 
to 12 µm in response to a high seston load 
(Barillé et al. 1993). At high seston loads C. 

gigas will therefore not be able to feed on all 
phytoplankton cells smaller than 12 µm, but it 
also prevents clogging of the gills (Barillé et 
al. 1993). 

 
 
 
estuaries are turbulent and well-mixed. On the extensive muddy to sandy tidal flats 
benthic biomass is dominated by bivalve molluscs. These bivalves serve as an 
important food source for estuarine birds, and some are also exploited economically. 
The dominant species are the blue mussel M. edulis, the common cockle Cerastoderma 

edule, the Baltic tellin Macoma balthica, the soft-shelled clam M. arenaria, the American 
razor clam Ensis directus (introduced from North America around 1980, Wolff 2005) 
and recently also the Pacific oyster C. gigas. Before the introduction of C. gigas, M. edulis 
and the native European flat oyster O. edulis were the only epifaunal bivalves. The 
latter disappeared almost completely during the 20th century (Drinkwaard 1999a). 

Bivalve shellfish in Dutch estuaries are heavily predated by estuarine birds. These 
feed preferentially, and in some cases obligatory, on especially M. edulis, M. balthica and 
C. edule (Meire 1993; Zwarts and Wanink 1993; Van de Kam et al. 2004). The birds 
share this resource with mussel farmers and cockle dredgers (Dankers and Zuidema 
1995; Kamermans and Smaal 2002). In the autumn and following spring, mussel 
farmers dredge young-of-the-year mussels (‘seed mussels’) in the Wadden Sea, and 
sow them onto culture plots in the Wadden Sea and Oosterschelde estuary. Cockles 
are dredged in the Oosterschelde and Westerschelde estuaries, and hand-raked in the 
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Wadden Sea, and are immediately sold for consumption (Dijkema 1997; Smaal and 
Lucas 2000).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2. Situation of Dutch estuaries: the Wadden Sea in the north and the Delta area in the south, 
including the Oosterschelde estuary. 

 

 

1.3.2. History of oyster culture in the Netherlands 

 
Nowadays, C. gigas is the main oyster species cultured in the Netherlands. Traditionally 
however, from the 1870s until the 1970s, Dutch oyster culture concentrated on 
European flat oysters O. edulis. A combination of severe winters, mixing of native 
brood stocks with foreign strains and the accidental introduction of a parasite led to 
the downfall of the European oyster in Dutch waters (Drinkwaard 1999b). In the 
extremely severe winter of 1962 - 1963 the stock size of cultured European oysters in 
the Oosterschelde estuary decreased sharply from 120 million to about 4 million. In 
order to replenish O. edulis stocks, considerable amounts of spat and seed oysters were 
imported from France, Italy, Greece, England, Ireland and Norway until 1977. Then, 
a spatfall of a completely mixed brood stock suffered high mortality rates, probably 
due to the lower winter hardiness compared to the original stock (Drinkwaard 1999b). 
In 1980 the Bonamia parasite was accidentally introduced into the Oosterschelde 
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BOX 1.4. 

The Oosterschelde storm surge barrier 
 
In 1953 in the southern North Sea a 
northwesterly storm induced tides up to 3 
meters above normal tidal levels. In the Delta 
area (Figure 1.2) 1,600 km2 of polder land 
flooded and 1,836 people were killed. This 
was the incentive for a large-scale engineering 
project: the Delta project (‘Deltawerken’). All 
main tidal estuaries except the Westerschelde 
estuary were closed from the North Sea and 
river inputs. According to original plans the 
Oosterschelde estuary should have been 
dammed off by 1978, which would have 
resulted in a stagnant lake. However, many 
people including shellfish farmers and 
scientists opposed to this plan. They wanted 
to retain the unique habitat and shellfish 
culture. As a consequence plans changed and 
a storm surge barrier (Figure B1.4.1) that 
allowed the tides to enter freely was 
constructed between 1976 and 1986. 
Compartmentalization dams had already been 

