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Abstract Since the late 1990s, the Pacific oyster
(Crassostrea gigas) has spread into the East Frisian
Wadden Sea (Germany). This invasion provided an
opportunity to study the population dynamics and the
patterns of spread during the initial bioinvasion process.
With its source area in The Netherlands, the bioinvasion
continues in an eastward direction, as documented by a
gradient of high abundances in the west and low abun-
dances in the east during the first study year. One year later,
abundances of the Pacific oyster were more heterogenic
and differed between adjacent tidal basins. The increase in
population sizes at all study sites was very high, reaching
levels similar to native occurrence populations. The growth
constant (K) varied between 0.300 and 0.990 year_l. The
mussel bed with the highest densities had a mean abun-
dance of >300 ind. m72, and a maximum of 1,460 ind.
m 2. Furthermore, the bioinvasion was facilitated by a low
mortality (Z) found for populations between 0.5 and
1.5 years old (Z = 0.03-0.13 year™'). At present, Pacific
oysters are well established at several locations in the East
Frisian Wadden Sea and may become with these repro-
ductive potential self-sustaining populations.
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Introduction

Biological invasions consist of human induced species
translocation such as global shipping and aquaculture
(Carlton 1985; Gollasch 2002; Nehring and Leuchs 1999), or
of natural range expansions (Carlton 1989). Once an alien
species has arrived in a new region, further spread can con-
tribute to the influence on the recipient region (Grosholz
2002; Wasson et al. 2001). The accelerated spread (world-
wide and local) of non indigenous species is also facilitated
by climate change (Stachowicz et al. 2002; Walther et al.
2002). Understanding the dynamics of transport, settlement
and invasion of non indigenous species is therefore necessary
to assess the long term consequences for marine ecosystems
(Occhipinti-Ambrogi 2007). Particularly, the dynamic of an
invasion during the initial phase of a successful invader
could help to understand the mechanisms which invasion are
underlying (see Grosholz 2002; Occhipinti-Ambrogi 2007).
In this paper we describe the population dynamics of the
invasive Pacific oyster (Crassostrea gigas; Thunberg, 1793)
during their initial spread in the East Frisian Wadden Sea
area of the North Sea.

The Pacific oyster is one example of a species that was
intentionally for (e.g. aquaculture) or unintentionally
introduced in many different regions, where it further
dispersed by natural means (Andrews 1980; Chew 1990;
Ruesink et al. 2005), e.g. North America (Andrews 1979;
Quayle 1969), South America (Escapa et al. 2004), South
Africa (Robinson et al. 2005), Australia (Ayres 1991; Dix
1991) and Europe: France (Grizel and Héral 1991), The
Netherlands (Drinkwaard 1999), Germany (Reise 1998;
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Wehrmann et al. 2000) and England (Eno et al. 1997). An
overview on bioinvasion by oysters is found in Ruesink
et al. (2005).

In the southern North Sea, the Pacific oyster was
deliberately introduced for aquaculture into the Oostersc-
helde (The Netherlands) in 1965 (Drinkwaard 1999; Reise
1998), the first successful spat falls of the Pacific oyster
outside aquaculture plots occurred in 1975 and 1976
(Drinkwaard 1999). After these recruitment events, abun-
dances increased along the southern North Sea coast. In
1983, Bruins (1983) reported the first Pacific oyster find-
ings in the Wadden Sea attached to stones at Texel, and in
1998, Tydeman (1999) discovered Pacific oysters in the
Harbour of Eemshaven (at the Dutch-German border). On
the East Frisian coast, the first individuals were found in
1998 (Wehrmann et al. 2000).

The spread of the Pacific oyster in the East Frisian
Wadden Sea can be traced back to this earlier introduction
to the Oosterschelde in The Netherlands (Wehrmann et al.
2000). Former failed attempts of introduction for aqua-
culture in the East Frisian Wadden Sea (dates and place of
Pacific oyster aquaculture attempts: 1974 Neuharlingersiel;
1976/1982 Jade, 1982 Wangerooge, 1987 Norderney
(Neudecker 1985; Wehrmann et al. 2000)) have not lead to
the establishment of feral oysters in the area. A successful
Pacific oysters aquaculture on the German coast is located
at the island of Sylt, from where a spread throughout the
northern Wadden Sea started 5 years after the introduction
in 1986 (Diederich 2005; Nehls et al. 2006; Reise 1998).
Although in the northern Wadden Sea attempts of intro-
duction for aquaculture were done before the successful
aquaculture at Sylt (see Nehls and Biittger 2007).

