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CHAPTER 1
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Introduction

Ecosystems are constantly changing: species diversity and community assembly
change due to species additions and deletions, populations of single species fluctuate
in size and genetic diversity and changing circumstances may cause spread or retreat
of species and communities. This also holds for marine benthic ecosystems. The
geographical distributions of marine benthic flora and fauna are determined by
species-specific tolerance to environmental factors, habitat preferences and natural
dispersal potential. Species distributions have therefore changed over geological time
as land masses and marine basins appeared and disappeared, and temperatures and
sea-levels fluctuated. The resulting modern-day distributions of species are still subject
to change.

Changing distributions and diversity patterns of marine communities are natural
phenomena, but may also be inflicted by man through the introduction of non-indige-
nous species. The extent to which natural patterns of diversity and natural distribu-
tions in coastal waters have been affected by anthropogenic species introductions as
a result of human activities, such as trans-oceanic shipping and transfers of shellfish
from one region to another, is the subject of this thesis.

Based on current species distributions, species assemblages, degree of endemism,
physical conditions and the presence of geographical boundaries to spread, biogeo-
graphic regions or provinces have been defined by various authors (Ekman 1953;
Briggs 1974; Vermeij 1978; Spalding et al. 2007). In this thesis the main realms of
concern are the temperate and Arctic North Atlantic Ocean (Fig. 1.1).

Invasion biology

The early naturalists and biologists already noted the possibility of translocation of
species outside their native range by human activities (e.g. Darwin in “the Origin of
Species”, see Ludsin & Wolfe 2001). However, “invasion biology” as a field is relatively
young; the impact of biological invasions has only been acknowledged since the 1950s
(Elton 1958), and invasions in the sea have only received widespread attention since
the 1980s after publication of the first regional overview of introduced species in
coastal waters (Carlton 1979). Since then, the scientific and public interest in marine
bioinvasions has increased substantially, and biological invasions are now acknowl-
edged to be an important component of global change (Carlton 2000; Occhipinti
Ambrogi & Savini 2003; Harley et al. 2006) and globalization (Sax & Gaines 2003;
Ehrenfeld 2005), and are considered to be a major threat to coastal marine biodiversity
(Chapin ef al. 2000; Bax et al. 2003; Molnar et al. 2008).
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Figure 1.1 The marine ecoregions of main interest in this thesis: Arctic - 1. North Greenland, 2. North
and East Iceland, 3. East Greenland Shelf, 4. West Greenland Shelf, 5. Northern Grand Banks-Southern
Labrador, 6. Northern Labrador, 7. Baffin Bay-Davis Strait, 8. Hudson Complex, 18. North and East
Barents Sea, 19. White Sea. Northern European Seas - 20. South and West Iceland, 21. Faroe Plateau, 22.
Southern Norway, 23. Northern Norway and Finnmark, 25. North Sea, 26. Celtic Seas. Lusitanian
province - 27. South European Atlantic Shelf, 29. Azores, Canaries, Madeira. Cold Temperate Northwest
Atlantic - 37. Gulf of St. Lawrence-Eastern Scotian Shelf, 38. Southern Grand Banks-South
Newfoundland, 39. Scotian Shelf, 40. Gulf of Maine/Bay of Fundy, 41. Virginian region. Redrawn from
Spalding et al. (2007).

Terminology

In the literature, many denotations for introduced species are used, some of these
being aliens, exotics, invaders, non-indigenous species, immigrants, translocated
species, naturalized species and adventives. The definition of invasive species varies
among authors, taxonomic groups and geographic regions (Richardson et al. 2000;
Carlton 2002). The term “invasion” is being used for the natural process of range
expansion by natural dispersal in geological time (Briggs 2000). More commonly, inva-
sive species are considered by many to be introduced species that have established
self-sustaining populations, have undergone rapid spread, and have negative ecolog-
ical or economic impact. However, “invasive” is also used for species with an
unknown impact, which is the majority of introduced species. In this thesis I use the
terms invasive, non-indigenous, non-native, introduced and exotic species as alterna-
tive terms to indicate those species introduced by humans to a biogeographic region or
province outside their natural range.
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Invasion process in seven steps

A successful biological invasion-event can be simplified to a seven-step model (Fig.
1.2). At a certain point in time, in the donor region a species pool of a number of
species is present. Some of these species may actually interact with a vector: the phys-
ical means or agent by which a species is transported to another biogeographic region.
Not all species are potentially transported by a vector, only those that have certain
habitat preferences or life-history traits that enable them to be taken up will actually
interact with a vector (1). After uptake by a vector (2), a species will have to survive
transport (3). Surviving transport depends on species characteristics as well as vector
characteristics (e.g. duration of transport, physical conditions, interaction with other
species). After successful transport, a species will have to be released (e.g. by crawling
or swimming away, or by releasing gametes or larvae) in the recipient region (4). In the
recipient region, the environmental variables have to allow the species to survive (5)
(e.g. presence of hard substrates to settle on, salinity, availability of food). Starting a
new population from a single individual is not always possible, and in order to estab-
lish an initial population (6) the presence of other individuals of the same species is
often necessary. For long-term establishment (7) competition over resources and space
with native species is an important factor, and some species are capable of outcom-
peting native species and may spread and develop into a pest or nuisance. A lag-phase
between initial establishment and population growth is common (Mack et al. 2000), and
can explain the delayed observation of novel species after the initial introduction event.

This invasion process has a number of steps that have to be overcome by a number
of individuals in order to secure establishment, and therefore not all introductions are
successful. Of the successfully established introductions, not all develop into a pest
(Williamson & Fitter 1996; Parker et al. 1999).

Determinants of the success of introductions

The success-rate of introductions is dependent on species characteristics, vector charac-
teristics and characteristics of the recipient region. Introductions are more successful in
disturbed environments (Cohen & Carlton 1998; Occhipinti Ambrogi & Savini 2003),
and the presence of already established introductions may facilitate the establishment
of newly introduced species, increase the magnitude of impact and potentially result in
an increasing rate of introductions; known as ‘invasional meltdown” (Simberloff & Von
Holle 1999). Accumulation of introduced species in coastal systems may also transform
historical low-impact introductions into rapidly expanding pests (Grosholz 2005). The
relationship between diversity and invasibility of the recipient region is debated. The
classical view is that more diverse communities become invaded less easily because of
biotic resistance, but this is not always demonstrated in experimental studies (Levine
& D'Antonio 1999). Revealing the mechanisms behind biotic resistance of communities
is one of the challenges in invasion biology (Britton-Simmons 2006).
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Figure 1.2 The invasion process in seven steps. See text for explanation.

Many studies have tried to link species characteristics to successful introductions,

but these efforts do not result in a general set of biological characteristics that are appli-
cable to all successful invaders (Heger & Trepl 2003). Instead, they vary across taxo-
nomic groups, which makes it hardly possible to predict future invasions based on
biological characteristics of species. Physiological tolerance, niche breadth and fecun-
dity are critical, but by themselves are inaccurate predictors of successful introductions
(Sakai et al. 2001; Hayes & Barry 2008). The only accurate species-level predictors of the
success of introductions are the degree of climate and habitat matching of the donor
and recipient regions, and a history of successful introductions in other parts of the
world (Hayes & Barry 2008). This has lead to the creation of ‘worst invaders’ lists, e.g.
the 100 worst invaders (Global Invasive Species Database 2005), and the development
of rapid (molecular) tools to detect (propagules of) these unwanted species in an early
stage of the invasion process, preferably before release by a vector, in order to prevent
establishment (e.g. Harvey et al. 2009).
A vector characteristic that is a good determinant of the success of introductions, is the
number of individuals that is released, which is positively correlated with the proba-
bility of establishment (Hayes & Barry 2008). Coupled with this, higher genetic diver-
sity of the introduced species also increases colonization success, possibly due to the
fact that a larger number of genotypes makes adaptation to local circumstances easier
(Crawford & Whitney 2010).

In summary, the success rate of introductions is dependent on donor- and recipient
region characteristics, taxonomic group, species characteristics and vector characteris-
tics, which may all change over time (Carlton 1996b), and because of this complexity,
the establishment and potential impact of introductions are highly unpredictable.
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Vectors

Characteristics of the vector by which species are introduced, such as numbers of indi-
viduals released, the type of community transported and the pathway of introduction,
are determinants of the success of introductions and can explain patterns in changing
diversities and distributions. In Table 1.1, the predominant vectors for the introduction
of non-indigenous species are listed with some examples of associated introductions
from the literature. The predominant vectors world-wide are shipping- and aquacul-

ture-associated vectors, in particular hull fouling, ship ballast and oyster transports.

Table 1.1 Human activities and associated vectors of introduction for non-indigenous species. Gray-
shaded vectors are discussed in detail in this thesis; in Chapter 4 historical hull fouling and boring and
associated historical introductions are dealt with. In Chapter 3 oysters as a vector for associated
species introductions are analyzed.

activity vectors some examples and references
shipping hull fouling and boring shipworm Teredo navalis (Hoppe 2002)
solid ballast Fucus serratus and Littorina littorea introduced
to America from Europe with rock ballast
(Blakeslee et al. 2008; Brawley et al. 2009)
ballast water (Carlton 1985; Mills et al. 1993)
sea-chests (Lee & Chown 2007)
anchor Codium fragile ssp. tomentosoides possibly
transported in anchor chains
(Schaffelke & Deane 2005)
aquaculture  deliberate translocation of fish and Opyster translocations (Ruesink et al. 2005)
shellfish
accidental with deliberate Crepidula fornicata (Blanchard 1997)
translocation of fish and shellfish
accidental with seaweed packing of (Mills et al. 1993)
fish and shellfish
canal natural range expansion through Cordylophora caspia invasion in the Baltic Sea
construction ~ man-made canals via canals from the Caspian sea (Nehring &
Leuchs 1999), Lessepsian migrants in the
Mediterranean (Por 1978)
with ships through man-made canals  mussel Brachidontes pharaonis, did not
naturally migrate but was introduced by ships
(Shefer et al. 2004)
plant deliberate translocation of plants and  Spartina (Gray et al. 1991)
introductions  associated introductions
individual bait (Weigle et al. 2005)
activities accidental with bait or seaweed Carcinus maenas in San Francisco Bay
packing of bait (Cohen et al. 1995)

release from aquaria

release as a result of research activities

reef fishes in Florida (Semmens et al. 2004),
Caulerpa taxifolia in the Mediterranean
(Meinesz et al. 2001)

Crassostrea gigas in the Wadden Sea
(Tydeman 2008)




Ships transport non-indigenous species on and in their hull (hull-fouling and
boring organisms) and have done so since ancient times. The organisms that colonize
ship hulls are mostly of subtidal origin, and may be sessile, boring, encrusting and
mobile species. Hull fouling increases drag of sailing ships, and historically ships had
to be careened periodically to manually remove fouling. Since the use of steel in ship
construction, the development of motorized vessels and the increase of ship speed
(giving organisms less opportunity to settle on the hull and to become released in the
recipient region, and increasing the chance of organisms being swept off the hull
during transport), and the wide-spread use of effective anti-fouling paints the number
of inter- or trans-oceanic hull-fouling introductions has been reduced. However,
pleasure craft travelling intra-regionally and at slower speeds still form an important
vector for the secondary spread of introduced species (Floerl & Inglis 2005). With the
ban of TBT-containing paints (due to the detrimental effects of TBT on marine fauna)
and improving water quality in ports and harbors this vector may experience a revival
in the future, since more abundant and diverse fouling communities will be able to
colonize the hulls of visiting ships (Carlton 1996b; Nehring 2001).

Ships that do not carry cargo use ballast to secure their stability. In the past (before
1900), dry or solid ballast, in particular rocks and sand, were used to stabilize ships.
Ballast was taken up in the port of departure, mostly from the lower shore, and was
dumped in ports of arrival before loading cargo. The organisms associated with solid
ballast were mostly of intertidal origin and were introduced with their substrate.

From 1870 onwards, the use of dry or solid ballast was gradually replaced by ballast
water for stability, thus creating a new mode of dispersal for organisms (Carlton 1985).
Ballast water is taken up in the port of departure and dumped in the port of arrival.
Ballast water may contain organisms from all phyla and of all life-stages, and these may
occur in high numbers due to the large volume of ballast water in a single ship. Ballast
water is a potent vector, not only because of the large number of individuals and taxa
that are contained in ballast tanks and sediments on the bottom of the tanks, but also
because rates of survival in ballast tanks are high due to the fairly stable conditions. The
chance of survival upon release in the recipient coastal region is also high, as environ-
mental conditions are often similar to those in the donor region (Carlton & Geller 1993).
Ballast water exchange in the open ocean is used as a measure to decrease the risk of
introducing coastal non-indigenous species at the other side of the ocean.

In order to restock or start local fisheries, non-indigenous species of fish, crus-
taceans and shellfish have been introduced outside their native ranges. These transfers
of live aquaculture species, mostly shellfish, resulted in the establishment of these
species, but also of species that are associated with these organisms. The most
commonly introduced shellfish are oysters, in particular the Pacific oyster Crassostrea
gigas, which originally occurred in the northwest Pacific, and now has established
naturally reproducing populations in the coastal zones of all continents (except
Antarctica) (Ruesink et al. 2005; Molnar ef al. 2008). When live, adult oysters are
translocated, the oyster shells provide a habitat for a large number of sessile and
mobile fouling organisms, and this epiflora and -fauna of the oyster shell is introduced
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with its substrate. Large-scale oyster transports occurred in the past, and continue to
take place in the present. They are therefore still an important vector for primary intro-
ductions and secondary dispersal of associated species.

The transport mechanisms elaborated on above are the most important vectors in
terms of numbers of species that were introduced with them. However, smaller vectors
can also result in invasions with enormous impact, such as the accidental release from
an aquarium of the alga Caulerpa taxifolia in the Mediterranean (Meinesz et al. 2001).
The number of acting vectors is increasing over time, as is the frequency of transport
due to increased global trade (Carlton 1999a; Carlton & Cohen 2003).

Rates of invasions

The growing magnitude of global trade and associated transport vectors, and the multi-
plied number of acting vectors (Carlton & Cohen 2003) are greatly accelerating the rate
of non-indigenous species introductions in coastal communities, especially in the past 30
years (Ruiz et al. 1997; Galil 2000; Leppékoski et al. 2002; Hewitt et al. 2004; Streftaris et al.
2005; Chapter 3). On a global scale, only 17% of the marine bioregions have no intro-
duced species, which most likely may be due to underreporting (Molnar et al. 2008).

