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Abstract

The invasive Pacific oyster, Crassostrea gigas Thunberg, 1793 was introduced in Denmark for aquaculture in the 1970s. Presently, feral
populations are found in many parts of the country, with the largest populations established on existing beds of blue mussel, Mytilus edulis
Linnaeus, 1758. This study was conducted in the Limfjord estuary, at Agger Tange, where C. gigas was introduced in 1972. The study site is a large
cluster of raised intertidal bivalve beds inhabited by C. gigas and M. edulis in a sheltered part of the estuary. The two bivalves have some of the
same living requirements, and as C. gigas have been present in the ecosystem for more than 40 years, we hypothesize that the presence of C. gigas
has altered the spatial and temporal distribution of M. edulis by inducing a niche separation. The spatiotemporal development of the bivalve bed was
determined using orthophotos. C. gigas and M. edulis were collected from the bivalve bed, shell lengths were converted into biomass, which were
interpolated to create biomass contours and combined with modelled topography of the bivalve bed to study niche separation. The bivalve bed
slowly extended northwards over a period of 11 years, where it also became more fragmented. The northern part of the bed was composed of
mussel mats on top of soft sediment. This area was dominated by M. edulis, while areas in the south were dominated by C. gigas. In the southern
part, the bivalve bed was composed of thick and compact sediment suggesting it represent the oldest part of the bivalve bed. There were no
differences in the conditions of C. gigas and M. edulis from old or newly established areas, and there were no difference in the vertical distributions
of the bivalve species. Thus, spatial and temporal separation of the two species is not pronounced at present, and thus unable to explain why they
seemingly coexist.
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Introduction

When introduced into new ecosystems, non-
indigenous species can become invasive if they
are able to establish populations, affect the structure
and functioning of the recipient community, and
subsequently disperse (Reise et al. 2006). The Pacific
oyster Crassostrea gigas (Thunberg, 1793) originated
from Japan and Southern China, but has been
introduced all over the globe, where it has established
populations with varying degrees of success
(Ruesink 2005). It display many of the traits that
characterise successful invasive species, as it
exhibit a significant physiological plasticity,

early sexual maturation, high reproductive output,
high growth rates, and a high dispersal capacity
(Troost 2010).

Crassostrea gigas is often found in the same
intertidal areas as the native blue mussel Mytilus
edulis Linnaeus, 1758 (Nehls et al. 2006), and tends
to settle on existing mussel beds and conspecifics
(Diederich et al. 2005). The larvae have gregarious
settling behaviour, and preferentially settle on
shells of conspecifics (Diederich 2005), which is
cued by the presence of adults (Bonar et al. 1990;
Tamburri et al. 2007).

Both C. gigas and M. edulis are ecosystem
engineers (Jones et al. 1994; Reise 2002; Gutierrez et
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al. 2003) that can create reef structures protruding
from the seabed. When altering the habitat,
ecosystem-engineering species often create a
positive feedback, which increases their own
fitness (Jones et al. 1997; Hui et al. 2004; Wright
and Jones 2006). For example, settlement of C. gigas
increases bottom roughness and hence water
turbulence in the benthic boundary layer (Reise 2002;
Markert et al. 2010; Styles 2015), which enhances food
availability (Lenihan 1999). Furthermore, oysters
reefs and mussels beds tend to change predator-
prey interactions (Bartholomew et al. 2000; Grabowski
2004), as predation is reduced by structural
complexity of the habitat (Dolmer 1998; Hill and
Weissburg 2013; Waser et al. 2015). Oyster reefs
therefore function as a refuge for a wide range of
species (Eschweiler and Christensen 2011; Kingsley-
Smith et al. 2012; Norling et al. 2015).

Crassostrea gigas has a competitive advantage
over M. edulis as it has a higher absolute growth
rate, reaches a larger size, and is less susceptible
to predation (Dare et al. 1983; Troost 2010). In
terms of competition for food C. gigas and M. edulis
have comparable weight-specific clearance rates (e.g.
Troost et al. 2009), and can selectively filtrate
for different algae species (Bougrier et al. 1997).
However, being a larger animal, and therefore having
a higher average individual clearance capacity,
C. gigas might be able to reduce the food
availability for M. edulis. Furthermore, being large
also allow C. gigas to protrude further into the
water column thereby potentially increasing its
food availability (Diederich 2006).