built to reduce the tidal volume and to close 
the estuary off from river inputs. Although 
the new design was less drastic, it still induced 
many changes that are still going on at 
present. Gullies are slowly filling up with 
sediments from tidal flats, causing erosion of 
tidal flats and a reduction of emersion time 
('sand hunger'; Van Zanten and Adriaanse 
2008). Hence, the habitat for intertidal 
bottom fauna is slowly disappearing, and with 
it food sources for estuarine birds. Erosion of 
tidal flats locally exposes deeper peat layers, 
potentially resulting in a reduced water clarity 
and primary production (Nienhuis and Smaal 
1994a; Geurts van Kessel et al. 2003). The 
slow disappearance of tidal flats and even salt 
marshes will also result in an increased risk of 
dike bursts and flooding during storm surges, 
because the dikes become more exposed to 
wave action (Van Zanten and Adriaanse 
2008). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B1.4.1. The Oosterschelde storm surge barrier, viewed from the North Sea.  
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estuary with oyster imports from France (Drinkwaard 1999b; Haenen 2001). Bonamia 

ostreae is a protozoan that infects the granular blood cells of the flat oyster. With the 
introduction of B. ostreae, which caused high mortality rates, culture of European flat 
oysters in the Oosterschelde came to an end (Drinkwaard 1999b). Earlier, around 
1940, flat oysters had also disappeared from the Dutch Wadden Sea due to habitat 
change and overfishing (Drinkwaard 1999a). Although Lake Grevelingenmeer is 
infested with B. ostreae since 1988 (Haenen 2001), still some flat oysters are being 
cultured here at present. 
 

1.3.3. Culture of other oyster species after the decline of Ostrea edulis 

 
Because of high mortalities among native oysters, farmers were searching for 
alternatives. In fact, before culture of O. edulis started in 1870, fishery of O. edulis 
already faced declining stocks due to over-exploitation of the wild beds. Hence, 
oysters from abroad had already been imported on occasion (Dijkema 1997). From 
the late 19th century until 1963, experiments were conducted with Portuguese oysters 
C. angulata (Korringa 1965). Although C. angulata built up gonads, temperatures in 
Dutch waters appeared too low for this species to release its gametes, resulting in a 
low quality of the oyster meat and unappreciated flavour (Korringa 1965). Some 
experiments were also conducted with the American Atlantic oyster, C. virginica, but 
this species never established itself in Dutch estuaries (Wolff and Reise 2002). In 
1964, Dr. P. Korringa and J. Bol of the Netherlands Institute for Fisheries Research 
(RIVO, presently part of Wageningen IMARES), together with an oyster grower, 
imported spat of the Pacific oyster from British Columbia into the Oosterschelde 
estuary (Shatkin et al. 1997; Drinkwaard 1999b). The spat, settled onto empty shells, 
was placed in the water supply channel of a lobster storage park at Yerseke. The spat 
grew fast and were relocated after the first winter to an oyster culture plot of the 
RIVO in the eastern part of the Oosterschelde estuary, at the Yerseke Bank. More 
introductions followed. In 1966, oyster farmers were told that the introduction of the 
Pacific oyster was acceptable since water temperatures in the Netherlands were too 
low for this species to be able to reproduce, as had been the case with C. angulata 
(Dijkema 1997; Drinkwaard 1999b). Additionally, plans for closing off the 
Oosterschelde estuary from the North Sea had already been made. According to plan, 
this would have resulted in a fresh or brackish tide-free lake, unsuitable for oyster 
growth and reproduction. But plans were changed and the Oosterschelde estuary 
remained a marine tidal system (Smies and Huiskes 1981). A few years after oyster 
farmers had been told that Pacific oysters were not able to reproduce in the 
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Netherlands, natural spatfall was observed (see Box 1.5. for the bivalve life cycle). In 
1971, young C. gigas of approximately one year old were collected from the harbour of 
Zierikzee by F. Kerckhof (in prep.). In 1975, Pacific oyster spat were observed to have 
settled onto mussel shells that were laid out as collectors for O. edulis spat, and also 
onto some intertidal mussel beds. In 1976 and 1982 extensive spatfalls were observed, 
which were attributed to prolonged periods of high water temperatures. From then 
on, most oyster farmers started to culture C. gigas (Drinkwaard 1999b).  