Some regions are more invaded than others, and some major receiver and donor
areas have been identified (Carlton 1987). This directionality of invasions can be
explained by different factors. Invasions tend to occur from high-diversity regions to
regions of lower diversity, similar to the exchange of biota in geological history (e.g.
the trans-Arctic migration of Pacific species into the North Atlantic Ocean). This has
been attributed to longer evolutionary history resulting in more stable and diverse
communities (Vermeij 1991) and high rates of prior extinction (Vermeij 2005). Systems
with low species richness, such as brackish waters, are hypothesized to have many
empty niches, which can be occupied by arriving exotic species (Wolff 1999; Paavola et
al. 2005), resulting in high rates of invasions.

The impact of invasions

The impact of introduced species can be studied on different levels and scales.
Ecological consequences of introduced species can be the alteration of fundamental
processes such as nutrient cycling, primary and secondary production, disruption of
key ecological interactions, habitat alteration and competition with native species for
resources, resulting in (functional) extirpation of native species (Mack et al. 2000). The
general success of invaders over native species has been attributed to the absence of
parasites (Torchin et al. 2003) or natural predators in the newly invaded range - the
‘Enemy Release Hypothesis” (Williamson 1996; Keane & Crawley 2002), and anthro-
pogenic disturbance in the recipient region that disrupts native communities, making
them vulnerable to invasions (Mack et al. 2000).



Invaders that have great economic consequences, e.g. by negatively impacting fish-
eries, are considered a pest. In the marine realm, introduced species are hard to combat
once they have established self-sustaining populations, and in most cases, once they
are found, they have already established. There are only two examples of a successful
eradication of nuisance species in the sea. Caulerpa taxifolia was successfully eradicated
from southern California, where it was only locally present and was manually
removed and treated with chlorine (Anderson 2005). The dreissenid mussel Mytilopsis
sallei was eradicated from localized introduction sites in Australian marinas by
dumping chlorine in the marina and eradicating not only the introduced mussel, but
all organisms that were there (Bax et al. 2002). The intentional introduction of exotic
species in order to control or decimate non-indigenous pest species has been used in
terrestrial and freshwater systems only and is known as biocontrol. The organisms that
are introduced parasitize, eat, infect or compete with the pest species, and are ideally
host-specific. Although biocontrol has been successful in some cases, it can also result
in unexpected and unintended development of the introduced species into a new pest
(Secord & Kareiva 1996). Marine ecosystems have important contrasting attributes
compared to terrestrial ecosystems, such as life-history characteristics, dispersal strate-
gies and the relative openness of the system (Strathmann 1990). This creates a higher
risk of unwanted side-effects of biocontrol, and because of the unpredictability of these
introductions biocontrol has not been carried out in the marine environment (Secord
2003).

There are no records of extinctions of marine organisms due to the introduction of
non-indigenous species (Wolff 2000; Gurevitch & Padilla 2004) and therefore negative
consequences of invasions are debated. Most introductions appear harmless and are
thus by some authors concluded to increase local biodiversity and thereby positively
affect the receiving ecosystem (Reise et al. 1999; Briggs 2000). However, there are many
examples of invasions with negative consequences, and more importantly, the impact
of most invasions (90-95%) remains unknown (Parker et al. 1999; Carlton 2003b). It can
therefore not be said that introduced species in general have positive effects, and
biological invasions are acknowledged to be a major threat to coastal marine biodiver-
sity (Chapin et al. 2000; Bax et al. 2003).

Underestimation of invasions

In addition to the lack of studies on the impacts of invasions, we may also be greatly
underestimating the number of introduced species world-wide. This is likely due to
underreporting; in some regions novel species are not documented.

Recognized invaders more commonly belong to well-studied taxonomic groups,
such as crustaceans, mollusks, macroalgae and fish, and less often to marine bacteria,
meiofauna and microalgae, which are typically of smaller size (the ‘small’s rule’
(Carlton 2003b; Carlton 2008). In general, less conspicuous and taxonomically prob-
lematic taxa or small organisms typically have larger proportions of species with
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cosmopolitan distributions. The ‘everything is everywhere” hypothesis states that
small organisms (bacteria, protists, small invertebrates), due to their high dispersal
potential, have cosmopolitan distributions and do not show biogeographical patterns
(Pommier et al. 2007). This hypothesis has been challenged in the past decades by
molecular genetic studies, which have resulted in the discovery of cryptic species
complexes and diversity patterns across all taxonomic groups and from all habitats.
The marine realm appears to harbor an especially high number of cryptic species
because of the high species richness and complex inter-specific interactions (Bickford et
al. 2007), which is one explanation for the high share of cosmopolitan species in these
groups. However, because of their cryptic life-histories or small sizes, anthropogenic
dispersal and introduction of these groups is highly likely, and current numbers of
introduced species of these less-conspicuous groups are greatly underestimated,
resulting in an overall underestimation of the scale of invasions in the sea.

Another fundamental issue that has resulted in the under-reporting of introduced
species is the fact that species are assumed to be native by default, ignoring the fact
that trans-oceanic shipping started long before the first comprehensive biological
studies were carried out in coastal systems. These early ships carried rich fouling
communities, used solid ballast, travelled at slow speeds and had long harbor resi-
dence times, increasing the risk of introducing exotic species. Historical invasions are
known to have occurred, famous examples being the soft-shelled clam Mya arenaria,
which was introduced to Europe from America by the Vikings (Petersen ef al. 1992),
and the Portuguese oyster Crassostrea angulata, which was likely introduced by
merchant vessels from the Northwest Pacific in the 16th century (O Foighil et al. 1998).
These are only two examples, from a well studied taxonomic group that additionally
has a fossil record, but we have certainly overlooked many more historical invasions.
These unrecorded invasions are part of today’s cryptogenic species: species that are
neither demonstrably native, nor introduced (Carlton 1996a). Cryptogenic species are
often included in regional lists of introduced species, but the cryptogenic category is
mostly used conservatively: only those species are included for which there is evidence
that they are introduced, but for which the region of origin remains unknown. Instead,
all species that are potentially transported by anthropogenic vectors and have a distri-
bution pattern that cannot be explained by natural dispersal mechanisms should be
included in the cryptogenic category (Carlton 1996a; 2008). The underestimation of the
number of invasions has great consequences for our view of natural distributions and
diversity patterns in the sea and our understanding of the magnitude and conse-
quences of biological invasions (Carlton 2003b).

Thesis outline
The general topic of this thesis is the extent of marine bioinvasions, including historical

invasions, in a temperate coastal system. In order to investigate the extent of invasions,
I researched established invasions and cryptogenic species in the North Sea, analyzed



oyster transports (one of the predominant vectors) in detail, estimated the scale of
cryptogenesis in the North Atlantic Ocean and analyzed the phylogeography of a cryp-
togenic ascidian. This thesis consists of two parts, that differ in the temporal,
geographical and diversity scales that are investigated, which is illustrated in Fig 1.3.

Part I: Vectors

In Chapter 2 an up-to-date overview is given of the known introduced and crypto-
genic species of the North Sea. Previous studies in countries bordering the North Sea
have created national lists of invaders in their coastal waters, (e.g. Eno et al. 1997;
Nehring & Leuchs 1999; Wolff 2005b; Jensen & Knudsen 2005). A previous list of
invaders in the North Sea (Reise et al. 1999) is updated here. In addition, aspects of the
invasion history of three notorious introduced species are described in detail.
Established introductions are analyzed for donor regions and taxonomic groups intro-
duced, and for the relative importance of vectors, in terms of their contribution to the
number or proportion of established invasions, which is known as vector strength
(Carlton & Ruiz 2005). By determining vector strength and analyzing current invasions
in different parts of the North Sea we can indicate which human activities are of risk of
introducing novel species, and which species are to be expected. The cryptogenic
species listed together with the known historical invasions constitute a first estimate of
the extent of historical invasions.

One of the predominant vectors in the North Sea region, as well as in other parts of
the world (Molnar et al. 2008), is the translocation of adult and seed oysters for aqua-
culture purposes (Table 1.1). Oyster transports as a vector are analyzed in detail in
Chapter 3. The success rate and timing of introductions with oysters were estimated by
compiling an overview of species introduced with this vector from the literature.
Furthermore, we reconstructed commercial oyster shipments to The Netherlands, and
tried to link species introductions to these shipments. Propagule pressure is a vector
characteristic that is composed of the absolute number of individuals released in one
introduction event and the number of discrete release events (Carlton 1996b; Lockwood
et al. 2005). It is an important determinant of the success of an introduction. By identi-
fying macroalgae growing on Pacific oyster shells from the Oosterschelde estuary in the
Southwest Netherlands and combining this with the reconstruction of commercial
oyster shipments, the propagule pressure exerted by this vector was determined.

Part II: The scale of cryptogenesis

In general, geographic distributions of marine organisms are shaped by dispersal and
vicariance events, as described in the introduction. In the North Atlantic, the
Pleistocene glaciations have had a profound impact on species diversity and distribu-
tions of marine biota (Hewitt 1999; 2000). Temperature and sea-level fluctuations and
the formation and retreat of ice-sheets resulted in repeated compression and expansion
of species distributions. During the Last Glacial Maximum (LGM), ~21,000 years BP,
the continental shelf was exposed in parts of the North Atlantic Ocean, including the
North Sea, and large parts of the American and Eurasian continents and parts of the
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Figure 1.3 Different temporal (a), geographic (b) and diversity (c) scales addressed in this thesis.



Figure 1.4 The North Atlantic Ocean during the LGM (~21,000 BP). The extent of ice sheets is shown,
as well as the location of (putative) glacial refugia (indicated with an asterisk for demonstrated
refugia, and a question mark for putative refugia). The exposed continental shelf is shown by the thin
gray lines. In addition, the Sea Surface Temperatures during the LGM and in modern times are indi-
cated. The lower set of solid contour lines reflects sea surface temperature (SST) isotherms (6-14°C)
during the LGM; the upper set of dotted contour lines reflects SST isotherms in modern times during
summer. Note the compression of isotherms on the West Atlantic coast. Redrawn from Olsen ef al.
(2010).

coastal ocean were covered by a thick ice sheet (Fig. 1.4). Species were restricted to
refugia, from where they colonized their modern ranges after the LGM, when the ice
sheets retreated and sea-levels and temperatures rose, resulting in modern-day distri-
butions of benthic flora and fauna. Based on geological and mostly genetic evidence,
several southern refugia have been identified on European and American coasts, and
several northern periglacial refugia have been postulated to have existed, such as on
the Icelandic coast (reviewed in Maggs et al. 2008; Fig. 1.4). Due to the severity of the
effects of the Pleistocene Glaciations in the North Atlantic Ocean, the current distribu-
tions of shallow-water benthic invertebrates and algae in the North Atlantic are rela-
tively recent when compared to their North Pacific counterparts.

Within the North Atlantic Ocean basin, there are some marked differences between
the European and North American Atlantic coasts. The Summer Sea Surface
Temperature Isotherms are more compressed on the North American coast when
compared to Europe, thus creating a smaller potential range for temperate species (Fig.
1.4). On the American side, hard substrates are absent south of Cape Hatteras, further
restricting potential distributions of rocky-shore species. During the LGM American
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hard substrate species would not have been able to retreat to refugia in the south, and
were thus restricted to a few putative refugia in the north. Refugia in Europe were
more numerous, and hard substrates are present all along the European Atlantic coast.
The result of this is that the European coast is generally more diverse in species than
the American coast (Briggs 1974; Vermeij 2005). Recolonization of the American coast is
assumed to have taken place by natural dispersal from local refugia, as well as from
refugia in Europe (Wares & Cunningham 2001).

The possibility of anthropogenic dispersal with ships (mainly as hull fouling) is
rarely being considered. However, trans-Atlantic shipping started with the Vikings
reaching Newfoundland around 1000 BP. After the (re)discovery of the Americas in
1492 large-scale shipping did occur across the North Atlantic, and there are many
examples of historical introductions from those times which are only now being
revealed by molecular studies (e.g. Blakeslee et al. 2008; Brawley et al. 2009).

In order to distinguish between natural distribution patterns and distribution
patterns that are the result of anthropogenic introduction, in Chapter 4 an overview of
all species of Hydrozoa, Bivalvia and Ascidiacea present in the North Atlantic Ocean is
presented. These taxonomic groups were chosen because they vary in their natural and
anthropogenic dispersal potential and have different life-history traits. Disjunct amphi-
Atlantic distribution patterns (i.e. species that occur in shallow waters on European
and North American Atlantic coasts, but are absent from Arctic or sub-Arctic waters)
are used as a proxy for cryptogenic species plus known introductions. Distribution
patterns and dispersal potential of individual species are investigated, and species are
assigned to native, introduced or cryptogenic categories. By reviewing natural
dispersal potential, cryptic speciation, the effects of the LGM and anthropogenic
dispersal, an estimate of the number of possibly unrecorded introductions in the North
Atlantic is obtained. The aim of this chapter is not to demonstrate that species are
introduced, but the history of species is questioned and the number of cryptogenic
species is compared across taxonomic groups. Identifying cryptogenic species is a first
step in acknowledging the true scale of marine bioinvasions, which is crucial to our
understanding of rates of evolution in the sea and the influence of introduced species
on ecosystem functioning.