Competitive superiority may cause C. gigas to
spatially displace M. edulis to less favourable
locations, as is observed at different locations in
the Wadden Sea (e.g. Diederich 2005; Eschweiler
and Christensen 2011). Our study site is an intertidal
bivalve bed located in the western part of the
Limfjord, Denmark, which is inhabited primarily
by C. gigas and M. edulis. C. gigas was introduced
in 1972 for aquaculture purposes (Jensen and
Knudsen 2005). At present, feral populations
exist at several sites in the Limfjord, and these
populations consist of several size cohorts,
which indicate recurring recruitment (Wrange et
al. 2010; Groslier et al. 2014; Holm et al. 2015).
In a previous paper, we show that C. gigas,
despite being in the ecosystem for more than three
decades, has only had moderate establishment
success (Holm et al. 2015). When resources are
limited, species that occupy the same niche cannot
occur in the same ecosystem (Hutchinson 1957),
as one species will exclude the other (Harding
1960). One of the mechanisms that allows for
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coexistence of species, with an overlapping
fundamental niche, is separation along one or more
niche axis (Amarasekare 2003). We hypothesize,
as the two species seemingly coexist at Agger Tange,
that there has been a spatial and/or temporal
displacement of M. edulis. Because C. gigas is
competitively superior, M. edulis therefore needs
to use an alternative spatial/temporal niche in
order for the two species to coexist. We tested
this hypothesis by using a thorough analysis of
the spatial and temporal distribution of the two
species.

Material and methods
Study site

The study site is a sheltered 12,000 m? cluster of
intertidal bivalve beds situated at Agger Tange in
Nissum Bredning (Limfjord, Denmark, N 56°43.3';
E 8°15.4") (Figure 1), which is primarily inhabited
by M. edulis and C. gigas. The study site is
surrounded by extensive sand and mud flats that
are intersected by deep (~2 m) and narrow tidal
channels. The average water depth of the bivalve
bed (0.16 = 0.15 m), combined with a tidal peak-
to-peak amplitude of 0.25 £ 0.03 m, leaves up to
40% the bivalve bed exposed to air at low tide
(unpublished data).

Sample design and data collection

The field aspects of this study were conducted
during June 2010. All bivalve samples were collected
by hand. A 40 x 40 m virtual grid was laid over a
map of the study site using GIS software (ESRI
ArcMap, version 10.1, California), and four sample
points were randomly generated within each grid
cell. In addition, three smaller fractions of the
bivalve bed were sampled to capture small-scale
changes. Sample points were selected by randomly
assigning a direction and distance every fifth
meter in the longitudinal direction of the three
fractions of the bivalve bed (Figure 2). However,
the two different sample designs gave similar results
and data were pooled (n = 155). No samples were
collected in the northernmost part of the bivalve
bed because it was being used for another
experiment. No sample point was sampled twice
because the position of each sampling point was
determined using GPS that had £3m resolution.
At each sample point, a 0.25 m® ring was
placed on the bottom, and all mussels and oysters
within the ring were collected and counted. The
size distribution was determined in the field by
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57°N

Figure 1. The study site at
Agger Tange in the western
part of the Limfjord, Denmark.
The bivalve bed was divided
into three zones: Southern (S),
Middle (M), and Northern (N)
Zone.

The
North Sea

Figure 2. Location of the sample points on the bivalve bed (n
=155). The cells in the grid are 40 x 40 m.

measuring the shell length of all C. gigas and a
minimum of ~100 M. edulis from each sampling
point. Shell length was measured from umbo to
the longest diameter (nearest mm) using an

ﬁ [

The lefjord
e W y

electronic calliper. Modes in the frequency of
shell length measurements were assumed to
correspond to cohorts or age classes and were
determined using Bhattacharya’s Method in the
FiSAT 1II software (FAO, Rome). The method
graphically separates normally-distributed groups
from a mixed group by using the natural
logarithm on ratios of frequencies (Goonetilleke
and Sivasubramaniam 1987).