Previously, non indigenous bivalves, such as the clam
Mya arenaria (Strasser 1999) and the razor clam Ensis
americanus (Armonies and Reise 1999), found a niche in the
Wadden Sea ecosystem (see also Reise et al. 2005). A high
“niche opportunity”, that appears to be provided by the
Wadden Sea ecosystem raises the receptiveness of a com-
munity to invasive species. The “niche opportunity” defines
conditions that promote invasions in terms of resources,
natural enemies, the physical environment, interactions
between these factors, and the manner in which they vary in
time and space (Shea and Chesson 2002). The low species
richness in the coastal northern European waters and the
vacant ecological niches in the North Sea after the last gla-
ciations can facilitate the success of invading species on the
German coast (see Reise et al. 2006; Vermeij 1991; Kennedy
et al. 2002; Levine and D’Antonio 1999; Levine 2000).
Furthermore, as the Wadden Sea is a highly dynamic eco-
system (Reise et al. 2005), where, e.g. sediment
rearrangements may produce empty patches, it is very
receptive to introduced species (Carlton 1996; Sousa 2001).
However, unlike previous invasions by M. arenaria and E.
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americanus, the Pacific oysters are more likely to change the
habitat structure in the Wadden Sea, affecting blue mussel
beds (Mytilus edulis) and their associated organisms.

A remarkable increase in oyster abundance has already
been observed in the Dutch and northern German Wadden Sea
(Dankers et al. 2004; Diederich et al. 2005; Dankers et al.
2006;), and was postulated to be due to low mortality and high
growth rates in settled Pacific oysters during their first 5 years
of age (Diederich et al. 2005; Diederich 2006; Reise 1998).

Our study is, to our knowledge, the first one docu-
menting a marine bioinvasion during the first years in
which populations of the invasive species about to arise.
The beginning spread of the Pacific oyster in the East
Frisian Wadden Sea (Wehrmann et al. 2000) provided the
opportunity to study the population dynamic of the invader
during the initial phase of the invasion. Especially from the
east part of the East Frisian Wadden Sea no reports of
Pacific oyster occurrences were known before our study.
Our investigations concentrated on population growth and
mortality of the Pacific oyster. For this purpose, densities
and size-frequencies of Pacific oysters were investigated on
tidal flats of the East Frisian Wadden Sea (Germany).

Methods
Study site

The study area covered the entire Wadden Sea of Lower
Saxony (Germany) between the Ems estuary in the west
and the Elbe estuary in the east (6°40'E to 8°40'E and
54°60'N to 53°20’N). The area is characterised by muddy
to sandy tidal flats with a semidiurnal tide cycle and a tidal
range of 2.3-3.9 m. In the area between the mainland and
the barrier islands, 15 blue mussel (Mytilus edulis) beds
were chosen for the investigation (Fig. 1), based on
information provided by the National Park administration
about the occurrence of blue mussel beds, logistic con-
siderations and similar conditions (such as flooding time,
location in lower intertidal, similar high (approximately 0—
1.2 m above low tide). The mussel beds were also selected
to assure an even distribution of study sites throughout the
entire area. The investigation was carried out on blue
mussel beds, as they provide the main hard substrate
available for Pacific oysters settling in the Wadden Sea.
Other hard substrates are shell beds, harbour walls, groins,
dikes and other artificial substrates.