 
1.3.4. Feral Pacific oysters in Dutch estuaries 

 
Natural spatfall of C. gigas (Box 1.5) throughout the Oosterschelde estuary resulted in 
the formation of large and dense feral oyster reefs in the intertidal and subtidal areas. 
By means of stock assessments and reconstructions, the RIVO estimated that on the 
118 km2 of intertidal flats in the Oosterschelde estuary the cover by oyster beds 
increased from 0.25 km2 in 1980 to 8.1 km2 in 2003 (Kater and Baars 2004; Dankers 
et al. 2006). Oyster cover on hard substrates (160 km of dikes and sea walls, 2 - 4% of 
the total bottom surface area; Leewis et al. 1994) generally increased from 0 – 10% in 
1985 to 50 - 60% in 2002, and even to 90% on some locations (AquaSense 2003). 
Within this period, during the 1990s, stocks of the native blue mussel M. edulis and 
common cockle C. edule showed a slight decrease (Geurts van Kessel et al. 2003; 
Dankers et al. 2006).  

The introduction of C. gigas into the Wadden Sea goes back to the late 1970s. 
Bruins (1983) described finding C. gigas individuals attached to the dike near the outlet 
of the cooling water basin of a power and desalinization plant at Oudeschild, at the 
island of Texel, in 1983. In the cooling water basin itself he found larger specimens 
and estimated they were 6 – 7 years old. It is not clear whether these oysters originated 
from spat that was released there by someone in 1976 (Tydeman 2008), or from 
juveniles that were released there by the RIVO in 1978 (Smaal et al. in press). In 1978, 
the facilities of the RIVO at Texel were used for the culture of O. edulis spat from a 
French hatchery. The O. edulis spat was mixed with juvenile C. gigas, of which larger 
specimens were placed in the warmer cooling water basin (Smaal et al. in press). 
About every five years the cooling water basin was dredged, and apparently the mud 
was largely dumped directly in the Wadden Sea. If this mud contained oysters, the 
dredging may have contributed to the dispersal of C. gigas from the basin into the 
Wadden Sea (Tydeman 2008). Today, the oysters are still steadily spreading 
throughout the Dutch Wadden Sea where they locally cover dikes and tidal flats in 
high densities (Cadée 2001; Tydeman et al. 2002; Wolff 2005; Dankers et al. 2006). In 
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Lake Grevelingenmeer a first natural spatfall of C. gigas was observed in 1987 
(Drinkwaard, 1999) and the Pacific oyster is now one of the dominant species 
(Sistermans et al. 2005). In the Westerschelde estuary, Pacific oysters were only found 
sporadically during the 1980s. During the early 1990s numbers increased slightly 
(Drinkwaard, 1999). These oysters may originate through natural dispersal from the 
brood stock in the Oosterschelde estuary, or from an experimental nursery facility at 
Ostend, Belgium (Drinkwaard 1999b). At the beginning of the 21st century, still no 
Pacific oysters are observed on the tidal flats of the Westerschelde estuary although 
they are now rather common on dikes and jetties where they seem to remain quite 
small (pers. obs.; pers. comm. J.Kesteloo-Hendrikse). 