In Chapter 5, one of the cryptogenic species identified in Chapter 4 is investigated
in detail. The ascidian Molgula manhattensis has a disjunct amphi-Atlantic distribution
pattern, has limited natural dispersal capacities, is associated with hull fouling and has
a recent history of world-wide invasions. mtDNA COI sequence data have been
demonstrated to be a successful tool in ascidian species identifications and deter-
mining previously unrecognized or cryptic ascidian invasions (Tarjuelo et al. 2001;
Castilla et al. 2002; Turon et al. 2003; Tarjuelo et al. 2004; Lopez-Legentil et al. 2006;
Lopez-Legentil & Turon 2006). This molecular tool is used to analyze the phylogeog-
raphy of M. manhattensis in the North Atlantic Ocean, in order to distinguish between
anthropogenic and natural causes for its current disjunct distribution pattern, and to
determine the effect of anthropogenic dispersal on genetic diversity patterns.
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Introduction

Introduced aquatic species have received more attention in north-western Europe
following the summaries from the German North Sea coast (Gollasch 1996; Nehring &
Leuchs 1999), Britain (and Ireland) (Eno et al. 1997; Minchin & Eno 2002), Norway
(Hopkins 2002) and a more general account for the North Sea (Reise et al. 1999). Since
then, several inventories have appeared: for the German coast (Nehring 2005), the
Dutch coast (Wolff 2005b) and the Danish coast (Jensen & Knudsen 2005). In this
account we review, summarize and update all those previous accounts. We have also
included non-indigenous introduced species which were known from the North Sea
but most probably are extinct in this area today, and species that have been recorded,
but for which we have no proof of self-sustaining populations. For the purpose of this
account:

- The North Sea is defined from a line between Dover and the Belgian border in the
south-west to a parallel line from the Shetland Islands to Norway in the north, and
includes the Skagerrak in the east (modified after North Sea Task Force 1993). The
boundary between the North- and Baltic Seas, as defined by the Helsinki
Commission (www.helcom fi), is the parallel of the Skaw in the Skagerrak at
57°44 43'N.

- We define marine and brackish-water species as those aquatic species which do not
complete their entire life cycle in freshwater (modified after ICES 2005). Marine
species are those that have their main distribution in salinities higher than 18 psu;
brackish-water species have their main distribution in salinities between 1 and 18
psu.

- Introduced species (= non-indigenous, exotic or alien species) are species trans-
ported intentionally or accidentally by a human-mediated vector into habitats
outside their native range. Note that secondary introductions may be transported
by human-mediated vectors or by natural means (ICES 2005).

- Avector is any living or non-living carrier that transports living organisms inten-
tionally or unintentionally (ICES 2005).

Non-indigenous aquatic species in the North Sea region

In total, 167 introduced and cryptogenic species were reported in the North Sea. There
appear to be more records from The Netherlands than from other parts (Fig. 2.1) which
may be explained by the most intensive shipping (Port of Rotterdam) and aquaculture
(Oosterschelde Estuary) activities in the North Sea region (Wolff 2005b). The lower
number of records for the British North Sea coast is more difficult to explain. With
respect to red algae, Maggs and Stegenga (1999) suggest that the prevailing alongshore
currents from the north are less likely to spread introduced species compared to the
eastward currents from Norfolk and the Channel which pass the continental shores of
the North Sea.
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Figure 2.1 Introduced species in the North Sea region. Pie charts show relative importance of likely
introduction vectors for non-indigenous species (excluding cryptogenic species) per country. The total
number of non-indigenous species per country is given.

The dominant introduction vectors are shipping and intentional introductions for
stocking or aquaculture purposes (Table 2.1, Fig. 2.3). The most recently recorded non-
indigenous species are Rapana venosa and Neogobius melanostomus, which were both
recorded for the first time in the North Sea and adjacent waters in 2005 (Kerckhof et al.
2006; van Beek 2006). Shortly after the first version of this manuscript was submitted a
new non-indigenous species of great concern was found in the North Sea (<2006):
Mnemiopsis leidyi. This comb jelly was also introduced in other European Seas and
contributed to the decline of fisheries.
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Most introduced species in the North Sea are benthic species, of which most are
animal taxa (Table 2.2). More than two thirds of the known introductions have estab-
lished self-sustaining populations. For others the population status is unknown. For
some species there are only single specimen records or occurrences in small numbers
and some populations may have been present over varying time periods, although
there are no recent records (Fig. 2.2). The majority of introduced species have local
distributions (Table 2.3), although 18 taxa were found in six of the seven North Sea
countries (i.e. Belgium, Denmark, Germany, The Netherlands, Norway, Sweden and
United Kingdom). Many native species are widely distributed on the coasts of North
Sea countries and this pattern is generally found for many species that were intro-
duced at an early time and had the ability to become dispersed. Table 2.3 shows that
many recent introductions, as well as cryptogenic species, were recorded in one or two
North Sea countries, which may indicate a comparatively recent arrival.

Of the total number of introduced species, 136 were marine taxa (81.9%). However,
the proportion of marine vs. brackish water invaders varied by country, and marine
species dominated. Investigations on alien species will have different levels of effort
according to the degree of nuisance a species causes, its size, the available taxonomic
expertise and diligence of monitoring surveys in each country. There will almost
certainly be other introduced species that have as yet not been recognized. The absence

Table 2.2 Numbers of non-indigenous species in the North Sea per functional group.

Group Number
Zoobenthos 84
Phytobenthos 36
Phytoplankton 22
Parasite/ pathogen 12
Nekton 8
Zooplankton 5
Total 167

uncertain
14%

extinct
7%
unestablished
5%
Figure 2.2 Invasion status of non-indi-
genous and cryptogenic species in the
North Sea.

established
74%
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Table 2.3 Occurrence of all non-indigenous and cryptogenic species per number of North Sea countries.

Number of All non- Cryptogenic
Countries indigenous species species

1 48 11

1 25 11

3 23 8

4 6 3

5 9

6 8 1

7 10 4
total 129 38

of a species in neighboring countries may reflect some of these issues. For several
species, the invasion vector cannot be easily determined, for example, Pacific oysters
may be introduced either as adults attached to ship hulls, as larvae carried in ballast
water of ships, with imports of stock for aquaculture purposes, or for direct human
consumption but released into the environment. We have selected the most likely
vector, which in this case we believe to be stock movements of Pacific oysters because
the evidence for this is strongest. For species that are most frequently associated with
hull fouling, this form of transport was assumed to be the responsible vector. For
planktonic taxa and microscopic resting stages we have deemed ballast water to be the
most likely vector since such species that are associated with hull fouling might be
expected to become flushed away during ship journeys at sea (Table 2.1). The human
activities near to the site of the first records generally are assumed to be responsible for
an introduction event. However, such deductions are not always secure and for this
reason we have indicated where the likely vector remains unclear (Table 2.1, Fig. 2.3).
In summary, the dominant vectors of introductions are shipping-associated vectors (i.e.
hull fouling of ships and small craft and ships’ ballast water and its sediments) and
live aquaculture products, including their associated biota (Fig. 2.3).

other
unknown 3.8%
7.6%

hull fouling
25.0%

unclear
18.9%

Figure 2.3 Vectors of first introduction
for non-indigenous species in the

North Sea.

aquaculture &

ballast water stocking 25.0%

19.7%



Cryptogenic Species

Some species (n = 38) for which the origin remains unknown or undecided may be
identified as introduced species at some future time with, for example, the use of
genetic markers. In the meantime these species are deemed to be species of uncertain
status, i.e. they are neither demonstrably native nor introduced, and these are assigned
to the cryptogenic category (Carlton 1996a). These species may have been introduced
during the time of the early sea voyages, and they may have either deliberately or
inadvertently become imported to Europe on return from these trans-oceanic voyages.
Some of these almost certainly became established and spread within Europe and may
today be considered native. The soft-shelled clam Mya arenaria is such a species
thought to have been introduced to Europe by returning Viking expeditions in the
1200s (Petersen et al.1992; Strasser 1999) and the Portuguese oyster Crassostrea angulata,
may have been carried with returning sailing ships from Taiwan in the 1500s. It is
because the study of taxonomy and ecology developed at a later time, from the eigh-
teenth century onwards, that the changes in distributions have been more carefully
recorded. During the years preceding ecological and taxonomic studies, ships will
have had wooden hulls, which may have been subject to intensive fouling and boring,
and they travelled at low speeds and remained immersed in the water over long
periods, increasing the possibility of introducing associated species.

There are potentially many overlooked introductions, often belonging to the less
conspicuous, and less studied groups, such as interstitial fauna, polychaetes,
microalgae, protozoans, hydroids, and bryozoans (Carlton 2003b). Estimating the total
number of cryptogenic species in the North Sea is almost impossible, although some
indication may be obtained by examining each taxon and its ability to foul or bore in
ship hulls or to survive voyages with solid ballast. Indications of a non-indigenous
origin may be provided by identifying species with disjunct distributions, low
dispersal potential, high fouling capacity and the likelihood of interacting with a
human mediated vector and route that may have occurred at some point in time.

Non-indigenous species recorded in the North Sea as a result
of natural dispersal

In the introduction, an overview was given of the published accounts of introduced
species in the North Sea region. These accounts tend to list only those species that have
known impacts or are commonly encountered. Species recorded as non-indigenous in
these country reports may actually be native to another North Sea country, or to the
biogeographic region encompassing the North Sea and may have spread by human
activities. Natural events, such as exceptional water inflow due to rare hydrodynamic
events or storms, can result in (mostly) temporary occurrence of species outside their
normal ranges (e.g. Berge et al. 2005). Vagrant species such as fishes (i.e. Mola mola and
Carcharinus longimanus), neustonic species (i.e. Lepas anatifera) and planktonic species
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occasionally appear in the North Sea under such natural circumstances. Wiltshire
(pers. comm.) and Franke & Gutow (2004) have indicated that many species newly
found in the North Sea previously had eastern distribution limits in the British
Channel, but these have been extended into the North Sea in recent decades most
probably due to climate change (Stachowicz et al. 2002; Beare et al. 2004; Perry et al.
2005). Some species native to warmer climate regimes have colonized lagoons or docks
that generally have higher temperatures, or appear in some areas in summer or in
areas where there are thermal plumes. For example, the polychaete Ficopomatus enig-
maticus was first recorded at the London Docks (United Kingdom) in 1922 (Eno ef al.
1997), in the port of Vlissingen (The Netherlands) in 1967 near a power plant (Wolff
2005b) and also in the port of Emden (Germany) in close proximity to a power plant
(Kuihl 1977). Today, the species is widespread in the south-western North Sea and is
established in four countries (Belgium, Germany, The Netherlands and The United
Kingdom).

Case Histories

Three introduced species that have a significant impact in the North Sea and are found
in all seven countries are selected as case studies. These are the slipper limpet Crepidula
fornicata, the Chinese mitten crab Eriocheir sinensis and the shipworm Teredo navalis.
These species have varying social, economic and ecological effects within the North
Sea region.

Crepidula fornicata - the Slipper Limpet
This snail has a thin white shelf inside the shell aperture that protects the visceral
mass, giving it a slipper-like appearance and it can attain a size of 5 cm. Individuals are
most often found in a ‘chain” with the oldest, female individual at the base. Following
its planktonic phase the crawling male seeks to attach to the last member of a chain
where it will remain confined. Over time the male gradually transforms to a female to
which other wandering males may become attached to extend the chain to as many as
twelve individuals. Those that do not find chains may self-fertilize (Cole 1952). In
temperate waters C. fornicata can produce more than one brood a year and survive up
to ten years. This species is a successful invader because of its persistent recruitment
success and ability to colonize a wide range of habitats. Its first known occurrence in
Europe was in 1872 in Liverpool Bay, England. It did not form an established popula-
tion at this time but did so at a later time on the south-east coast of Britain following
introductions of half-grown American oysters Crassostrea virginica relaid on estuarine
shores.

Once introduced, a population can develop to nuisance levels within ten years.
C. fornicata is tolerant of a wide range of conditions within its native range where it
occurs from the Gulf of St Lawrence to northern Mexico. It occurs in shallow bays,
estuaries and lagoons where temperatures range from -6°C when exposed to frosts to



>25°C, and salinities of 25-35 psu, but it can endure short periods of lower salinity
(Walne 1956). Should mortalities arise from extreme weather events, recruitment from
planktonic larvae can take place from deeper waters. There is evidence that slipper
limpet populations declined during cold winter periods (Thieltges et al. 2004).
However, the current trend of warmer winters may have aided in its continued north-
ward expansion. It now occurs as far north as 59°N on the Norwegian coast but has
also extended its range southwards to the Spanish rias. For some reason it has not
become abundant in the shallow Baie de Arcachon in France (Montaudouin et al. 2001).
C. fornicata is also known to occur in Sicily in the Mediterranean Sea.

The routes and modes of spread of the slipper limpet are varied. It reached Europe
tucked with American oysters inside wooden barrels dispatched as deck cargo on
steam-ships from Long Island Sound (Minchin et al. 1995). These oysters were laid on
shores and the limpets among them colonized an estuary on the southeast coast of
Britain, first found there in 1893. It then spread, partly aided by its planktonic larval
stage, to become established along the south British coast. It has also been spread with
flotsam. Specimens were stranded on Belgian shores in 1911 and soon after became
established there. Korringa (1942) found many specimens attached to a stranded
wreckage on the Dutch coast in 1926. A few years later the species was found in the
Oosterschelde estuary; in 1930 it had become common. On ‘D-Day” in 1944 during the
Second World War, large numbers of C. fornicata were carried to Normandy, France, as
hull fouling on the undersides of Mulberry Harbors used to deliver military equip-
ment ashore. These floating units had acquired sufficient limpet fouling while awaiting
deployment in sheltered British estuaries (Blanchard 1997).

Much of the slipper limpet expansion along North Sea coasts has involved the
movement of oysters between estuaries and lagoons such as the Wadden Sea (Thieltges
et al. 2003) and the Limfjord. It has even spread to isolated islands such as Helgoland.
Scallops often bear the slipper limpet and stocking with sowing sized scallops may
also result in its secondary spread.

Off the coast of Brittany, this limpet has become associated with maerl deposits
which are important for conservation. In some areas, such as Marennes-Oleron,
C. fornicata populations are culled by dredging to reduce their competition with oysters
(Deslous-Paoli 1985). Abundant slipper limpets change sediment structure by the accu-
mulation of vast numbers of their vacant shells and fine particles from faeces and
pseudofaeces accumulated within these shells. In the 1980s, C. fornicata’s biomass in
Europe probably exceeded one million tonnes (Quiniou & Blanchard 1987). Although
during the Second World War 4000 tonnes of C. fornicata were processed for human
consumption, it has not been marketed since.