The areas of the mussel beds were mapped using a
global-positioning system (GPS). To assess the spatial
extent of a mussel bed, all areas occupied by mussels not
more than 25 m apart were included. These criteria were
adapted from the blue mussel monitoring carried out by the
National Park administration (see also Herlyn 2005). The
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area of a mussel bed can be separated in areas of patches
were the bivalves are accumulated (in the beginning of the
study also for the most part without oysters) and in patches
with bare sand and mud which include scattered occurrence
of bivalve shells, mussels and oysters. Additional investi-
gations (e.g. shell growth) were carried out on four of the
15 mussel beds (#2, #3, #6 and #12). These four exemplary
mussel beds were selected because: Mussel bed #3 and #12
differed in the first year of the investigation in their oyster
abundance (#2 and #3 with high and #6 and #12 with low
oyster abundance). Mussel bed #12 was easily accessible,
mussel bed #2 had the largest oyster population of the 15
mussel beds in the first year and mussel bed #6 closes the
spatial gap between mussel bed #3 and #12 for an equal
distribution of the additional investigations.

Annual monitoring

Field surveys for estimate stock abundance of Pacific
oyster were carried out in spring 2003, 2004, and 2005,
before the spat fall of the respective year took place. A
possible overlap of survey and spat fall occurred only in the
first year, when samples were taken in September and
October on mussel beds #4, #5, #6 and #9, which could
increase the abundance of the young oysters.

A grid with 0°0.01’ intervals was assigned over the whole
area of each mussel bed and coordinates for 100 sampling
sites allocated with a random number generator. As the
mussel beds exist of patches of Blue mussel with or without
Pacific oysters as well as sandy to muddy areas with more or
less occasional occurrence of bivalve shells, single Blue

mussels and Pacific oysters, the randomly distributed sam-
pling grids included the range of microhabitat topography of
a mussel bed. The sampling sites were located by using a
GPS (Garmin GPS 72) and were marked with bamboo sticks
for relocation in the following years. At each sampling site,
oyster density was determined within a 1 m? quadrate and
the size of oysters measured as the largest distance from the
hinge, using a calliper to the nearest mm. Measurements
were done in the field, and all oysters were left on the sam-
pling site, to avoid a change in the natural composition. From
2004 onward, the quadrate size was reduced to 0.25 m? for
those mussel beds showing a high abundance of Pacific
oysters. Opyster densities are given as mean abun-
dance =+ standard error (SE) of the 100 sampling sites per
mussel bed for the comparison of the abundance increase
between years. For the data analysis, the abundance of the
mussel beds (each mussel bed n = 100) was used, but in
Fig. 2 abundance data are plotted as Box and Whisker-Plot to
better reflect the patchiness on a mussel bed. Variations were
high as a mussel bed comprises areas occupied by mussels
and sandy or muddy open space in between. The maxima are
representing oyster patches on a mussel bed.

Data analysis

Abundance distributions of the Pacific oyster in the entire
study area

The annual population increase is calculated from mean

oyster abundances of all investigated mussel beds. Data
were tested for normality using the Kolmogorov—Smirnov
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Fig. 2 Abundance of the Pacific oyster on all investigated mussel
beds (for the location see Fig. 1) in the years 2003, 2004 and 2005.
Box plots show median (horizontal line within box), 25th and 75th
percentiles (box) and 10th and 90th percentile (whiskers); circles
indicate all outlier. For the comparison of abundances during 1 year
each Box and Whisker-Plot has different scaled axis of abscissa

test, but as assumptions for ANOVA could not be met, non-
parametric statistics applied. To test for inter annual
changes in abundance we used the Wilcoxon signed-ranks
test or the Friedman test. To compare the Pacific oyster
populations between the 15 mussel beds for each year
separately, the Kruskal-Wallis-H test was used. As post
hoc analysis, the Nemenyi-test was used. Effects were
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considered to be statistically significant if the P value was
<0.05. The year to year increase was calculated for the
mean of all mussel beds.

Length frequency distribution, population growth
and mortality

Length frequency distributions were determined for all
investigated mussel beds, but are presented only for the
exemplary mussel beds: #2, #3, #6 and #12 (5 mm size clas-
ses, annual). For a better comparison of the length frequency
distribution between the mussel beds, the data are shown as
relative abundances. The length frequency distribution data
were fitted to the “von Bertalanffy growth function” (VBGF)
with the program FiSAT II. This was done for all mussel beds,
except for the mussel beds #4, #10, #13 and #15 where cal-
culations were impossible due to low population size. For the
calculation of the growth constant (K) of the VBGF, the
Shepherd’s method from the FiSAT II was used. The length
L is given from FiSAT II and represents the largest accepted
length present in the population. The possible maximum
length of the Pacific oyster was not reached during the studied
period of early invasion, therefore we used L., given by Fi-
SAT II. The mortality rate Z year ' for the entire duration of
the investigation was calculated by a fit of the size converted
catch curve with FiSAT II. Additionally, the year to year
mortality was calculated on the exemplary mussel beds with a
high oyster abundance (#2 and #3) by direct determination
over the cohort size with the formula:

—Z=1In (&)
No

where Z s the mortality, In the natural Logarithm, N; the cohort
size at time 7; and N, the cohort size at 7. These calculations
do not include the early mortality directly after settlement due
to the mode of data collection. The abundance and length of the
Ny generation was determined approximately 0.5 year after
settlement, so the first generation is further noted as N
generation. The cohorts, size and mean length for the calcula-
tion of mortality and mean shell growth was determined with
the Bhattacharya’s method using FiSAT II.

The mean shell growth in the second and third year was
calculated from the differences between the mean lengths
of single cohorts from the mussel bed #3 and #12.

Results

Abundance and distribution of Pacific oyster in the East
Frisian Wadden Sea

In the course of the three study years (2003-2005), an
increasing spread of Pacific oyster was recorded from the



Helgol Mar Res (2008) 62:367-376

371

west towards the east. The quantitative surveys on 15
mussel beds throughout the study area demonstrated this
population increase (Fig. 2). The abundances (ind. mfz) of
the Pacific oysters differed significantly on the mussel beds
over the years (Table 1). In 2003, three groups with similar
oyster abundance each and a significant distinction
between the groups (P < 0.05) were distinguished after the
comparison of all mussel beds (group 1 with mussel bed
#1-#3; group 2 with #4—#7 and group 3 with #8—#15; see
Fig. 2, year 2003). These groups represented mussel beds
with similar oyster densities descending in densities from
the west (high) to the east (low), but in 2004 and 2005 this
spatial distribution exist not any more. This and the simi-
larity between mussel beds in each year is visible in Fig. 2,
especially the maxima showing the similarity because they
indicate that on the patchy mussel beds some areas had a
similar high oyster density.

In 2003, the largest oyster populations were found in the
west, south of the islands Borkum and Juist, with mean
abundances of 11.11 ind. m ™2 (mussel bed #1) up to 42.44
ind. m~? (mussel bed #2) and a maximum on a sample plot
of 224 ind. m~? (mussel bed #2). Mean abundances were
lower towards the eastern parts and did not exceed 1.59
ind. m~2, with no Pacific oysters found in the Jade Bay
(mussel bed #13).

In 2004, a significant increase of the Pacific oyster
abundances occurred on 13 of the 15 mussel beds
(Table 1), and the first oysters were found in the Jade Bay.

Oyster abundances increased 5.3 times in the whole study
area from 2003 to 2004. The oyster densities of the mussel
beds #5, #6, #7 and #12 were significantly higher
(Table 1), with a four to eight times increase in comparison
to the adjacent tidal basins. The highest mean abundance of
136.24 ind. m~2 was found on mussel bed #2. The maxi-
mum abundance on a sample plot recorded in 2004 was
also in the western region on mussel bed #1 with 684 ind.
m~2.

By 2005, the Pacific oyster population had increased
further, with an overall increase of 9 times over 2004 for
the whole study area. The increase was highest on mussel
beds #6, #7 and #12, where abundances reached the level
of the mussel beds in the west. The largest population was
still on mussel bed #2 with a mean abundance of 302.04
ind. m 2 and a maximum oyster number found on a sample
plot of 1,460 ind. m ™2 On mussel bed #4 the abundance of
the Pacific oyster decreased significantly, because this and
also mussel bed #15 were almost destroyed during the
winter 2004-2005.