 
1.3.5. Introduction and spread of Pacific oysters in Germany 

 
Pacific oysters were introduced in many countries worldwide (Box 1.1), and are also 
spreading throughout German (Reise 1998; Diederich et al. 2005; Nehls et al. 2006) 
and Danish parts (Diederich et al. 2005) of the Wadden Sea (Figure 1.3). The western 
part of the German Wadden Sea, the East Frisian Wadden Sea, has been systematically 
searched for wild C. gigas on mussel beds since 1996 (Wehrmann et al. 2000). Here, 
the first naturally dispersed oysters were detected in 1998 (Figure 1.3). Although an 
experimental culture plot for C. gigas had existed for one farming season in 1987 near 
the island of Norderney, this was considered an unlikely source for the observed wild 
C. gigas. Instead, the East Frisian Wadden Sea was probably invaded from the Dutch 
Wadden Sea (Wehrmann et al. 2000). The northern part of the German Wadden Sea, 
the Wadden Sea of Schleswig-Holstein, was colonized from an oyster culture site at 
the northernmost German island of Sylt (Reise 1998; Wehrmann et al. 2000). Here, C. 
gigas spat from a Scottish hatchery were imported for the first time in 1971 and again 
in 1972 for a raft culture experiment (Drinkwaard 1999b). At the end of the 1970s, 
outdoor experiments on growth and fattening and indoor experiments on rearing of 
spat from larvae were continued (Drinkwaard 1999b). At Sylt, regular oyster culture 
on trestles started in 1986 (Reise 1998; Drinkwaard 1999b). The first C. gigas individual 
outside the culture plot at the island of Sylt was observed in 1991 in the Königshafen 
Bay (Reise 1998; Drinkwaard 1999b). Since 1995, C. gigas is also found on mussel beds 
near the island of Amrum, south of Sylt, which became the second centre of oyster 
distribution in the area (Nehls et al. 2006). Since 2000, the abundance of C. gigas in the 
Wadden Sea of Schleswig-Holstein increased markedly. In Schleswig-Holstein, as in  
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BOX 1.5. 

Bivalve life cycle 
 
The life cycle of most intertidal bivalves 
includes a planktonic larval stage and benthic 
juvenile and adult stages (Thorson 1950) 
(Figure B1.5.1). Triggered by an 
environmental cue, bivalve filter-feeders 
release eggs and sperm into the water column 
where fertilisation takes place. The gametes 

have a limited life span and diffuse easily in 
dynamic systems (Bayne 1976). Therefore, to 
ensure fertilisation success many bivalve 
species and other benthic invertebrates spawn 
synchronously and live in dense aggregations 
(Levitan 1995; Claereboudt 1999; 
Luttikhuizen et al. 2004; Levitan 2006). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B1.5.1. Bivalve life cycle (C. gigas as example; not drawn to scale; references in text).   
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Spawning is often triggered by environmental 
cycles that occur with regularity, such as lunar 
and tidal rhythms (Morgan 1995; Gosling 
2003). Spawning may also be triggered by 
temperature or chemical cues (Gosling 2003; 
Helm et al. 2004). Fertilised eggs usually 
develop via the trochophore stage into veliger 
larvae within approximately 2 days (Gosling 
2003). The veliger larvae, about 70 to 170 - 
300 µm in length, swim and forage with their 
velum. The velum is a lobed structure 
carrying cilia on the outer margin (Strathmann 
and Leise 1979; Strathmann and Grünbaum 
2006). The first veliger stage is called the D-
veliger or straight-hinged veliger. In this stage 
the larvae shift from obtaining their nutrition 
from the egg yolk energy reserves to active 
foraging and feeding. The planktonic stage 
allows bivalves to disperse over large 
distances, but the larvae are subject to high 
rates of mortality (Pechenik 1999; Allen 
2008). Most bivalve filter-feeders release large 
amounts of gametes resulting in high 
numbers of larvae (Thorson 1950). O. edulis 
breeds the fertilised eggs internally, in the 
mantle cavity (Gosling 2003; Helm et al. 
2004), resulting in lower numbers of larvae 
but with a shorter pelagic stage. Veligers 
continue to develop through the veliconcha 
stage into the pediveliger stage, in which the 
larvae have developed a foot and eye spot 
(Gosling 2003). At this stage the velum begins 