A total of 180 C. gigas (Shell length range: 29
mm to 162 mm) and 193 M. edulis (Shell length
range: 14 mm to 68 mm) were randomly picked
from the samples (48 and 55 sample points,
respectively) to determine condition (CI) and the
relationship between shell length and weight.
The CI used for further analysis was based only
on the sampling points were CI had been
determined. All individuals were given a unique
identification number and stored at -18 °C until
being processed in the laboratory a few weeks
later.

After thawing the soft tissue was separated from
the shells, and the shell lenghts were measured.
For C. gigas only, the shells were cleaned and
rinsed thoroughly. The flesh of both bivalve species,
and shells of C. gigas, were dried at 105 °C until
reaching a constant weight (after approximately
24 and 48 hours, respectively). The condition
index (CI) of C. gigas was determined as the
ratio between shell-free dry weight (SFDW in g)
and dry weight of the shell (g) (Lucas and
Beninger 1985). The CI for M. edulis (Petersen
et al. 2004) was determined as the ratio between
shell-free dry weight (mg) and shell length (cm):

SFDW/L?
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Figure 3. Orthophotos depicting
the extent of the bivalve bed
from 1999 to 2010. In all
orthophotos, it is possible to
distinguish the bivalve bed from
the surrounding sand and mud
flats, thus they were included in
the analysis of spatial
development of the bivalve bed
(Danish Digital Orthophoto,
consultancy firm COWI,
Denmark). The resolution of the
orthophotos ranged from 13 x 13
cm to 40 x 40 cm.

The relationship between shell lengths (cm) and
weight (SFDW in g) was estimated using a
power function fitted to measurements:

SFDWc_gigas = 0.0035L7%* R? = 0.89
SFDWy equiis = 0.01211L*"%* R*=0.86

Water depth was measured at each sampling
point. To correct for tidal fluctuations, readings
on a vertical positioned ruler were combined
with pressure changes. Pressure was measured
by two pressure gauge DST CTD loggers (Star
0ddi, Iceland), which were located next to the
ruler, just above the bivalves, at the centre of the
bivalve bed. Pressure changes (bar) were converted
to changes in water level (cm) by using a linear
relation between pressure and water level (cm =
893.48Bar — 381.84, R* = 0.93). This measure
for tidal fluctuations had no reference point. It
was assumed that the water level at Agger Tange
fluctuated around the same mean as the water
level at Thyboren harbour ~4 km away (provided
by the Danish Maritime Safety Administration),
which is related to the Danish Vertical Reference
90 (DVR90). This was used as a reference point
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for the water level measurements at Agger Tange
by fitting the curve for water level changes to the
curve for water level changes from Thyboren.
The depth measurements in every sampling point
were corrected according to the fitted curve for
tidal fluctuations.

The average CI, used as an indicator of the
integrated living conditions, were compared with
vertical position.

Spatial development

The spatial development of bivalve beds was
examined using orthophotos from 1999, 2002,
2004, 2006, 2008 and 2010 (Danish Digital
Orthophoto, consultancy firm COWI, Denmark)
(Figure 3). The orthophotos differed in quality
and resolution, thus all were assessed for the
possibility to discriminate between the bivalve
bed and the surrounding sand and mud flats. The
outline of the bivalve bed was sketched using a
fixed zoom (1:60). Each sketch was confirmed
by two independent observers to obtain the most
reliable result. Areas smaller than one m” were
not included in the analysis. Three equally sized
zones (South, Middle, and North) were assigned



Sheltered intertidal bivalve bed dynamics

to the sketched orthophotos (Figure 1), so that
changes in the North-South direction could be
identified. Together, the three zones covered the
total extent of the study area.