Length—frequency-distributions

Oysters found ranged in size from 1 to 234 mm. On the
basis of length—frequency-distributions (Fig. 3), one new
cohort was identified by FiSAT II in every year. The N,
cohort of the year 2003 (recruits of autumn 2002 which
were already approximate 0.5 year old) could be followed

Table 1 Spatial extent of all investigated mussel beds, with mean abundance + SE and maximum abundance of Pacific oyster in 2003, 2004

and 2005
Mussel bed Mussel bed area Crassostrea gigas (ind./m®) Significant change
2003 [ha] of the abundance

2003 2004 2005
Mean + SE Mean + SE Mean + SE

#1 3.13 11.11 £ 2.65 55.40 £+ 12.05 150.56 £ 25.71 a, b, c

#2 22.83 42.44 £ 5.34 136.24 4+ 14.90 302.04 £ 40.96 a, b, c

#3 37.09 13.32 £ 1.92 70.92 &+ 8.92 107.97 £+ 16.12 a,b,c

#4 7.67 0.41 + 0.08 0.83 £ 0.27 0.23 £ 0.12 a, c

#5 18.98 1.47 £ 0.25 422 +£1.02 10.73 £ 3.24 a, b, c

#6 11.09 0.96 £+ 0.21 7.99 £ 1.05 93.80 £ 21.16 a, b, c

#7 28.54 1.59 £ 0.31 391 £0.94 77.36 + 19.94 a, b, c

#8 48.85 0.01 £ 0.01 0.18 £ 0.18 242 £0.74 a, b, c

#9 28.69 0.12 £+ 0.05 1.66 £ 1.66 6.47 £2.53 a, b, c

#10 6.77 0.09 + 0.03 0.2 +0.05 0.62 + 0.42 a, b, c

#11 14.21 0.04 + 0.02 0.46 £+ 0.11 27.85 £ 5.20 a, b, c

#12 6.51 091 £ 0.12 6.67 + 0.85 205.56 £ 23.61 a,b,c

#13 14.15 0 0.03 £ 0.02 0.06 £+ 0.04

#14 591 0.13 £+ 0.03 0.67 £ 0.11 2.58 £ 0.67 a,bc

#15 12.29 0.09 £+ 0.03 1.42 £+ 0.18 1.24 £ 0.16 a, b

Significant increase is shown (P < 0.05): a = Friedman-test (all 3 years of investigation), b and ¢ = Wilcoxon-test (b = 2003-2004)
(c = 2004-2005). At mussel bed #4 the change between 2004 and 2005 was a significant decrease
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up to the N3 generation. The N, and N, cohorts were visible
as bimodal peaks in 2004 and 2005.

For the second and the third year, the annual shell
growth was calculated from the Length-Frequency-Distri-
bution of mussel bed #3, #6 and #12, for example. At
mussel bed #3, the mean growth of the Pacific oyster was
44 mm year ' in the second year of growth, and
27 mm year ' in the third year. For mussel bed #12, the
Pacific oyster grew 29 mm year ' on average in their
second year and 32 mm year™ ' in the third year. For cal-
culations on mussel bed #6 only the last two years could be
used, with a growth of 46 mm year™' for the second year
and 40 mm year™ ' for the third year.

To describe the population growth and mortality over
3 years, the VBGF were fitted to the data sets and the growth
constant (K) with the maximal expected length (L), and the
mortality (Z) was calculated. The growth constant of the
VBGEF varied in the range from K = 0.300 year ' at mussel
bed #3 with L., = 186.90 mm and K = 0.990 year™' at
mussel bed #11 with L, = 129.15 mm (Table 2).

For mussel beds #2 and #3, the mortality (Z) was cal-
culated for the 2003 N; cohort. Between a 0.5 and 1.5 year,
the mortality on mussel bed #2 was Z = 0.03 year ' and

#2,16.07.03, n = 4247 #3, 26.05.03, n = 1332

on #3 Z = 0.13 year™', after one more year the mortality
on mussel bed #2 was Z = 0.82 year ' and on #3 Z = 1.61
year™'. The mortality rate Z year™' calculated with FiSAT
II for the entire duration of the investigation was in the
range of 1.19-3.16 year™ ' (Table 2) and therefore many
times higher than the calculations for the first and second
year were showing.