to degenerate, resulting in reduced swimming 
abilities. The larvae are now competent to 
settle on a suitable substrate and to 
metamorphose into the benthic juvenile stage, 
approximately 3 weeks after fertilisation. If a 
suitable substrate is not found, larvae are able 
to postpone settlement and metamorphosis 
(Butman 1987; Gosling 2003). Larvae of 
many species may even re-enter the water 
column as post-larvae after metamorphosis, 
to migrate to a more suitable location (Bayne 
1964a; Seed 1976). This strategy is commonly 
found in bivalve species that use specific 
nursery areas (Hiddink 2002, and references 
therein). In species such as C. gigas that attach 
themselves permanently to the substrate 
during metamorphosis (Seed 1976; Arakawa 
1990b), secondary migration does not occur. 
Metamorphosis is a critical phase because a 
massive re-organisation of body parts takes 
place to adapt to a sessile existence (Gosling 
2003). The benthic juveniles grow and recruit 
into sexually mature adults. During all benthic 
stages the bivalves are vulnerable to benthic 
predators; in early stages e.g. small crabs and 
shrimps (Jensen and Jensen 1985; Van der 
Veer et al. 1998; Hiddink et al. 2002) and in 
later stages e.g. crabs, starfish and birds 
(Meire 1993; Leonard et al. 1999; Diederich 
2005b). 

 
 
 
the East Frisian Wadden Sea and the Dutch Wadden Sea, C. gigas settles preferentially 
on mussel beds (Reise 1998), and by 2004 almost all mussel beds in the List tidal basin 
near Sylt had been colonized (Nehls et al. 2006). Densities of C. gigas on mussel beds 
in Schleswig-Holstein were on average 290 m-2, up to a maximum of 600 m-2 (Nehls et 
al. 2006). Highest densities were found in the List tidal basin near Sylt (Diederich et al. 
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2005). From Sylt, the oysters also spread to the Danish Wadden Sea. The first wild 
oysters on the offshore German island of Helgoland were found in 2003 (Diederich et 
al. 2005). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Locations where C. gigas was first introduced/encountered (years between brackets) in the 
Wadden Sea area (Bruins 1983; Reise 1998; Drinkwaard 1999b; Tydeman 1999; Wehrmann et al. 2000; 
Tydeman et al. 2002; Diederich et al. 2005; Wolff 2005; Nehls et al. 2006). Locations of islands and water 
bodies are given, not exact locations of introductions/encounters. 
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1.3.6. Introduction and spread of Pacific oysters in Belgium 

 
In Belgium, oysters of different species and from different regions have been 
imported in the Sluice Dock of Ostend (Kerckhof et al. 2007). The Sluice Dock was 
used for cultivating and/or relaying oysters from the 1930s until World War II and 
again from 1957 to 1974. European flat oysters O. edulis were cultured here, but also 
C. virginica imported from the east coast of the United States and C. angulata imported 
from southern Europe (Kerckhof et al. 2007). Neither C. virginica nor C. angulata 
became established in Belgian coastal waters. In 1969 and the early 1970s, Pacific 
oysters C. gigas were imported. The first oysters originated from the Netherlands, but 
later imports were also made from Japan, Canada, France and the Mediterranean 
(Kerckhof et al. 2007; F. Kerckhof, pers. comm.). In 1974 oyster culture in the Sluice 
Dock stopped because of poor water quality. Although all imports and culture 
activities were stopped, C. gigas remained a resident of the Sluice Dock. Apparently 
this species was able to reproduce in Belgian waters (Kerckhof et al. 2007). Since the 
1970s the Pacific oyster has colonized the Belgian coast, and now forms extensive 
reefs in the harbours of Ostend, Nieuwpoort, Zeebrugge and Blankenberge (Kerckhof 
et al. 2007). The species is regularly found living on piers and jetties and washed 
ashore (Kerckhof 1997; Jonckheere 2006). Especially the 1990s saw a rapid 
proliferation of the species in Belgian waters (F. Kerckhof, pers. comm.). Since 1996, 
oyster culture in the Sluice Dock has resumed. Next to the limited use of local brood 
stock, again C. gigas are imported from European countries and Canada (Kerckhof et 
al. 2007). 
 