Soon after its arrival in Europe it was declared an ‘oyster pest’, although the
evidence is somewhat equivocal. In field experiments, Montaudouin et al. (1999) could
not find any effect on the growth of the Pacific oyster Crassostrea gigas, and by use of
carbon and nitrogen isotopes, Riera et al. (2002) found differences in food sources;
however, competition was shown between the slipper limpet and the mussel Mytilus
edulis. Thieltges (2005a) found negative effects of the slipper limpet on mussel growth
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and survival. However, mussels with attached slipper limpets were also found to have
higher survival rates than mussels without slipper limpets, which suffered from higher
levels of predation by sea-stars (Thieltges 2005b). Chauvaud efal. (2000) have
suggested that the impact of harmful algal blooms can be reduced where the slipper
limpet is abundant. Apparently, there is a complex series of interactions within an
ecosystem that results in both negative and positive effects of this invader on other
components of the ecosystem (Thieltges et al. 2006).

Outside of Europe, C. fornicata occurs on the North American Pacific coast, Japan
and Uruguay. It has the ability to colonize other temperate estuaries and inlets of the
world, such as on the southern coastline of Australia, Tasmania and New Zealand,
South Africa and South America. It is possible that it is distributed to these regions by
oyster transports or as hull fouling on ships. Vigilance in the monitoring of oyster
transports should aid in preventing their establishment in these regions.

In areas where C. fornicata has become abundant, individuals or some small chains
were first found. Early reporting, if soon acted on, may thus lead to elimination.
Following the 1993 European Trade agreement, the Pacific oyster, subject to some
conditions, may be transported within European waters. This is likely to lead to the
further spread of the slipper limpet and of other species unless consignments are care-
fully monitored. Despite management measures, the high dispersal ability of the
slipper limpet has ensured that it spread within Europe following its establishment
over a century ago. This spread has been due to the variety of vectors it is associated
with, but also to natural spread of larvae and settled stages. The eastern oyster drill
Urosalpinx cinerea, native to the northwest Atlantic coast, was introduced along with
the slipper limpet to the south-east coast of Britain at about the same time. This preda-
tory snail has no pelagic life-history stage, which reduces its natural dispersal poten-
tial. The close regulation of the movement of oysters in Britain from the areas where it
occurs and the prevention of its spread within Europe even after a century appeared to
demonstrate that some control measures do work. However, U. cinerea was recently
introduced to The Netherlands with mussel imports from the United Kingdom and
Ireland and appears to have established in the Oosterschelde estuary (Faasse &
Ligthart 2007; 2009).

Eriocheir sinensis - the Chinese Mitten Crab

This crab’s life-cycle is characterized by migration between waters of different salini-
ties. Larvae develop in marine waters and juveniles and young adults actively migrate
upstream into freshwater habitats. Two-year-old adults migrate downstream to marine
conditions, which may take several months and during this they become reproduc-
tively mature. There is no native crab in Europe with a similar catadromous mode of
life. E. sinensis’s area of origin are waters in temperate and tropical regions between
Vladivostock (Russia) and southern China (Peters 1933; Panning 1938). The centre of
occurrence is the Yellow Sea, a temperate region off northern China (Panning 1952).
The mitten crab was first recorded outside its native range in 1912 in the German river
Aller. It has been suggested that E. sinensis was introduced to Germany with ballast



water. In Europe, it is most abundant in estuaries adjacent to the North Sea. The first
mass development was documented during the 1930s - and was followed by other
mass occurrences in the 1940s, 1950s, 1980s and 1990s (Schnakenbeck 1924; Boettger
1933; Sukopp & Brande 1984; Anger 1990; Reise 1991; Michaelis & Reise 1994; Clark et
al. 1998; Fladung pers. comm.). After the last mass occurrence the crab population
declined in Germany (Strauch pers. comm.). Soon after it was first found, it spread to
the Baltic coast of Germany (1926) and Poland (1928), probably via the Kiel Canal.
Today it is frequently found along southern and eastern Baltic coasts up to the eastern
Gulf of Finland. This is >1500 km from the German Bight, its main centre of abundance
(Ojaveer et al. 2007). While it seems unlikely that self-sustaining populations occur in
the central and eastern Baltic due to low salinities, which are unsuitable for larval
development, an egg-carrying female was recently found in Lithuanian waters at very
low salinity (Olenin pers. comm.). Other records of the crab in Europe are from the
White Sea, Norway, Ireland, Portugal, Black and Caspian Seas, and even the French
Mediterranean coast without any indication of establishment. Mitten crabs also invaded
other regions of the world. They were first found in San Francisco Bay in 1992 and have
since spread up and down the coast (Cohen & Carlton 1995; Rudnick ef al. 2000).
Individuals were collected in the Great Lakes from 1965 to 1994 (Nepszy & Leach 1973)
and from Quebec, in the St Lawrence River (de Lafontaine 2005). A single Chinese
mitten crab was collected in the Mississippi River delta in 1987 (Felder pers. comm.).

When abundant, there is considerable impact. The mitten crab preys on native
species, fishes caught in traps and nets, and cultured fishes in ponds. It also has habitat
structuring effects, mainly by burrowing in river embankments, causing erosion and
damage to dikes. Crabs also aggregate on water-intake filters of industrial cooling
water supplies and drinking water plants.

In its native range in Asia, the Chinese mitten crab is the second intermediate host
for the human lung fluke parasite. The oriental lung fluke is a parasite which uses a
snail as its primary host, freshwater crayfish and crabs as intermediate hosts, and a
variety of mammals (including humans) as the final hosts. The fluke settles in the
lungs and other parts of the body, and can cause severe bronchial illness (Ichiki et al.
1989). The disease is not known in Europe, but it may become established in the future.

Since its first occurrence in 1912, the crab’s economic impact in Germany is esti-
mated at €80 million (based on modified calculations of Fladung pers. comm.). These
costs include catchment gear installation and maintenance, impact on bank erosion
and loss in commercial fisheries and pond-aquaculture (estuaries and in-land). Chinese
mitten crabs can be marketed at €1-3 per kg for industrial use and for direct human
consumption on the Asian markets. During 1994-2004, crabs to the total value of
approximately €3-4.5 million were sold in Germany (Gollasch & Rosenthal 2006).
However, this is still much less than the costs of mitigation.

Teredo navalis - the Shipworm
The description of Teredo navalis by Linnaeus in 1758 was based on material collected
by Sellius in The Netherlands in 1730-1732. Its massive occurrence during these years
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(Vrolik et al. 1860; Van Benthem Jutting 1943) suggests a non-indigenous origin. Mass
occurrences have often been observed for non-indigenous species some years after their
introduction and in several cases this resulted in their discovery (e.g. Ostenfeld 1908).

The classical authors Aristotle, Ovid, and Pliny (Vrolik et al. 1860), living by the
Mediterranean Sea, knew of shipworms, but the species involved are not known.
Almost a thousand years later, from 1516 onwards, shipworms were reported from the
West Indies and Atlantic Europe (Moll 1914). Vrolik et al. (1860) record fossil finds from
northwest Europe, but it is unclear whether these are of Holocene age and belong to
this species. Moll (1914) lists only fossil finds belonging to other species. There seem to
be no records of damage to Viking vessels in northern Europe (Hoppe 2002). However,
in the historical museum of Haithabu (Germany), wood with boreholes from the stem
of a Viking ship is on display (Minchin pers. obs.). Since this vessel was found in a
freshwater environment, later colonization by marine borers can be excluded. It is
unclear, however, which species created these boreholes. The first confirmed accounts
of T. navalis in Atlantic Europe are from The Netherlands.

Van Benthem Jutting (1943) states that, before 1730, T. navalis occurred sporadically
along the Dutch coast. She refers to Hooft (1580) who recorded damage to seawalls in
Zeeland, but without identifying the cause (Moll 1914). Vrolik ef al. (1860) cite the
‘Journal des Savants de I'an 1665” and state that vessels in the IJ estuary at Amsterdam
were virtually destroyed by the shipworm (however, this may be due to a different
species, e.g. Psiloteredo megotara or Teredo norvegica, and the “worms” may have colo-
nized the ships elsewhere). Martinet (1778) also records heavy damage to herring
fishing vessels in 1714 and 1727. Any records before 1730 concern either unspecified
damage or the occurrence of shipworms in vessels. Hence, it seems that until the eigh-
teenth century we have no clear indication that T. navalis occurred in wooden struc-
tures in The Netherlands. In 1730 considerable damage to wooden constructions along
seawalls was recorded from Zeeland and West-Friesland in The Netherlands (van
Benthem Jutting 1943). Vrolik et al. (1860) record damage to seawalls in 1730, 1731,
1732, 1770, 1827, 1858 and 1859, and found a relationship between the outbreaks of
Teredo and dry, warm summers and periods of higher salinities. In the eighteenth
century, however, its occurrence in the wood constructions protecting Dutch seawalls
was considered a disaster which enforced a radical and costly switch to new dike
protection methods. The former wooden poles at the seaward side of the dike had to
be replaced by stones imported from abroad. In the eighteenth and nineteenth century,
damage to the wooden tide gates and locks was also widespread in The Netherlands
and Germany. In The Netherlands a special governmental ‘shipworm committee” was
even installed to study causes of the problem and suggest solutions (Vrolik et al. 1860).
The construction of the German naval base at Wilhelmshaven was seriously delayed
when a protective dam constructed out of parallel pilings with earth in between them
was damaged by a shipworm infestation and collapsed during a storm in January 1860
(Blackbourn 2006). Thereafter the occurrence of Teredo gradually declined because
wood was no longer used for commercial ship building and dike construction and
more resistant tropical hardwoods were being used for the doors of locks.



Recently, T. navalis showed up for the first time in the brackish waters of
Bremerhaven in the Weser estuary, where it was most abundant in fir floating fenders
(>10,000 m?) but less abundant in fir and oak pier posts (Tuente et al. 2002). It is also
common in Dutch coastal waters today (Wolff 2005b) and is apparently increasing in
wooden coastal defense structures in the northern Wadden Sea (Reise pers. obs.).
Elsewhere in the North Sea T. navalis still causes minor economic damage occurring in
driftwood, wrecks, and wooden poles.

Van Benthem Jutting (1943) considers T. navalis to be a cosmopolitan species prob-
ably originating from the North Sea area, whereas eighteenth-century authors believed
that ships returning from the East Indies were responsible for their introduction (e.g.
Martinet 1778). However, during this period, North Sea states were trading worldwide
and T. navalis may have been introduced from anywhere. It is for these reasons that
this species is considered to be cryptogenic.

Conclusions

We presented a checklist of 167 non-indigenous and cryptogenic species in the North
Sea. Shipping associated and aquaculture vectors are considered to be the dominant
vectors. More than two thirds of the recorded non-indigenous species have established
self-sustaining populations. The majority of non-indigenous species have localized
distributions; only ten of these are known from all of the seven countries bordering the
North Sea.

Crepidula fornicata, Eriocheir sinensis and Teredo navalis are examples of non-indige-

nous and cryptogenic species that have a significant impact on coastal systems of the
North Sea. Reise et al. (1999) concluded that in the North Sea introduced species in
most cases increase biodiversity without having major unwanted economic or eco-
logical impacts. However, nowadays the introduced Pacific oyster Crassostrea gigas is
spreading in the coastal waters of the North Sea (Reise et al. 2005) and is replacing the
native blue mussel Mytilus edulis. This rapid spread is probably promoted by the recent
warm summers which support the recruitment of the Pacific oyster (Diederich et al.
2005) and also due to the lack of cold winters which are required for good recruitment
of M. edulis. It is assumed that the current abundance of C. gigas may become reduced
should water temperatures decline (Nehls et al. 2006). However, this is unlikely
because of a continuing trend of rising seawater temperatures in the region.
In the North Sea region paleoenvironmental history as well as strongly transformed
modern coastal environments have contributed to a relatively low species richness.
Many of the species that were introduced and tolerated the physical regime became
established, increased local diversity and together considerably modified ecosystem
functioning in the nearshore zone (Reise ef al. 2006).

Plants like the introduced cordgrass Spartina anglica and the Japanese seaweed
Sargassum muticum altered structural complexity, while abundant benthic filter feeders
like the molluscs Ensis directus, Crassostrea gigas and Crepidula fornicata can be assumed
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to impact regional plankton dynamics in the coastal waters. Some introduced species
have the capability of re-organizing trophic relationships within an ecosystem and
influencing economies both negatively and positively. Though potentially enormous,
the impacts of introduced species are highly unpredictable. Those with noted impact in
other temperate regions are likely to have impact in the North Sea. Others may
develop unexpectedly high levels of abundance or cause disease and harm that could
not be predicted. Since ballast water can carry millions of propagules which are being
discharged into North Sea harbors each day, and because other vectors may further
spread these species, we need an improved understanding of the vector mechanisms
involved in order to reduce unwanted species introductions in the future.

The rate of invasions has increased in the North Sea (Reise et al. 1999), as it has
increased worldwide, and it will probably continue to increase as a consequence of
climate change and globalization. For each individual species, the potential number of
transport vectors has also increased, e.g. the European shore crab Carcinus maenas is
potentially dispersed by ten different vectors today, whereas 200 years ago there were
two possible modes of transport and dispersal (Carlton & Cohen 2003).

Knowledge of the invasion process is essential in designing management plans to
cope with the potential detrimental effects of invasive species, and to attempt to
prevent their large-scale spread. The checklist of introduced species in the North Sea
provided here can serve as a basis for future studies of introduced species and design
of management plans in this region, but as the list will inevitably continue to grow
longer, it will need to be periodically updated.
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Oysters as a vector for native,
cryptogenic and introduced species

Deniz Haydar
Wim J. Wolff




Summary

Oyster transports are one of the leading vectors of introduction of non-indigenous species
worldwide. In Dutch coastal waters, oysters are the most important vector. We here investi-
gate characteristics of this vector in order to explain its high share of introductions into The
Netherlands.

We reviewed literature on oyster-associated species introductions, analyzed commercial
oyster imports to The Netherlands, and collected and identified epiflora from Pacific oyster
shells.

In total, 35 species are known to have been introduced to The Netherlands with oysters;
the Rhodophyceae are the dominant taxonomic group introduced by this vector. The
number of introductions and quantity of oysters imported are not necessarily positively
correlated, particularly in the past 20 years, when quantities of imported oysters decreased
but the rate of introductions increased. The epiflora of oyster shells was dominated by red
seaweeds, and we found 42 taxa of introduced, native and cryptogenic macroalgal species.