Fragmentation of the mussel bed was examined
using the ratio between area and perimeter of
each fragment (> 1m?). The stability of the bivalve
bed was evaluated by creating a raster layer
(Ix1m), based on the coverage of the bivalve
bed, and attributing cells with a value of 1 if
there were no differences in the cover from year
to year. Thus, cells could score a maximum
value of 5 (stable) if it was covered in all the
years studied (1999, 2002, 2004, 2006, 2008 and
2010), and score a minimum value of 0 (unstable)
if it was only covered one year. The effect of
stability of the bivalve bed on population structure
and condition was examined by extracting sample
points that were collected in areas that scored 0
to 1 (unstable) or 4 to 5 (stable) (n = 8 and n =
19, respectively).

The biomass of the two bivalves was used to
map their distribution. The area specific shell-
free biomass (g SFDW m™) was calculated by
summing up individual biomass in each sample
point, determined by using shell length measure-
ments and the length-weight regression and, for
M. edulis, by multiplying by the fraction of the
sample that was measured. Contours of the
distribution of bivalve biomass across the entire
bivalve bed were estimated by spatial interpolation
using inverse distance weighting. This method
assumes that bivalve distribution is continuous
across the bivalve bed and that local influence
diminishes with distance while allowing local
observations to influence local estimations. The
resulting biomass distribution was produced in a
grid of a one meter resolution. The interpolation
and all spatial analyses were done using standard
GIS software (ESRI ArcMap, version 10.1, California).

The horizontal pattern of relative distribution
of the two species on the bivalve bed was estimated
in each grid cell (1x1 meter) by ranking area
specific biomass from 0 to 1, with 1 representing
maximum biomass. A normalized index was then
calculated by subtracting the ranked area specific
biomass of M. edulis from C. gigas, divided by
the combined area specific biomass of the two
bivalves (from here on denoted as a distribution
index). The distribution index ranged from -1 to
1. Values close to zero indicated an equal mean
area-specific biomass of the two bivalves. Positive
values (>1.96 SD) indicated dominance by C. gigas
and negative values (< -1.96 SD) dominance of
M. edulis. Sample points within areas dominated

N
o

7® C. gigas
B M. edulis

-
3}
1

Biomass (%)
-—
o
1

(%))
1

10 -6 0 5 10 15 20 25 30 35 40 45 50 55 60
Depth (cm)

Figure 4. The vertical distribution of Crassostrea gigas and
Mpytilus edulis on the bivalve bed. Negative values indicate
areas that were exposed to air at average water level in the
study period (June 2010).

by either C. gigas or M. edulis were extracted for
analysis of CI and shell lengths. Shell lengths
distributions were be used for determining the ages
of C. gigas, and thereby the population structure
(for more details see Holm et al. 2015). The
population structure of C. gigas was then used as
a proxy for the age of different parts of the
bivalve bed.

Statistical analysis

Statistical analyses were performed using
GraphPad software (GraphPad Prism 6, California).
The significance level for all tests was set at o =
0.05. The influence of bed dynamics on shell
lengths was tested using a nonparametric Mann-
Whitney U-test. The effect of species dominance
in different areas on shell length was also tested
using a Mann-Whitney U-test. Spearman rank
correlation was used to test the effect of vertical
position by comparing CI with water depth. Pearson
Correlation was used for testing the average
condition of M. edulis as a function of total biomass
of C. gigas. All mean values were presented + 1 SD.

Results

There was no difference in the vertical distribution
patterns of biomass between C. gigas and M. edulis
(Figure 4). Both species were present within the
same depth range (-10 cm to 60 cm), with decreasing
biomass in the deepest and the shallowest parts
of the bivalve bed (Figure 4).
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(modelled using inverse distance
weighting method) with a resolution
of 1 x 1m for Crassostrea gigas (A)
and Mytilus edulis (B).
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Figure 6. Condition (CI) of Crassostrea gigas as a function of vertical position (A), and CI of Mytilus edulis as a function of vertical

position (B).

The contours of biomass show that C. gigas
had the highest biomass in the southern part of
the bivalve bed, and was only present with a low
biomass at the northern part (Figure 5A). M. edulis,
on the other hand, had high biomass in areas all
over the bivalve bed (Figure 5B).