1.4. Causes of the Pacific oysters’ success and consequences for native bivalves 

 
This thesis focuses on causes of establishment and expansion of C. gigas in Dutch 
estuaries, and on potential consequences for native bivalve filter-feeders. Special 
attention is given to effects on and interactions with M. edulis that was the only creator 
of large biogenic structures on soft sediments until the invasion of C. gigas. Causes for 
invasion success are sought in characteristics generally attributed to successful 
invaders (Table 1.1). Some of these characteristics, particularly competitiveness, may 
lead to negative effects on reproduction, recruitment and growth of native bivalve 
filter-feeders.  

Pathways according to which characteristics of C. gigas may affect native bivalves 
are shown in Figure 1.4. The figure is a schematic representation of the life cycle of 
bivalve filter-feeders in general, with the main factors affecting survival, growth and 
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mortality. As a starting point, the cycle represents the life cycle of C. gigas. Through 
responses to and effects on driving parameters (e.g. shelter, predation and food 
availability), C. gigas may affect different stages in its own life cycle and in the life 
cycles of native bivalve species. Summarized, the figure shows effects of different life 
stages of C. gigas on different life stages of any bivalve in Dutch estuaries. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.4. Schematic representation of the life cycle of bivalve filter-feeders in general, with the main 
factors affecting survival, growth and mortality. Effects of different life stages of C. gigas on different life 
stages of any bivalve in Dutch estuaries are indicated with solid arrows representing a positive effect 
(increase) and dashed arrows representing a negative effect (decrease). Numbers in circles refer to the 
explanatory text in section 1.5. Numbers in grey diamonds refer to the different chapters in this thesis. 
All factors and effects will be reviewed in Chapter 7. Where necessary a distinction is made in effects 
relevant to ‘epifaunal bivalves’ (e.f.) and ‘infaunal bivalves’ (i.f.). 
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been reduced (1 in Figure 1.4). This may result in reduced reproductive output, 
reduced growth and survival of larvae, spat and adult bivalves, and eventually in a 
reduced stock size of bivalve species that are most vulnerable to low food levels. 
Possibly C. gigas is better equipped to deal with low food levels, and is therefore less 
affected by the reduced food levels that were caused by its own expansion.  
Pacific oysters are ecosystem engineers. They build three-dimensional structures 
where previously only bare soft sediments existed. On the one hand expansion of 
these beds may reduce the area suitable for colonization by infaunal species, and may 
therefore reduce the spatfall and recruitment of these infaunal species (2 in Figure 
1.4). On the other hand, expansion of these beds will increase the area suitable for 
epifaunal species of hard substrates such as the oyster itself, and thereby increase 
spatfall and recruitment success of these epifaunal species (3 in Figure 1.4). In oyster 
beds, the epifaunal bivalves C. gigas and M. edulis may find shelter from predators, 
thereby reducing mortality rates of spat and adults due to predation (4 in Figure 1.4). 
Bivalve suspension-feeders may reduce bivalve larval abundance (including their own 
larvae) because of their large filtration capacity. Bivalve larvae may be filtered and 
ingested by adult bivalves (‘larviphagy’), possibly resulting in a reduced spatfall and 
recruitment success (5 in Figure 1.4). The extent of this potential mortality factor may 
be influenced by capabilities of the larvae themselves to avoid or escape filtration (6 in 
Figure 1.4).  
Additionally, some characteristics of successful invaders as listed in Table 1.1 may 
offer an indirect competitive advantage. For instance, a lack of natural enemies may 
result in a faster population increase relative to native species.  

 
1.5. Research questions & Outline of this thesis 

 
This thesis focuses on two main research questions:  

1. Causes of success: What characteristics of C. gigas contributed to its 
fast colonization, successful establishment and rapid natural 
range expansion in Dutch estuaries?  

2. Consequences for native bivalves: What characteristics of C. gigas affect 
native bivalves negatively, potentially leading to their decline?  