This study demonstrates the high potential of oyster transports for introducing non-
indigenous species. The discrepancy between oyster imports and associated introductions
can be explained by unreported imports and the characteristics of this vector: a single oyster
may harbor a large number of species which are introduced with their substrate, facilitating
establishment. Furthermore, the recent establishment of extensive Pacific oyster reefs now
provides a suitable substrate for associated species, further facilitating successful establish-
ment even after low propagule-pressure introduction events. Ongoing shellfish transloca-
tions within Europe increase rates of introduction of non-indigenous species, promote their
secondary spread and result in mixing of native and cryptogenic populations.
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Introduction

Exploitation of wild oyster stocks as a food source has a long history. Due to overex-
ploitation of wild stocks oyster cultures were established world-wide, and in order to
maintain high productivity of cultures native and non-indigenous oysters were
imported (Wolff 2005a). Overall, non-indigenous oysters have been introduced and
established permanently in at least 24 countries outside their native ranges (Ruesink et
al. 2005). These oyster translocations have since long been acknowledged to be one of
the major vectors for the introduction of associated species (Elton 1958).

The Dutch wild stocks of the native oyster Ostrea edulis have extensively been
fished since at least the 17th century (Smallegange 1696; Dijt 1961; Dijkema 1997).
Overexploitation, introduced parasites, severe winters and changing hydrographic
conditions resulted in the near extirpation of O. edulis from the Wadden Sea and the
estuaries in the Southwest Netherlands (Drinkwaard 1999; Wolff & Reise 2002). To
compensate for depleted O. edulis stocks, oysters of various species were imported
from other regions into The Netherlands as early as the 18th century (Wolff & Reise
2002). O. edulis and the Portuguese oyster Crassostrea angulata were imported from
other European countries and the American oyster Crassotrea virginica was imported
from the USA. Imports of Portuguese and American oysters did not result in establish-
ment of these species in Dutch coastal waters (Wolff & Reise 2002; Wolff 2005b). The
Pacific oyster, Crassostrea gigas, was imported as spat or seed (newly settled oysters)
into the Oosterschelde estuary from British Columbia, Canada, and from Japan,
starting in 1964 (Shatkin et al. 1997; Drinkwaard 1999) and adult Pacific oysters were
imported in 1971 (Wolff & Reise 2002). These imports were successful; nowadays the
Pacific oyster is the most important cultured oyster in The Netherlands. C. gigas is no
longer restricted to the culture plots: it has established reproducing populations in the
Oosterschelde estuary, the center of oyster culture in The Netherlands, after strong
spatfalls in 1976 and 1982. C. gigas has also spread to the Wadden Sea, possibly as a
deliberate introduction to the island of Texel in the western Wadden Sea (Tydeman
2008), from where it spread east. The Pacific oyster was also deliberately introduced to
the island of Sylt in the German Wadden Sea, from where it spread north and south,
and since the year 2000 the entire Wadden Sea has been colonized (Wehrmann et al.
2000). The Pacific oyster now forms extensive and dense intertidal and subtidal beds
and reefs in Dutch coastal waters (Dankers et al. 2006; Smaal et al. 2009; Troost 2010).

Although only the Pacific oyster was successful in establishing in Dutch coastal
waters, imports of this and other oyster species into Europe are known to have
resulted in the introduction of a number of associated species, e.g. the slipper limpet
Crepidula fornicata, introduced with American oysters (Blanchard 1997, Chapter 2), and
the brown seaweed Sargassum muticum, imported with Pacific oysters (Critchley et al.
1990). Ongoing movements of oysters within European waters are believed to have
resulted in rapid secondary spread of introduced species (Grizel & Héral 1991). Oyster
imports are suggested to be one of the most important single vectors for the introduc-
tion of non-indigenous marine and estuarine species in The Netherlands (Wolff 2005b).



Many first records of introduced species are from the Oosterschelde estuary, near areas
of extensive oyster culture (Maggs & Stegenga 1999; Wolff 2005b). Possible explana-
tions for the high share of oyster-associated introductions are the underestimation of
the number of non-indigenous species that were historically introduced as hull fouling
(Chapter 4), and the fact that The Netherlands mostly export ballast water rather than
receive large quantities of ballast water from other regions (AquaSense 1998). More
significantly, the frequency and scale of oyster translocations and the characteristics of
this vector - the rugged shells of oysters offer ample opportunities for epiflora and
—fauna to settle and survive transport to other regions - may also explain the relatively
high number of oyster-associated introductions.

This suggested importance of oyster transports for the introduction of non-indige-
nous species in The Netherlands is in contrast with several studies from other regions,
which suggest that shipping-associated vectors, either hull fouling or ballast water, are
the most important anthropogenic vectors of introduction (Ruiz et al. 2000; Hewitt et al.
2004). This higher relative importance of shipping in the introduction of non-indige-
nous species has also been postulated for the North Sea region (Gollasch 2002).
Therefore, in this paper we aim to determine the potential of oyster transports as a
vector for the introduction of associated species into Dutch coastal waters.

First, we review literature on oyster-associated species introductions into The
Netherlands to quantify the importance of this anthropogenic vector and to look for
patterns. Second, we investigate data on commercial oyster imports into The
Netherlands to see if their frequency and magnitude supports the putative high impor-
tance of oyster transports for associated species introductions. Third, by collecting and
identifying epiflora from the shells of live Pacific oysters from the Oosterschelde
estuary we investigate the capacity of individual Pacific oysters to act as a vector for
the introduction of non-indigenous species.

Materials and Methods

Oyster-associated introductions

Based on published literature, an overview was created of marine flora and fauna
hypothesized or known to have been introduced to Dutch coastal waters with oyster
imports. We included species that were directly imported from other biogeographic
regions - outside the Northern European Seas and the South European Atlantic Shelf
(Spalding et al. 2007) - into The Netherlands with oysters, as well as those that were
first introduced elsewhere in Europe with oysters and may have spread to The
Netherlands by natural dispersal or with anthropogenic vectors. This overview
includes the year of first observation, current distribution, the native range, and
possible vectors of introduction. For each species, the year of first observation in
Europe and in The Netherlands is given, as well as the supposed vector of introduction
into The Netherlands and Europe.
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Oyster imports in The Netherlands

Quantitative data on oysters imported commercially from various countries from 1960
to 2008 were obtained from Statistics Netherlands (CBS). The obtained data had been
categorized differently over the years. From 1960 to 1974 imported oysters were char-
acterized as either “seed oysters” or “other oysters”. After 1974 a distinction was made
between “live Ostrea spp. smaller than 40g” and “other oysters”. In both periods the
category of “other oysters” included all oyster species that are imported alive, fresh,
cooled, frozen, dried, salted, or pickled, and thus included oysters intended for direct
consumption as well as oysters that were relaid in recipient waters for storage and/or
growth. To show the amount of oysters imported we present the quantity of each cate-
gory of imported oysters per year. For the analysis of origins of annual oyster imports
we pooled all data, not making a distinction between the “seed oysters”, “live Ostrea
spp. smaller than 40g”, and “other oysters”, since the data did not always allow to
make this distinction.

Oyster epiflora

Pacific oysters (C. gigas) were dredged from culture plots in the Oosterschelde estuary
by a commercial oyster grower. Nine samples of oysters were collected in the months
May 2003, September to December 2003, February to March 2004 and June 2004. After
dredging by the commercial oyster grower oysters were handled as if they were to be
transported to other regions, either for direct sale, or for (temporary) relaying in other
estuaries. This meant that the oysters were superficially cleaned by hand. Next they
were transported to the laboratory in a cooler and kept at 11°C for three days in a
moist environment in order to mimic transport conditions as they are encountered
when oysters are moved between culture sites in different parts of Europe.

After this, epiflora was collected from 30 individual oysters per sample under a
stereo-microscope, fixed in 4% formalin and mounted for permanent preservation on
microscopic slides in a syrup medium (Stevenson 1984). Some algae were stained as
reference material using Fast Green FCF. Slides were examined microscopically
(magnification 100-200x) and species were identified with the help of a phycological
expert. Furthermore, we obtained distributional data for encountered algae from
AlgaeBase (Guiry & Guiry 2010). The epiflora of a total number of 270 oysters was
analyzed. Data were grouped for all oysters, resulting in the percentage of the total
number of oysters carrying individual species of algae, and seasonal occurrence of the
most common species on oyster shells. Epifauna was collected as well but the data
were not analyzed in detail because of major taxonomic uncertainties presented by the
often tiny specimens, and therefore these data are not presented here.

In order to evaluate our sampling effort, we created a species accumulation curve
for all 270 oysters analyzed. To this end we assigned random numbers to individual
oysters and plotted cumulative numbers of species by adding the new species found in
consecutive randomly-numbered oysters. The species accumulation curve was fitted
and extrapolated to calculate expected species richness using the equation



aN
(1+DbN)

where Cum. is the cumulative number of species, N is the number of oysters and 2 and
b are constants; a/b is the maximum species richness for a very large number of oysters
(Bunge & Fitzpatrick 1993). The equation was rewritten as

Cum. =

Ci:]n = (Z] N+ UZJ and was fitted by linear regression with least squares to
estimate a and b.

In order to check whether any propagules or individuals were present on the shells
that would be too small and would be missed by only visually checking and collecting
epiflora, an additional sample of about 30 oysters was taken in February 2005. The
animals were removed from their shells, and the valves were kept in experimental
tanks at 12°C. We analyzed the total epiflora growing on the valves after one month for
presence of species that we had not recorded in our monthly samples of oysters that
were analyzed three days after collection.

Results

Oyster-associated introductions

Table 3.1 presents a list of established non-indigenous plant and animal species in The
Netherlands that are known or supposed to be associated with oyster translocations. A
total of 35 non-indigenous species associated with oyster translocations have become
established in The Netherlands. The time elapsed between the first observation else-
where in Europe and the first observation of the same species in The Netherlands
ranges from 1 year (Coscinodiscus wailesii) to 128 years (Polysiphonia harveyi). The
average time between the first introduction elsewhere in Europe and the first record of
the same species in The Netherlands is 29 years; 57% are recorded within 20 years after
their first introduction in Europe. For four species the primary northwestern European
introduction occurred in The Netherlands (Smittoidea prolifica, Colaconema daviesii,
Dasya baillouviana and Polysiphonia senticulosa).

The Rhodophyceae represent the largest taxonomic group introduced by this vector
with 39% of all introductions belonging to this taxonomic group. Of all associated
introductions 45% originate from the Northwest Pacific and these are assumed to have
been introduced with Pacific oyster imports, either directly from Japan or via British
Columbia and/or France. The Northwest Atlantic is the origin of 20% of oyster-associ-
ated introductions; these species are supposed to have been introduced with ship-
ments of the American oyster C. virginica.

The numbers of first observations of oyster-associated introductions changed over
time. In Figure 3.1 the number of established introductions is presented per decade
from 1891 to 2009. There is an increasing trend in the rate of introductions, with a peak
of 9 species that were first observed between 1991 and 2000. These all originate from
the Northwest Pacific and were presumably introduced with C. gigas.
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Figure 3.1 The number of established oyster-associated introductions in The Netherlands per decade

from 1891 to 2009. Dates of first observations of introduced species that are now established in Dutch

coastal waters were used in creating this graph. Regions of origin for the established introductions are
indicated, see legend.

Oyster imports

The commercial oyster import data from 1960 to 2008, obtained from CBS, are
presented in Figures 3.2 and 3.3. Quantities of imported oysters differed greatly among
years, with a maximum of nearly 3,000,000 kg in 1971 and 1972, of which more than
half was oyster seed. After 1982 imports of oysters into The Netherlands declined, but
since 2002 we again see an increase in the amount of oysters imported. The imported
oysters are categorized as ‘oyster seed” or ‘Ostrea spp. smaller than 40g’, and “other
oysters’. Although the definition of the categories suggests that Crassostrea seed
(C. angulata, C. gigas and possibly C. virginica) is included in the latter category, this is
not certain, and Crassostrea seed may have been reported as ‘Ostrea spp. smaller than
40g’ as well. The ‘other oysters” category includes larger live oysters of different Ostrea
and Crassostrea species. However, since these are pooled with oysters that are directly
sold for consumption it is not known which proportion of this category was relaid in
Dutch waters (Fig. 3.2).

The areas of origin of the imported oysters changed over time. Until the 1970s,
oysters were mainly imported from France and Portugal. This includes imports of the
non-indigenous Portuguese oyster C. angulata. After 1980, the British Isles and other
North Sea countries (Denmark, Norway, Belgium and Germany) became the predomi-
nant origins for imported oysters. Quantities of oysters directly imported from the
Northwest Pacific (Japan, Korea) were very small, ranging from 227 to 3,383 kg, and the
reported imports occurred infrequently (1974, 1989, 1996, 1997, 1999 - 2003), but
becoming more frequent since 1996. Between 1960 and 2008 reported imports of oysters
from Canada occurred in 1998 and 1999, and only amounted to a total of 2,678 kg.
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Figure 3.2 Oyster imports into The Netherlands from 1960 to 2008. Data were obtained from Statistics
Netherlands (CBS). Imports were split in oysters (live, fresh, dried, pickled, frozen, larger than 40g.),
seed oysters and Ostrea spp. smaller than 40g. The latter two categories are both intended for restock-
ing culture plots, the “oysters” category includes oysters imported for direct sale and consumption,
and oysters that are relaid in Dutch waters.
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Figure 3.3 Oyster imports to The Netherlands from 1960 to 2008. Data were obtained from Statistics
Netherlands (CBS). Regions of origin for imported oysters are shown, see legend. NB: The “North
Sea” does not include the east coast of the British Isles.