Discussion

Investigations describing the population dynamics of a
beginning marine bioinvasion are rarely available in the
literature. Most studies describe the current state of a bio-
invasion (e.g. Grizel and Héral 1991; Mann and Harding
2000; Streftaris et al. 2005) or the change over several years
(e.g. Diederich et al. 2005; Escapa et al. 2004; Herkiil et al.
2006; Oliveira et al. 2006). The first investigation on Pacific
oyster appearance outside of the 1986 established oyster
farm at the island Sylt situated in the northern part of the
German Wadden Sea were done by Reise (1998), he
described the oyster occurrence around the island in 1993
and 1996, while the first findings of the Pacific oyster in the

#6, 30.09.03, n = 96 #12, 08.07.03, n = 91
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Fig. 3 Annual length-frequency distribution (LFD) from Pacific oysters of three selected mussel beds (mussel bed #2, #3 and #12) in 2003, 2004

and 2005
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Table 2 L, growth constant (K) and mortality (Z) of the Pacific
Opyster populations calculated for the 3 years of investigation

Mussel bed L., (mm) K yearfl Z yearfl
#1 207.90 0.440 1.55
#2 192.15 0.390 1.41
#3 186.90 0.300 1.19
#5 144.90 0.410 1.20
#6 139.65 0.580 1.67
#7 160.65 0.910 2.92
#8 139.65 0.320 0.89
#9 139.65 0.510 1.44
#11 129.15 0.990 3.16
#12 139.65 0.580 2.14
#14 92.40 0.670 1.53

East Frisian Wadden Sea were done in 1998 by Wehrmann
et al. (2000). These findings in the East Frisian Wadden Sea
provided the opportunity for this case study to examine the
beginning of a bioinvasion and the beginning spread of a
marine invasive species on a large scale of about 120 km of
coastline.

The invasion of the Pacific oyster, starting from the
aquacultures in the Oosterschelde, is only partly described
for the Dutch Wadden Sea (Dankers et al. 2004; Drinkw-
aard 1999; Tydeman 1999) and the East Frisian Wadden
Sea (Wehrmann et al. 2000), while more is known about
the oyster population in the northern German Wadden Sea
(Diederich et al. 2005; Diederich 2006). Both invasions
differ in the origin of the non-indigenous oyster. In the East
Friesian Wadden Sea the invasion of Pacific oyster is a
spread by natural means with a distant introduction source
(Wehrmann et al. 2000), whereas the invasion in the
northern German Wadden Sea is enforced by a continuous
input of larvae from a local oyster farm (Diederich et al.
2005). It is important to differentiate both invasion events
to understand the causes for their successful bioinvasion.

The successful introduction of an invasive species is
divided into four successive phases: arrival, settlement,
expansion and persistence (Mollison 1986; Reise et al.
2006). For the invasion of the Pacific oyster in the East
Frisian Wadden Sea we could detect the first three phases
of introduction. The arrival of the Pacific oyster in the
western part of the east Frisian Wadden Sea was postulated
to have been taken place between 1994 and 1996 (Wehr-
mann et al. 2000), and the first discovery in the eastern part
of the east Frisian Wadden Sea was in 2001 (Herlyn and
Millat 2004). The first small populations in the west were
found in 1998/1999 (Wehrmann et al. 2000) and in the east
in 2002/2003 (Herlyn and Millat 2004; and this study).
With the spat fall from 2002, the population in the west

started the expansion phase with a significant increase in
abundance (Table 1), and the same was observed in 2005
in the east. Hence, the oyster had an establishment phase of
4-6 years. For the oysters which were introduced in 1986
in the List tidal basin at the island Sylt, the first significant
spatfall was in 1991 (Diederich et al. 2005; Reise 1998),
5 years after introduction. This is in agreement with the
expected establishment phase of 4-6 years for a Pacific
oyster population in the southern North Sea. After the
establishment phase, only one or two more generations are
necessary for a rapid increase of the population. Our
investigations started with the beginning expansion phase
of the invasive oyster in the East Frisian Wadden Sea. The
population increase differed between mussel beds. We
found that the population increase was faster in the vicinity
of the accepted local source populations than further away,
e.g. mussel bed #6, #7 had a higher increase than the
nearby beds #5 and #8 located in the adjacent tidal basins
and mussel bed #12 in comparison to nearby bed #11 (see
Fig. 2). Similar effects were described by Diederich et al.
(2005) for the List tidal basin at the island of Sylt. This
local increase we found, with a successful recruitment in
every investigated year indicates that the spreading of the
oyster takes place in a restricted area around the source
population. A possible cause for the local increase could be
the hold off storm events resulting in lacks of water cur-
rents, therefore without storm events larvae are retained in
a restricted area around the source population (see also
Dunstan and Bax 2007).