 
In Chapter 2, possible advantages of C. gigas in food intake in comparison to the 
native M. edulis and C. edule are explored. Potential differences in individual feeding 
current characteristics of the three species, which may ultimately result in a differential 
food intake, were studied. Similar feeding current characteristics would imply similar 
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food intake rates at similar near-bed food concentrations, and a similar filtration rate 
of zooplankton species. In addition, similar exhalant jet speeds would imply a similar 
influence on near-bed turbulence levels, and therefore a similar influence on food flux 
towards the bivalves based on filtration activity alone and disregarding effects of bed 
roughness.  
 
An increase in total filtration pressure as a consequence of an increasing oyster stock 
in the Oosterschelde estuary may result in a reduction of bivalve larval abundance 
through larviphagy (after Timko 1979). Chapter 3 investigates whether larvae of C. 
gigas and M. edulis are filtered by adult bivalves, and whether larvae of C. gigas are less 
susceptible to larviphagy than larvae of the native M. edulis. This would imply a 
reduced effect of an increased filtration pressure on the oyster stock compared to 
native stocks, which may have contributed to the fast natural range expansion of C. 
gigas while stocks of native bivalves remained more or less the same. A clearance rate 
approach was used to determine filtration rates of C. gigas and M. edulis larvae by adult 
bivalves in a laboratory set-up. Additionally, the fate of filtered C. gigas and M. edulis 

larvae was investigated. Adult bivalves were fed larvae of C. gigas and M. edulis and 
their stomach contents and pseudofaeces were subsequently analyzed to investigate 
whether filtered larvae may be used as a food source.   
 
Because Chapter 3 shows that larvae of C. gigas are filtered less by adult bivalves than 
larvae of M. edulis, Chapter 4 investigates whether C. gigas larvae are better able to 
detect and/or escape inhalant feeding currents of adult bivalves, than M. edulis larvae. 
Escape responses of C. gigas and M. edulis larvae were studied in an artificial flow field 
simulating a bivalve feeding current. Differences in swimming speeds were studied as 
well. If larvae of both species are able to react to fluid disturbances, higher swimming 
speeds would enable oyster larvae to escape faster and therefore more successfully. 
Additionally, regardless of an ability to react to fluid disturbances, higher swimming 
speeds and faster vertical displacement may increase survival chances in general.  
 
Chapter 5 investigates whether Pacific oyster larvae are filtered less than larvae of M. 

edulis by migrating upwards in the water column in response to the presence of adult 
bivalves. If such a response is present in C. gigas larvae, but not in M. edulis larvae, this 
may explain why Pacific oyster larvae were less susceptible to larviphagy in Chapter 3.  
 
The aim in Chapter 6 was to find field-evidence for effects of larviphagy on the 
abundance of bivalve larvae in the Oosterschelde estuary. The potential impact of 
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larviphagy was studied on three scales. First, literature evidence on larviphagy in 
individual C. gigas, M. edulis and C. edule was confirmed for the Oosterschelde estuary 
by field sampling. Second, local effects of a dense bed of filter-feeding bivalves (C. 

gigas) on bivalve larval abundance in the overlying water column were studied. Third, 
existing time-series of larval abundance of C. gigas and M. edulis in the Oosterschelde 
estuary were related to the increase in total filter-feeder stock and filtration pressure 
caused by the increasing stock of C. gigas. The magnitude of mortality among bivalve 
larvae due to larviphagy in the estuary was estimated using a mathematical model. The 
assumption that larvae are distributed homogeneously over the water column was 
tested using existing results of mussel larvae monitoring in near-surface and near-
bottom water samples.  
 
Chapter 7 is a review of the causes of the Pacific oyster’s success in Dutch estuaries 
and of the potential consequences for native bivalves. First, characteristics of C. gigas 
are discussed that may have contributed to its successful establishment and natural 
range expansion throughout the Oosterschelde estuary and to other estuaries, after its 
initial introduction for culture. Second, comparisons between C. gigas and native 
bivalves are made. Competition for food and space as well as effects of larviphagy 
(chapters 2 to 6) are discussed. Potential effects of C. gigas on native bivalve filter-
feeders, and other species, are evaluated. Finally, some management aspects are 
discussed.  
 