Oyster epiflora

A total of 41 taxa of macroalgae, viz. two brown algae, ten green algae and 29 red
algae, was identified from 270 analyzed oyster shells; 36 of these were identified to
species level (Table 3.2). The number of macroalgal species found on a single oyster
ranged from 0 to 14, with an average of 4 species per oyster.
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Table 3.2 Macroalgal species recorded from Pacific oyster shells from the Oosterschelde estuary. The
presence of each species on examined oysters is indicated as a percentage of the total number of
oysters analyzed (n = 270). The distribution of each species was obtained from AlgaeBase (Guiry &
Guiry 2009). A status was assigned to each species: native, introduced (those species that are known to
have been introduced into the Northeast Atlantic), and cryptogenic (those species for which a native
or introduced status can not be demonstrated without further investigation). The cryptogenic status
was assigned based on association with oysters proven here and a disjunct distribution pattern based
on literature. For species that occur on more than 15% of all examined oysters the percentage of
oysters they occur on is printed bold, these species are included in Fig. 3.5.

species % of distribution status
oysters
Phaeophyceae
Dictyota dichotoma 8 cosmopolitan cryptogenic
(Hudson) J.V. Lamouroux, 1809
Laminaria saccharina 2 N Atlantic, Baltic, Madeira, NE Pacific ~ cryptogenic
(Linnaeus) J.V. Lamouroux, 1813
Chlorophyceae
Codium fragile 4 cosmopolitan introduced
(Suringar) Hariot, 1889
Ulva prolifera 04  cosmopolitan cryptogenic
O.F. Miiller 1778
Ulva clathrata 1 cosmopolitan cryptogenic
(Roth) C. Agardh, 1811
tubular Ulva sp. 10 na. na.
foliose Ulva sp. 19 na. na.
Cladophora rupestris 1 cosmopolitan cryptogenic
(Linnaeus) Kiitzing, 1843
Cladophora sp. 3 na. na.
Rhizoclonium implexum 12 cosmopolitan cryptogenic
(Dillwyn) Kiitzing, 1845
Monostroma oxyspermum 4 N Atlantic, Caribbean, NE Pacific, cryptogenic
(Kttzing) Doty, 1947 S Australia
Prasiola stipitata 0.4 NE Atlantic, NW Atlantic, Chile, cryptogenic
Suhr ex Jessen, 1848 Australia, New Zealand
Rhodophyceae
Agardhiella subulata 17 N and S Atlantic, Mediterranean, introduced
(C. Agardh) Kraft and M.]. Wynne, 1979 Indian Ocean, N Pacific
Antithamnionella spirographidis 22 NE Atlantic, Mediterranean, Adriatic, introduced
(Schiffner) E.M. Wollaston, 1968 Morocco, N Pacific, S Africa, Australia
Antithamnionella ternifolia 04  NE Atlantic Scotland S to Portugal, introduced
(J.D. Hooker and Harvey) Lyle, 1922 Chile, China, S Africa, Australia,
New Zealand
Heterosiphonia japonica 54 North Sea, Atlantic coast France, Spain,  introduced
Yendo, 1920 Mediterranean, Alaska, California,
NW Pacific
Neosiphonia harveyi 1 North Sea, Atlantic Europe, introduced
(J. Bailey) M.-S. Kim, H.-G. Choi, Newfoundland to South Carolina,
Guiry and G.W. Saunders 2001 California, Japan, New Zealand
Polysiphonia senticulosa 21 Netherlands, Belgium, S England, introduced
Harvey, 1862 Washington State, British Columbia,
Japan, New Zealand, S Australia
Polysiphonia nigra 31 NE Atlantic Spitsbergen S to Portugal, ~ cryptogenic
(Hudson) Batters, 1902 Atlantic Islands, Namibia,

New Hampshire



Table 3.2 Continued

species % of distribution status
oysters

Polysiphonia fucoides 30 N and S Atlantic, Mediterranean native
Harvey, 1862
Polysiphonia devoniensis 04 N Atlantic native
Maggs and Hommersand, 1993
Polysiphonia stricta 13 N and S Atlantic, Baltic, Black Sea, cryptogenic
(Dillwyn) Greville, 1824 Mediterranean, Adriatic, N Pacific,

Antarctic
Polysiphonia denudata 4 N and S Atlantic, Mediterranean, cryptogenic
(Dillwyn) Greville ex Harvey, 1833 Adpriatic, Black Sea, Persian Gulf,

W Indian Ocean, S Australia
Polysiphonia briodiae 1 N Atlantic, Baltic, Mediterranean, cryptogenic
(Dillwyn) Sprengel, 1827 W Indian Ocean, NE Pacific, Australia,

New Zealand
Polysiphonia sp. 1 na. na.
Dasya baillouviana 20 cosmopolitan introduced
(S.G. Gmelin) Montagne, 1841
Erythrotrichia carnea 26 cosmopolitan cryptogenic
(Dillwyn) J. Agardh, 1883
Stylonema alsidii 10 cosmopolitan cryptogenic
(Zanardini) K.M. Drew, 1956
Colaconema daviesii 6 cosmopolitan introduced
(Dillwyn) Stegenga, 1985
Hypoglossum hypoglossoides 7 NE Atlantic North Sea S to Senegal, cryptogenic
(Steckhouse) Collins and Hurvey, 1919 Mediterranean, N Carolina to Florida,

Caribbean, Australia, New Zealand
Antithamnion villosum 7 NE Atlantic, Baltic, N Carolina cryptogenic
(Kiitzing) Athanasiadis, 1993
Antithamnion cruciatum 1 NE Atlantic, Mediterranean, Baltic, cryptogenic
(C. Agardh) Négeli, 1847 Adpriatic, Black Sea, NW Atlantic, Chile,

China, S Australia
Pterothamnion plumula 16 NE Atlantic, Baltic, Atlantic Islands, cryptogenic

(J. Ellis) Négeli, 1855

Aglaothamnion feldmanniae 0.4
Halos, 1965

Callithamnion pseudobyssoides 1
PL. Crouan and H.M. Crouan, 1867
Callithamnion corymbosum 1
(Smith) Lyngbye, 1819

Callithamnion tetricum 1
(Dillwyn) S. E. Gray, 1821

Ceramium nodulosum 2
(Lightfoot) Ducluzeau, 1806

Ceramium cimbricum 3
H.E. Petersen, 1924

Chondrus crispus 1
Stackhouse, 1797

Lomentaria clavellosa 1
(Turner) Gaillon, 1828

Adpriatic, Black Sea, Chile W Indian
Ocean, Fiji, NE Pacific, Macquarie Island

NE Atlantic, Mediterranean

NE Atlantic, Bermuda, N and

S Carolina, Florida, S Australia

NE Atlantic, Baltic, , Atlantic Islands,
Mediterranean, Adriatic, Black Sea,
Virginia, Jamaica, Brazil, China,
Korea, Japan

NE Atlantic, Morocco, Azores

NE Atlantic, Baltic, Italy, Madeira
cosmopolitan

NE Atlantic, Baltic, Atlantic islands,
Mediterranean, Angola, Ghana,

NW Atlantic, Alaska, Oregon,

Falkland Islands, Antarctic Peninsula

NE Atlantic, Madeira, Mediterranean,
New Hampshire, Brazil, Falkland Islands

native
cryptogenic

cryptogenic

native
native
cryptogenic

cryptogenic

cryptogenic
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The species accumulation curve (Fig. 3.4) shows the observed cumulative number
of macroalgal species up to 270 oysters sampled, and the expected cumulative number
of species up to 500 samples. The expected cumulative number of species was
computed using linear regression by fitting with least squares, resulting in

N 0.0226 + 05332 (RZ=0.9979).
Cum.

The estimates of the parameters a and b were obtained from this equation, and were
used to compute the expected maximum number of species (the asymptote (a/b)). The
cumulative number of species observed on 270 oysters was 41; the expected maximum
species richness was 44. Analyzing 230 additional oysters would have resulted in one
additional species discovered, and thus we fairly well captured the species diversity
present.

All identified species had already been reported from Dutch coastal waters. The
majority of the identified macroalgae are considered native; nine species are known to
have been introduced. In Table 3.2 we included distribution records of all species, and
based on their distributions and their association with oysters and other anthropogenic
vectors, we assigned a cryptogenic status to 23 species. Of the ten species that occur on
more than 15% of all oysters, five are introduced (Heterosiphonia japonica, P. senticulosa,
D. baillouviana, Anthithamnionella spirographidis, Agardhiella subulata). H. japonica was by
far the most common species: it occurred on 54% of all examined oysters.

Samples were taken year-round and were grouped in ‘Spring & Summer” and “Fall
& Winter’. Seasonality of ten algal species that occurred on more than 15% of all
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Figure 3.4 Species accumulation curve for the macroalgal taxa encountered in the epiflcora of oyster
shells. The dots indicate the cumulative number of species found on randomly numbered oyster
shells, the grey line is the estimated cumulative number of species up to 500 individual oysters

Cum. = % , and the dotted line is the maximum expected number of taxa.

See text for explanation of the calculation of the fitted curve.
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Figure 3.5 Seasonality of the most abundant identified macroalgae from oyster shells (occurring on
more than 15% of all oysters examined). The frequency of occurrence of a species is indicated as a
percentage of examined oysters on which this species was present. ‘Fall & Winter” includes samples
taken in October, November, December and February (n = 120); ‘Spring & Summer” includes March,
April, May, June and September (n = 150). An * indicates introduced species.

oysters is presented in Figure 3.5. The majority of species is more common in ‘Spring &
Summer’ than in ‘Fall & Winter’. Three taxa show a higher occurrence in the colder
months: foliose Ulva sp., A. spirographidis, and P. senticulosa. However, differences
between ‘Spring & Summer” and ‘Fall & Winter” are small. The most common species,
H. japonica, is very abundant year round.

Culturing of the algae in seawater tanks for one month resulted in high growth of
opportunistic species, particularly tubulose Ulva spp. However, it did not yield any
species that had not been encountered previously on the 270 oysters of which the
epiflora was collected and identified without culturing.

Discussion

The list of 35 oyster-associated introductions presented here is the most up-to-date list
of invertebrates and algae that have been introduced to The Netherlands through
imports of oysters (Table 3.1). Detailed knowledge of the impact of these introduced
species on the receiving ecosystem is lacking, but some associated introductions nega-
tively impact shellfisheries as they overgrow oysters (e.g. H. japonica, pers. comm. A.
Cornelisse) or hamper growth (Polydora hoplura) (Korringa 1951; Royer et al. 2006) and
cause mortality of oysters (Bonamia ostreae in O. edulis) (Culloty et al. 1999). The oyster-
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associated species were introduced with imports of O. edulis, C. virginica and C. gigas. C.
gigas imports are responsible for the largest number of associated established introduc-
tions; these mostly originate from the Northwest Pacific. Natural dispersal from a site of
primary introduction in Europe to Dutch coastal waters is possible for 10 of the total of
35 oyster-associated introductions, but most secondary introductions are likely to have
been the result of oyster movements. Secondary spread of introduced species within
Europe is accelerated by ongoing oyster transports between European culture areas.

The Rhodophyceae constitute the largest taxonomic group introduced with this
vector, and they were also the most common group of macroalgae found on the shells
of oysters examined for their epiflora in this study. The oyster shells provided a
substrate for both introduced and native algal species; nine of the 41 macroalgal taxa
are introduced. Of the most common species on the oyster shells 50% were introduced
species, and the most common species, H. japonica, is a non-indigenous species.
However, our results show that Pacific oysters not only form a habitat for introduced
species, but also for native and cryptogenic flora. Movements of oysters within Europe
not only accelerate secondary spread of introduced algae, but may also result in
(further) regional mixing of native and cryptogenic populations.

Our sampling effort very well captured the diversity of macroalgae estimated to be
present on oyster shells (Fig. 3.4). Adding more oysters to our analyses would not
greatly have increased the number of species, as the estimated maximum species rich-
ness on oyster shells from the Oosterschelde estuary was 44 taxa. Investigating another
200 or 300 oysters would only have added one or two rare taxa. The relationship found
also predicts that commercial oyster shipments containing thousands of oysters from
the Oosterschelde estuary will contain about 44 species of macroalgae.

Other authors have also studied the occurrence of algae and invertebrates on oyster
shells. Korringa (1951) made an inventory of the epifauna of oysters (O. edulis) from
the Oosterschelde estuary. He listed 134 species from shells that were not cleaned,
which may explain the high number of taxa found. Schodduyn (1931) studied epiflora
as well as epifauna of oysters (O. edulis) transferred from the British Isles to northern
France. He found 52 species of invertebrates and 14 species of macroalgae, of which
nine were red algae, but unfortunately Schodduyn paid relatively little attention to the
macroalgae. More recently, Mineur et al. (2007) investigated the epiflora on valves of
Pacific oysters from the Thau Lagoon at the Mediterranean coast of France. These
oyster shells were also cleaned before analysis. The number of macroalgal species
recorded from our oysters (36 identified species and five higher taxa, see Table 3.2) is
lower than the number of species found on Thau lagoon oysters (46 species). This can
be explained by the fact that the Thau Lagoon is richer in macroalgal species than the
Oosterschelde estuary (Stegenga et al. 1997; Verlaque 2001), and harbors an exception-
ally high number of introduced macroalgae, particularly from the Northwest Pacific
(Verlaque 2001). The epifloral communities were comparable regarding taxonomic
groups and species composition. On the Thau Lagoon oysters the Rhodophyceae were
also the dominant group and 17 species recorded on oysters from the Oosterschelde
estuary were also found on Thau Lagoon oysters (Mineur ef al. 2007).



The epiflora on oysters from the Oosterschelde estuary was present throughout the
year, and occurrence of species did not differ between ‘Spring & Summer and ‘Fall &
Winter” (Fig. 3.5). Some of the algae with the highest occurrence on oyster shells
(A. subulata, D. baillouviana, H. japonica and P. senticulosa) are also reported to be the
dominant macroalgal species on other substrates in parts of the Oosterschelde estuary,
at the expense of native species (Stegenga et al. 2007). However, the seasonality of these
species described by Stegenga ef al. (2007) is not reflected in our results, possibly
because we did not record size or biomass of algae. Occurrence of specimens large
enough to identify to species level, of nearly all species throughout the year, demon-
strates that oyster transports are a vector for macroalgal species in all seasons.