Key factors for the spread are the wind conditions
together with a successful spat fall, as shown for the
invasive mussel Mytilus galloprovincialis in South Africa
(McQuaid and Phillips 2000). Our study period fell into
years with low mean wind speed during the spawning
period (data Deutscher Wetter Dienst DWD). A natural
wide spread dispersal eastwards of approximately 150 km
per year of a benthos species with a free swimming larval
phase of around 20-30 days is a theoretically expectable
value under special weather conditions at the southern
North Sea coast (Armonies 2001; Wehrmann et al. 2000).
The spread is attributed to the eastward residual current of
approximately 0.1 m s~' due to special wind conditions
(constantly over a 3-4 week period) existing in coastal
waters of the southern North Sea (Armonies 2001;
Wehrmann et al. 2000). Wide dispersal of larvae only
happens during such wind conditions, as was the supposed
case for the spread of the oyster in the years 1994-1996
(Wehrmann et al. 2000). In these years, the oyster recruited
on a coast line of approximately 50 km between the islands
of Borkum and Baltrum on the East Frisian coast, coming
from the western Netherlands as indicated by the com-
parison of oyster abundances in 2003, where we found
decreasing abundances towards the east (see Fig. 2). In
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1994 and 1995 the water temperature was significantly
higher during the oyster larvae period from July to October
than average, coinciding with a significant oyster recruit-
ment in 1994 at the island of Sylt (Diederich et al. 2005),
and also the wind was significantly stronger than average in
the period between 1990 and 2005, with a mean south
western wind direction (Deutscher Wetter Dienst (DWD)),
both factors had a positive influence for an eastward wide
spread of oyster larvae. Additional to dispersal by current,
we are not able to exclude the possibility that the oyster
was further transported within the Wadden Sea by human
activities such as ship transport, whether on the hull or in
ballast water (Carlton 1999). Chew (1990) described the
introduction of the Pacific oyster to New Zealand by the
arrival of adult oysters on hulls of ships with a subsequent
settlement, prosper and reproduction of their spawn. One
hint for additional dispersal of the oyster by ships comes
from the massive spat fall in 1999 in the harbour of
Eemshaven (The Netherlands) (Tydeman 1999).

Most studies on the population dynamics of marine
invertebrates are carried out for non invasive populations,
for example the bivalves Aequipecten opercularis (L.) from
the western English Channel (Heilmayer et al. 2004),
Donax serra from Namibian sandy beaches (Laudien et al.
2003) and from the Wadden Sea Cerastoderma edule
(Ramoén 2003) and Mytilus edulis (Munch-Petersen and
Kristensen 2001). Only the studies of Diederich (Diederich
et al. 2005; Diederich 2006) give the opportunity for a
detailed comparison of the population dynamic of the
invasive Pacific oyster in the East Frisian Wadden Sea.

The population growth rate (the constant (K) from the
von Bertalanffy growth function (VBGF)) we calculated
for the East Frisian Pacific oyster population was threefold
higher than that calculated by Diederich (2006) of the
North Frisian population.

In comparison to the above mentioned non invasive
populations, the population growth constant of the Pacific
oyster from the Wadden Sea (range K = 0.3-0.99 year ")
is in the range of native natural occurrence populations:
K = 0.604 year™' for the population of Aequipecten op-
ercularis (L.) from the western English Channel
(Heilmayer et al. 2004), K = 0.274 year™ ' for the popu-
lation of Donax serra from Namibian sandy beaches
(Laudien et al. 2003) and K = 0.404 year' for the Cer-
astoderma edule population from the Wadden Sea (Ramén
2003) and K = 0.243-0.902 year™ ' for the Mytilus edulis
population (Munch-Petersen and Kristensen 2001). Thus,
the Pacific oyster population in the Wadden Sea can be
described as a population which can be viable.