We analyzed geographical distributions of all algae identified from epiflora
samples in this study. Based on disjunct or cosmopolitan distribution patterns, and the
association with oysters, we assigned a cryptogenic species status to 23 of the 36 algae
we identified to species level (Table 3.2). In general, the number of cryptogenic species
in coastal waters is greatly underestimated, and species with a disjunct distribution
pattern and association with an anthropogenic vector should be assigned to this cate-
gory, unless there is proof of their native or introduced status (Carlton 1996a; 2008;
Chapter 4). These cryptogenic species are potentially historically introduced either in
Europe or in other regions with oyster translocations or with other anthropogenic
vectors, such as ship hull-fouling, or they may in fact be different species in different
regions. Historical oyster translocations go back to at least the 18th century, when
Ostrea edulis was exchanged between European countries (Wolff & Reise 2002), and
possibly even the 16th century, when the Portuguese oyster (C. angulata) was intro-
duced to Europe from Asia, although it remains unknown whether this was a delib-
erate or an accidental introduction (Carlton 1999b; Wolff 2005b). These early relayings
and introductions of oysters are likely to have been accompanied by introductions of
associated non-indigenous species, and current lists of species introduced with this
vector will be underestimates of the true numbers of oyster-associated introductions.
Furthermore, as exchange of oysters between culture areas is still taking place within
Europe, associated species are still on the move and the distribution patterns of native
and cryptogenic species may become even more blurred.

There seems to be some association between the quantity of oysters imported (Fig.
3.2) and the number of associated introductions in the same period (Fig. 3.1). In 1971-
72 large quantities of oysters and oyster seed were imported to The Netherlands, and
in the decade 1970-79 we also see a peak in the number of associated introductions.
About half of the oyster imports in those years consisted of oyster seed, which was
used to restock oyster culture sites, and as the largest amount of oysters originated
from France and Portugal (Fig. 3.3), the species that were imported were most likely
C. angulata and O. edulis. C. angulata has not established in Dutch coastal waters, and
we do not know of any associated introductions with this species. Imports of O. edulis
from France did result in the introduction of associated species, some of which had
great impact. The parasite Bonamia ostreae was introduced to The Netherlands from
France, where it probably had been introduced with oysters from California (Cigarria
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& Elston 1997), and its introduction resulted in the near extirpation of the Dutch
O. edulis stock (Wolff 2005b). However, overall we do not see a correlation between the
imported quantities of oysters and introductions of associated species. The number of
oyster-associated introductions has increased since the 1970s, even though oyster
imports drastically decreased from 1981 onwards (Fig. 3.2). High propagule pressure
therefore does not always ensure successful establishment, as would be expected
(Lockwood et al. 2005). The reason for successful establishment of oyster-associated
species even with small quantities of oysters imported might be the establishment and
spread of the Pacific oyster in Dutch coastal waters (Smaal et al. 2009), resulting in
extensive oyster reefs providing a habitat for native as well as non-indigenous epiflora
and -fauna. Changing circumstances in the recipient area, such as higher temperatures
and changing hydrography and community composition due to the construction of the
storm-surge barrier in the Oosterschelde estuary (Nienhuis & Smaal 1994), may also
promote establishment and spread of non-indigenous species, as has been shown in
other disturbed systems (Occhipinti Ambrogi & Savini 2003).

In The Netherlands imports of oyster seed for restocking culture areas have nearly
ceased since 1980 (Fig. 3.2). The decrease in the imports of seed oysters may also be
due to the fact that the Pacific oyster has established in the Oosterschelde estuary and
there is no longer a need for restocking with seed from other countries. Imports of
“other oysters” are ongoing and also include live oysters. It is unclear which propor-
tion of this category is introduced in recipient waters. Live adult oysters that are
imported for consumption are often kept on the culture plots or in tanks on the shore
with running sea-water from the Oosterschelde estuary for storage before sale, and
introduction of non-indigenous species may thus still take place, even though the
oysters concerned are not intended for restocking culture plots.

Oyster imports are not always reported to the authorities, as we did not find
records of imports of Pacific oysters in the 1960s from British Columbia and Japan,
although we know that they did take place and resulted in the establishment of the
Pacific oyster in Dutch coastal waters (Shatkin et al. 1997; Drinkwaard 1999; Wolff &
Reise 2002). Translocations of oysters within Europe are also suspected not always to
be reported to authorities (Verlaque 2001), but secondary spread of associated non-
indigenous species provides evidence of ongoing transports. A clear example is the red
alga Lomentaria hakodatensis, which was first observed in the Thau Lagoon in the
Mediterranean in 1979, after which it was found in Brittany in 1984, and from there it
“jumped” to the Oosterschelde estuary in The Netherlands in 2004 (Verlaque 2001;
Stegenga 2004). It has not been reported from areas in between these important oyster-
culture sites, and oyster translocations are the only possible explanation for this
secondary spread.

Oysters are not the only commercial bivalves that are imported and relaid in the
Oosterschelde estuary. Mytilus edulis seed is also imported from other European coun-
tries for restocking Dutch mussel culture, and despite a risk analysis (Wijsman & De
Mesel 2009), at least two non-indigenous species, the Atlantic oyster drill Urosalpinx
cinerea and the Manila clam Ruditapes philippinarum, have recently been introduced by



mussel imports from the United Kingdom and Ireland (Faasse & Ligthart 2008; 2009).
U. cinerea was indicated in the risk analysis report as a high-risk species having a large
potential of negative impact. Commercial production of spat in quarantine and intro-
duction of this spat proves to be the only way of preventing associated introductions
with shellfish transports (Utting & Spencer 1992; Sindermann et al. 1992).

Conclusions

Opyster transports are demonstrated to have a high potential of introducing associated
species. This is reflected in the high number of oyster-associated introductions in The
Netherlands, and in the increase of oyster-associated introductions in recent years,
despite a decrease in oyster imports. This high number of oyster-associated introduc-
tions and the discrepancy between number of introductions and amounts of oysters
imported can be explained by different factors. First, not all oyster imports are
reported to the authorities, and even small numbers of oysters may result in high
propagule pressure of associated species due to large numbers of individuals and
species that are introduced in a single event. Second, these species are introduced with
their substrate, thus facilitating successful establishment. Third, the rapidly growing
Pacific oyster reefs form a new habitat for associated species in The Netherlands, and
are likely to facilitate the establishment of associated non-indigenous species, possibly
combined with other factors such as climate change and changing circumstances in the
recipient region.

Pacific oysters from the Oosterschelde estuary are a substrate for native and intro-
duced species, and for a large number of cryptogenic species. Historical introductions
with oyster transports may have resulted in cosmopolitan or disjunct distributions of
species we now call native, as pre-19th century movements of non-indigenous and
native species with oysters within Europe are likely to have occurred.

The ongoing shellfish movements within Europe contribute to introduction and
rapid secondary spread of non-indigenous species and exchange between populations
of native and cryptogenic species, thus blurring natural distributions and homoge-
nizing diversity of algae and invertebrates in coastal waters.
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Summary

Cryptogenic species are species that are neither demonstrably native nor introduced, and
include those species that are falsely viewed as native. One of the characteristics of cryptogenic
species is a disjunct distribution pattern. Our aim was to estimate the scale of cryptogenesis in
the North Atlantic Ocean by investigating disjunct amphi-Atlantic distribution patterns of
marine shallow-water invertebrates. A disjunct amphi-Atlantic distribution pattern can be
explained by four scenarios: natural trans-oceanic dispersal, post-glacial recolonization, cryptic
species and human-mediated introductions.

We chose three taxonomic groups that differ in their natural dispersal potential:
Ascidiacea, Hydrozoa and Bivalvia. Ascidiacea are poor dispersers with a short pelagic larval
phase. Hydrozoa have a high dispersal potential: they have pelagic larvae, sometimes a free-
swimming medusa and the polyps may be able to raft. Bivalvia have a long-lived larval phase,
and they were divided in three groups: infaunal bivalves, that are able to disperse only via
pelagic larvae, and epifaunal bivalves and boring bivalves, both of which may additionally be
able to raft. All groups except most infaunal bivalves are epifaunal and are potentially
dispersed as ship hull fouling.

We compiled extensive species lists from the literature including detailed information on

habitat, distribution pattern and life-history characteristics, and assigned a species status
(native, introduced, cryptogenic) and generalized distribution pattern. We reviewed literature
on the four proposed scenarios and compared relative numbers of cryptogenic species among
and within groups with disjunct amphi-Atlantic distributions.
Disjunct-amphi Atlantic distributions are uncommon: they occur in 10% of all listed species.
Cryptic species occur in all taxonomic groups; some cryptogenic species with a disjunct distri-
bution may in fact be distinct species. Disjunct distributions are often assumed to be caused by
the Last Glacial Maximum (LGM). However, so far there are no examples of studies of strictly
temperate subtidal species for which conclusive evidence has been presented of natural
dispersal across the ocean after the LGM. The LGM and anthropogenic introduction can both
result in either high or low levels of genetic diversity and are hard to distinguish.

Groups with high relative dispersal capacities do not more often have disjunct amphi-
Atlantic distributions. Infaunal bivalves have the lowest relative number of disjunct species,
and none of these are cryptogenic or have a natural disjunct distribution. Long-distance
dispersal by larvae does not explain disjunct amphi-Atlantic distributions. The Hydrozoa have
the highest relative number of disjunct distributions, which has often been ascribed to
dispersal by rafting. However, this has not been demonstrated, and it does not rule out hull
fouling as a potential agent of dispersal. Ships are more successful in dispersing coastal organ-
isms than rafts: ships travel relatively fast, are independent of the surface currents and provide
more space.

We estimated that between 1.3% and 28% of the shallow-water fauna of the North Atlantic
Ocean is cryptogenic. Species that may have been present on our coasts for centuries and may
be important ecological engineers that have shaped contemporary communities may falsely be
viewed as native; they could be the missing introductions of historical times.
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Introduction

When studying marine communities one usually finds clearly native species, clearly
introduced species and a group of species for which it is unclear whether they are
native or introduced. Carlton (1996) introduced the concept of cryptogenesis for such
species that are neither demonstrably native, nor introduced. Estimating the scale of
cryptogenesis is crucial to our understanding of modern marine community ecology
and our basic assumptions about and interpretation of the natural diversity, biogeog-
raphy and rate of evolution in the seas (Carlton 2003b). In this study, we use distribu-
tion patterns of selected shallow-water benthic invertebrates to investigate the scale of
cryptogenesis of the North Atlantic Ocean.

The North Atlantic Ocean is a well explored part of the world’s oceans. Com-
prehensive biological surveys of North Atlantic shores commenced as early as the mid
19th century and shallow-water benthic invertebrate communities of the North Atlantic
have extensively been studied since. The distributions of individual invertebrate
species in the North Atlantic are therefore relatively well known.

In general, geographic distributions of marine organisms are shaped by dispersal
and vicariance events. In the North Atlantic, the Pleistocene glaciations have had a
profound impact on diversity and distributions of marine biota (Hewitt 1999; 2000).
After the ice-sheets retreated, organisms recolonized the shores of the North Atlantic,
and geographic distributions of many shallow-water invertebrates and algae are there-
fore relatively recent.

Transoceanic shipping also started early in the North Atlantic. Humans have
profoundly impacted the biota of the North Atlantic by shipping since at least 1000 years
BP, when the Vikings first crossed the ocean, and intensive shipping across the ocean has
been taking place since the 1500s. Organisms can be transported by ships in the fouling
communities on and in the hull, in the cargo, in solid ballast and in ballast water. Shipping
is an important anthropogenic vector for dispersal and introduction of species, and thus
has greatly impacted diversity and distributions of marine biota in the North Atlantic
(Carlton 2003b). Geographic distributions of shallow-water marine and estuarine benthic
invertebrate species in the North Atlantic Ocean generally fall in one of four categories: 1)
cold-water species - restricted to Arctic or sub-Arctic waters, 2) endemic species - present
on either side of the Atlantic, 3) amphi-Atlantic species - occurring on both sides of the
Atlantic, as well as in (sub-)Arctic waters, or 4) disjunct amphi-Atlantic species - present on
both sides of the Atlantic, but absent from the intermediate Arctic and/or sub-Arctic region.

The deep and wide Atlantic Ocean is a geographical barrier for dispersal of coastal
organisms that has to be overcome in some way for a disjunct distribution pattern to
become established. Most coastal benthic species do not extend their range to deep
waters and are therefore unable to reach the opposite shore. Furthermore, there are few
oceanic islands in the central North Atlantic, and the stretch of open ocean that has to
be crossed is about 6000 km at the widest point. There are four scenarios that can
explain a disjunct amphi-Atlantic distribution: natural dispersal, post-glacial recolo-
nization, cryptic species and human-mediated introductions.



Natural dispersal

Adaptations such as long-distance dispersal of larvae (Thorson 1950; Scheltema 1971b),
and rafting of juveniles, adults or egg masses on floating substrata (Johannesson 1988;
Thiel & Haye 2006), as well as dispersal by migratory vertebrates, such as birds (Frisch,
et al. 2007) are natural mechanisms that can result in the colonization of distant shores.
For larval dispersal and dispersal by rafting the direction of dispersal is largely deter-
mined by ocean surface currents. The direction of dispersal across the Atlantic Ocean
in warm temperate waters is from west to east based on the current regime, and in cold
temperate to Arctic waters there is a possibility of east to west dispersal (Dawson et al.
2005). Colonization through larval dispersal is dependant of pelagic larval duration in
relation to the time needed by ocean currents to cross the ocean. Colonization through
rafting is also dependant on events in the rafting community. Rafting communities
change over time depending on the substrate they raft on and competition for space
and resources on the raft. Furthermore, not all invertebrate groups commonly raft, and
after arrival on a distant shore, success of dispersal is determined by the capability of
larvae, rafting adults or juveniles to establish a new population.

Post-glacial recolonization
In the second scenario, disjunct amphi-Atlantic distribution patterns are explained by
the Pleistocene glaciations, during which northernmost populations of shallow-water
invertebrate species were largely or entirely eliminated on either side or both sides of
the Atlantic and from the (sub-) Arctic region due to low temperatures, ice cover and
lower sea-levels (Frenzel et al. 1992). This scenario is in line with the observation that
temperature fluctuations and associated extinctions of species were more severe in the
North Atlantic than in the North Pacific Ocean. The North Atlantic has a generally
depauperate fauna when compared to the North Pacific (Briggs 1995). Also, the oceanic
islands in the North Atlantic have a very low degree of endemism, which is another
indication for the severity of the Pleistocene glaciations in this region (Briggs 1974).
After the Last Glacial Maximum (21,000 BP) both Atlantic coasts were recolonized
when the ice receded. For species that have a disjunct amphi-Atlantic distribution due to
the glaciations it is assumed that they recolonized both coasts from glacial refugia, from
southern regions, or from across the ocean, mostly from Europe to America (Plough
1978; Hewitt 1999; Wares & Cunningham 2001; Wares 2001b; Vermeij 2005; Maggs et al.
2008). A relatively recent colonization of distant shores has been demonstrated in
phylogeographic studies of intertidal invertebrates, e.g. the echinoderm Asterias rubens,
the mussel Mytilus edulis and the isopod Idotea balthica, which colonized the Northwest
Atlantic from the Northeast Atlantic (Wares & Cunningham 2001; Wares 2001a).

Cryptic species

Single species that appear to have a disjunct distribution may in fact be species
complexes of which the individual species have not been or cannot be distinguished
based on morphological characters. The identification of cryptic species has increased
exponentially with the availability of DNA sequences (Bickford et al. 2007). In the North
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Atlantic, phylogeographic studies have revealed species complexes for a variety of
invertebrates and algae (e.g. van Oppen et al. 1995; Gémez et al. 2007; Caputi et al. 2007).

Anthropogenic introduction

In the fourth scenario disjunct amphi-Atlantic distributions are not the result of natural
processes, but of historical anthropogenic activities. Ships have moved species across
the North Atlantic Ocean for at least 1000 years, but only since comprehensive biolog-
ical surveys began in the mid-1800s have we been able to document the appearance of
novel species on either side of the North Atlantic (Carlton 1989; Carlton 2003b). The
archeological record provides a possibility to detect some earlier invasions, such as the
Norse movement of the clam Mya arenaria from the northwestern to the northeastern
Atlantic (Petersen et al. 1992). In addition historical and cryptic introductions in the
marine environment are being revealed with the help of molecular markers on a
regular basis.

Cryptogenic species
It is difficult to discriminate between these four scenarios. For each widely distributed
shallow-water species life-history characteristics, association with anthropogenic
vectors, historical biogeography and phylogeography, and long-distance dispersal
mechanisms would have to be analyzed in order to explain its distribution pattern. We
often assume that species are endemic unless there is evidence that they have been
introduced. However, for many species this has not been investigated and this
assumption might be erroneous: these are the cryptogenic species (Carlton 1996a).
Species can be assigned to the cryptogenic category on basis of several characteristics,
such as association with an anthropogenic transport vector, a recent history of world-
wide introductions, absence of close relatives in part of their range, and a disjunct
distribution pattern. In our study, our starting point is the last characteristic: we use
distribution patterns of shallow-water invertebrates to investigate the scale of crypto-
genesis in the North Atlantic Ocean

Based on a literature review and consultation with taxonomic experts, North
Atlantic geographic distributions are determined for three large taxonomic groups,
from different phyla: the Ascidiacea, Hydrozoa and Bivalvia. These groups were
chosen because of their differential life-history traits that result in differing natural
dispersal potential, and they serve as model groups for other invertebrate taxa. Many
species of these groups are important members of fouling communities, and are likely
to have been transported historically by ships as fouling of the hull. For bivalves this
generally applies only to the epifaunal and boring species (although there are some
exceptions). The distribution patterns of the epifaunal and boring bivalves, the ascid-
ians and the hydrozoans are compared with the distributions of infaunal bivalves
which, with few exceptions, are not easily transported as hull fouling. Infaunal
bivalves may be distributed as larvae in ballast water of ships, but since this vector has
only been in use since the late 19th century, we generally know which species were
introduced by this anthropogenic vector.



Aim

The aim of this study is to estimate the scale of cryptogenesis for benthic invertebrates
in North Atlantic shallow waters. To this end we estimated the relative number of
species with a disjunct distribution pattern across all studied groups. For these species
with a disjunct distribution pattern the relative importance of natural- versus anthro-
pogenic dispersal was evaluated and compared across groups. In doing so, we paid
particular attention to the comparison of infaunal Bivalvia for which we believe to
know all cases of human-aided dispersal, with epifaunal groups. Also, the possibility
of cryptic speciation and post-glacial recolonization as processes responsible for
disjunct distributions across the North Atlantic were reviewed.

Methods

Geographic region

Biogeographic provinces, biomes, or regions have been defined by numerous authors
based on different criteria. Among the criteria used are species composition, geograph-
ical barriers, and physical conditions. Only recently have all these efforts been
reviewed, and this has resulted in the Marine Ecoregions of the World (MEOW)
(Spalding et al. 2007). The ecoregions defined by Spalding et al. are based on an exten-
sive literature review, advice of a large number of independent experts and the results
of an international workshop. We have adopted their classification, which for our
study region also follows the classification by Briggs (1974; 1995). The geographic
region considered here is the North Atlantic Ocean, bordered in the South by Cape
Hatteras in the Western Atlantic, and the Strait of Gibraltar in the Eastern Atlantic (see
Fig1.1).

Taxonomic groups

The taxonomic groups concerned are Bivalvia (Phylum Mollusca), Ascidiacea (Phylum
Chordata) and Hydrozoa (Phylum Cnidaria). We have selected these taxa because they
span a wide variety of habitats and reproductive strategies representative of a broad
array of invertebrate phyla. Furthermore, they are conspicuous and abundant compo-
nents of coastal communities, are relatively well studied, there is extensive literature
on each of them, and there are experts available to review the species lists. Table 4.1
presents a generalized summary of the life-history, dispersal and habitat characteristics
of each taxon. Based on these characteristics, the relative natural dispersal potential
and expected general distributions for each taxon were derived.

Natural dispersal potential

In sessile benthic organisms dispersal generally takes place in the pre-adult phase, and
knowledge of life-cycles is therefore necessary to assess and understand dispersal
potential and distribution patterns. Bivalves, ascidians and hydrozoans differ substan-
tially in their natural dispersal capabilities.
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Ascidians are hermaphrodites, and sperm is shed into the sea. Some colonial ascid-
ians can store exogenous sperm for prolonged periods (Bishop & Ryland 1991). Most
solitary species spawn their eggs into the sea, where they are fertilized and develop
into tadpole larvae. Some solitary and all colonial forms brood their eggs, either in
special brood chambers or in the atrium (Lambert et al. 1995). Eggs develop into larvae
that may or may not be able to swim. Swimming of ascidian larvae functions in site
selection, and probably not in dispersal, as larval duration is short, ranging from
minutes up to 36 hours, although metamorphosis may be delayed for some days in
some species - (Laurson 1981; Svane & Young 1989; Lambert 2005a). Spawned eggs of
several Molgula species develop directly into a functional juvenile without going
through a swimming larval stage (Berrill 1931). In general, due to the limited time
larvae are free-swimming, the natural dispersal capacity of the Ascidiacea is limited,
and expected distributions are narrow and continuous (Table 4.1).

In contrast, bivalves (that can either be dioecious or hermaphroditic) have a pelagic
larval phase that can last days to weeks under normal conditions. There are some
species that brood their offspring (e.g. some Lasaea species), and release them either as
pelagic larvae or as benthic juveniles. Delayed metamorphosis occurs in the absence of
suitable substrate for settlement and can extend the free-swimming larval phase to
months (Ruppert & Barnes 1994). Byssus drifting is universal in bivalves, except in
Ostreacea and Teredinidae. Growth is slowed down, shell thickening is delayed in
order to keep buoyancy, and an intermediate filter-feeding mechanism is present
during the byssus drifting stage (Sigurdsson et al. 1976). Bivalves are potentially
capable of dispersing over large spatial scales, and geographic distributions are conse-
quently expected to be wide (Table 4.1). Hence, disjunct amphi-Atlantic distributions
are expected to be common in this group.

The hydrozoan life cycle is complex and consists of three phases, with varying
dispersal potential. The polyp phase is generally spent attached to a biotic, abiotic, or
artificial substrate and is dependent of the mobility of the substrate for its dispersal.
Polyps reproduce asexually by the production of medusae via budding. Medusae can
either be released as a free-swimming stage, or they can be retained, as fixed medu-
soids or sporosacs, which are incomplete medusae consisting only of the gonadal
tissue. Free-swimming medusae have a life span of a few days up to many months.
Medusae reproduce sexually and form larvae. The ciliated planula larvae spend
several hours up to several days in the water column. Some species of Hydrozoa brood
their larvae, which restricts the free-swimming larval phase (Ruppert & Barnes 1994).
The medusa phase has the highest dispersal potential in the hydrozoan life cycle
because the medusa can actively swim and has a longer lifespan than the planula
larva. Hydrozoa that possess a free-swimming medusa phase are therefore expected to
have relatively wide distributions and more frequently have disjunct distributions
compared to Hydrozoa that retain their medusae (Table 4.1).

In all groups we only focus on shallow-water species, occurring in depths less than
100 m. Species that occur on both coasts as well as in deeper waters may in fact have
continuous distributions in deep waters of the North Atlantic. We also indicated



whether species extend their range into the (sub) tropics. Larval durations in warmer
waters are typically longer (Thorson 1961), the stretch of ocean that separates the conti-
nents is less wide, the surface current system may allow dispersal in both directions,
and species may have survived in refugia in the tropics. Disjunct amphi-Atlantic distri-
butions in warmer waters are therefore excluded from our analyses.

Comparing epifaunal and infaunal bivalves

Most members of the taxa we studied have a sessile adult phase that lives attached to a
substrate. Long-distance dispersal by the juvenile or adult phase is possible by rafting
or with anthropogenic vectors. In order to investigate whether long-distance dispersal
by free-swimming larvae or by the adult phase is more important in forming disjunct
distribution patterns, we need a control group within one of the studied taxa that can
disperse via a long-lived pelagic phase, but is not able to attach to hard substrates such
as ships or rafts.

Bivalves contain such a control group because they can be divided in infaunal and
epifaunal species. Epifaunal bivalves are found on the substrate surface, infaunal
bivalves burrow or bore into the substrate. Many epifaunal and boring bivalves are
common components of fouling communities. They settle on, or bore in, the (wooden)
hulls of ships, which can aid in dispersing these organisms.

Infaunal (burrowing) bivalves are unlikely candidates for dispersal on ship hulls.
Their larvae may be transported in ballast water and introduced outside their native
range. Around 1880 the use of ballast water became common practice and it is now
regarded as one of the major anthropogenic vectors of introduction. Because this vector
has been in effect for a relatively short period in time, we generally know which
species have been introduced by it, particularly for a well-studied group such as
bivalves. The distribution patterns of native infaunal bivalves before about 1880 can
therefore be regarded as natural distributions that are not influenced by historical ship-
ping (even though there are exceptions to this; see Anthropogenic dispersal section).

Table 4.1 Generalized habitat and natural dispersal characteristics of Ascidiacea, Hydrozoa and
Bivalvia, and their expected distribution patterns. There are exceptions to the generalizations in this
table; these are indicated in Tables 4.2, 4.3 and 4.4, and in the text.

Bivalvia Ascidiacea Hydrozoa
Habitat infaunal ~ epifaunal  boring epifaunal epifaunal & epifaunal
planktonic
dispersal by - long- - long- - long- - short -medusa  -larva
lived larva lived larva livedlarva  livedlarva  _japyva - rafting
- rafting - rafting - rafting - rafting adult
adult adult adult adult
Relative natural high high high low high low
dispersal potential
Expected distribution wide wide wide limited wide limited
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The role of Pleistocene glaciations in the creation of disjunct amphi-Atlantic distri-
butions is assumed to be the same for all groups, and differences in relative numbers
between the bivalve groups can only be explained by differing dispersal potential.
Comparing the relative numbers of disjunct distributions of burrowing, boring and
epifaunal bivalves will reveal whether long-distance dispersal of larvae is a strong
mechanism for the creation of disjunct distribution patterns.

Data

All species of Hydrozoa, Ascidiacea and Bivalvia in North Atlantic shallow waters

(minimum depth less than 100 m) were reviewed, including information on their

world-wide distribution, depth range, reproduction, lifestyle, dispersal capabilities,

and notable peculiarities. The completed tables were sent to taxonomic experts for
review and are now up-to-date regarding systematics and nomenclature.

The complete distribution of each species was determined in detail, including
the distribution outside the study area. Species were also assigned to a generalized
distribution category in the North Atlantic: Northeast Atlantic, Northwest Atlantic,
Arctic, amphi-Atlantic (continuous distribution), or disjunct amphi-Atlantic (not in
Arctic or sub-Arctic waters).

Bivalves were divided in epifaunal, infaunal and boring species (Table 4.1).
Epifaunal bivalves are all bivalves that live on a substrate and not only include
attached species, but also commensal, free-swimming, nest-forming and half-buried
species. Infaunal bivalves are burrowing species, boring bivalves are those that bore
into hard substrates. Hydrozoa were also divided in three groups: medusa-releasing
hydrozoans, medusa-retaining hydrozoans and species for which this information on
the life-cycle is lacking (Table 4.1). Ascidians were not subdivided.

Rafting potential was noted if it was based on observations of animals on rafts; if
rafting was inferred from the geographical distribution of a species this was added in
the comment. In the evaluation of rafting potential a recent and very extensive review
of rafting literature was used (Thiel & Gutow 2005). Fouling potential was only explic-
itly noted in the comments section if fouling of ship hulls had been documented.
Fouling of other substrates was mentioned in the habitat section.

From the combined species characteristics and distribution, a species status was
assigned:

- introduced. A species was assigned to the introduced category if it was certainly
introduced on either coast by an anthropogenic vector; this had to be supported by
literature.

- cryptogenic. Species from this category have one or more characteristics of a crypto-
genic species: a disjunct distribution, history of introduction in other regions, asso-
ciation with an anthropogenic vector, and other life-history characteristics that
facilitate introduction by humans.

- other. Species with an unclear or debated taxonomy (“doubtful”), species that are
thought to represent a species complex, species that are known to have been
wrongly identified in many places, and species for which the distribution is based



on very few records.

- warmy/deep. This group consists of species that also occur in warm or deep waters,
which may allow them to cross the barrier of the deep and wide Atlantic by natural
means through deep waters or equatorial warm waters.

- “natural”. Species that are not allocated to one of the categories above. Their distri-
bution is assumed to be natural.

Results

Complete lists of species of shallow-water North Atlantic Ascidiacea, Hydrozoa and
Bivalvia, including distributions, depth ranges, habitat, reproduction characteristics,
comments, species status and references, were created. For each group we present the
number of species for each distribution category in Figure 4.1. Tables 4.2, 4.3 and 4.4
list the specie