The formation of Pacific oyster populations in different
parts of the world show how successful the oyster is as an
invader. In Chile, the first invasive oysters were found
5 years after introduction in 1982, then from 1995 there
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was incipient colonization with 2 oysters m_z; settlement
increased explosively since 1998 with a density of up to
120 recruits m > (Orensanz et al. 2002). On South African
shores, the Pacific oyster had a relatively long establish-
ment phase of 51 years. It was introduced in the 1950s and
wild oyster populations were first recorded in 2001
(Robinson et al. 2005). Even though the time was very long
between the oyster introductions and the first wild popu-
lation, the oyster was able to persist and adapt to the new
environment where it could build up a stable population in
the end. The establishment phase we found, similar to the
invasion in Chile and that point that the oyster can build
viable populations even after a very long time after intro-
ductions like in South Africa together with the considerable
increase of the Pacific oyster abundance indicates the
possibility that an self sustaining populations com into
begin in the Wadden Sea.

The success of the Pacific oyster invasion in the East
Frisian Wadden Sea was further accelerated by the low
mortality of 0.5-2 years old juveniles. For the young
oyster population of the north Frisian Wadden Sea, Reise
(1998) also reported a low mortality, in spite of a fore-
going severe winter. Calculated (with FiSAT II) over the
3 years of our investigation, total mortality was
Z =1.19-3.16 year ' and thus in the range of other
mussel populations in the Wadden Sea, e.g. Cerastoderma
edule with Z = 0.52-3.03 year_l (Ramé6n 2003) and
Mpytilus edulis with a mean annual mortality of Z = 0.84
yeaf1 (Munch-Petersen and Kristensen 2001). In contrast
to the higher mortality of M. edulis during the first years,
the mortality of the oyster population we found increased
with the years. Also Diederich (2006) found low mortality
rate for the first three months post-settlement (M = 0.004
day ") and during the first winter (M = 0.005 day~") of
the Pacific oyster during experiments in the List tidal
basin near the island Sylt. The low mortality we found
can indicate a lack of oyster predators during the first
period of the bioinvasion. Main predators like the shore
crabs Carcinus maenas and the starfish Asterias rubens
prefer the native blue mussel over the non native Pacific
oyster (Diederich 2005). After several years, predators
could learn to feed on the non native oysters and the
mortality in the first year would increase.

The analysis of the length—frequency-distribution
showed a new cohort in every investigated year on each
mussel bed. A successful recruitment was also observed for
the years 2001-2003 for the northern area of the Wadden
Sea of Germany (Diederich et al. 2005). The successful
recruitments can be related to warm summers with above-
average temperatures of more than 18°C in July/August
(Diederich et al. 2005). Therefore, the spread of the oyster
in the Wadden Sea seems to have benefited from temper-
ature rise with climate change, which is also affecting
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native bivalves in the Wadden Sea (Beukema and Dekker
2005).

The individual mean growth we calculated for the oys-
ters of the East Frisian population was similar to the growth
of the oysters in the northern part of the Wadden Sea,
where Diederich (2006) described the individual growth
rate as somewhat lower compared to other areas and only
slightly lower than in the native habitat (Japan and Korea).
The high individual growth rate can protect the oyster
against predation and can function as protection against the
environment. On a mussel bed which accumulated a lot of
sediment we observed oysters growing with a long and thin
shell, whereas on another mussel bed, which was exposed
more against waves, the oysters produced thicker shells.

The now widespread occurrence and high abundance of
the invasive Pacific oyster in the East Frisian Wadden Sea
suggests likely effects of this introduced bivalve for the
Wadden Sea ecosystem, e.g. a substitution of blue mussel
beds with oyster reefs or a change to mixed beds of Pacific
oysters and Blue mussels. In many other regions, intro-
duced molluscs are now the most abundant infaunal or
epifaunal species (Carlton 1999); e.g. Mytilus gallopro-
vincialis is the dominating mussel throughout the Western
Cape region of South Africa, where they largely displaced
the native mussel Aulacomya ater (Griffith et al. 1992).
Considering the current population growth and low mor-
tality, our investigation allows the prediction that the
Pacific oyster presently has the potential to become one of
the most abundant epifaunal bivalves in the Wadden Sea.
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