The CI of C. gigas and M. edulis did not
change with depth (Figure 6 A and B, Spearman
rank correlation, ry = 0.004, N =48, p > 0.05 and
ry = -0.051, N = 55, p > 0.05, respectively).
Furthermore, there was no significant correlation
between the average CI of M. edulis as a function
of total estimated biomass of C. gigas (Figure 7,
Pearson Correlation, r = -0.091, N = 55, p > 0.05).

There were only minor differences in the total
cover of the bivalve bed between years, and it only
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Legend N
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Figure 8. Stability of the bivalve bed based on orthophotos
overlaid on each other. Areas with an index value of 0 were
considered the most stable and areas with a value of 5 the
most labile.

increased 5% between 1999 and 2010 (11,600 m?
to 12,200 m?, respectively). However, there were
internal differences between the three zones of
the bivalve bed. The northern and southern zones
increased by 90% and 10%, respectively, whereas
the middle zone decreased by 17%.

The northern part of the bivalve bed was
more fragmented (composed of small clusters of
bivalves) than the southern part (average
area/perimeter ratio 0.59 + 0.46 compared to
1.06 £ 0.95, respectively). The northern part of
the bivalve bed was primarily composed of mats
of M. edulis on top of soft sediment that was
easily re-suspended. The southern part of the
bivalve bed was characterized by being a solid
structure, where C. gigas and M. edulis had settled
on a solid reef structure that was composed of
thick and compact sediment in which C. gigas
and M. edulis shells were embedded.

Labile areas were primarily located in the northern
part of the bivalve bed; while the southern part

Legend b
77/, Bivalve bed extent “ % W¢E
Distribution Index B
Ml > 1.96sd (Crassostrea gigas dominant)
W 7sd - 1.96sd

B Equilibrium

[ -1sd - -1.96sd

[ <-1.96sd (Mutilus edulis dominant)

0 55 110 220 m

Figure 9. The relative distribution of Crassostrea gigas and
Mytilus edulis on the bivalve bed. Areas labelled >1.96 SD
show areas where the relative biomass of C. gigas was
highest, and areas labelled < -1.96 SD show areas where the
relative biomass of M. edulis was highest.

was rather stable (Figure 8). The bed dynamics
had no influence on the CI of C. gigas (ANOVA
p < 0.05) or M. edulis (p < 0.05) (Table 1).
C. gigas was dominant in relatively few areas,
primarily in the southern part, while M. edulis
dominated the northern part of the bivalve bed.
Furthermore, the relative distribution of the two
bivalves was the same in the middle and
southern parts of the bivalve bed (Figure 9).

There were differences in the size structure of
C. gigas between areas dominated by C. gigas and
areas dominated by M. edulis. In areas dominated
by C. gigas, two size cohorts were present (modes
at 50 £ 11 mm and 125 £ 17 mm) (N = 100),
whereas, only one size cohort (mode at 40 £ 7
mm) (N = 21) was present in areas dominated by
M. edulis. However, there was no significant effect
on the shell length of M. edulis, when compared
to areas dominated by either C. gigas or M. edulis
(Mann-Whitney U-test, U =8, N; =6, N, =5,
p > 0.05) (Table 1).
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Table 1. Mean shell length as a function of dominance of Crassostrea gigas and Mytilus edulis. Condition is a function of the

stability of the bivalve bed. N=number of samples.

N C. gigas N M. edulis
Mean shell length (mm + 1 SD)
C. gigas dominance 7 109 + 26 6 4117
M. edulis dominance 4 47+ 7 5 38+4
Condition index (+ 1 SD)
Labile areas 8 23+£0.9 8 3.7£1.0
Stable areas 19 24+0.6 18 3.8+0.5

Discussion

For M. edulis there are potential trade-offs with
regards to being situated in a bivalve bed
inhabited by C. gigas. On the one hand, the two
bivalves are potential competitors for resources,
such as space and food (Troost 2010); however,
the complex reef structure of oyster reefs provides
mussels with protection from predation from, for
example, shore crabs (Carcinus maenas) (Waser
et al. 2015). In some bivalve beds in the Wadden
Sea, M. edulis occupies the crevices between
individuals of C. gigas (Eschweiler and Christensen
2011). This micro-distribution seems to be a trade-
off between food uptake and predator avoidance, as
the CI and predation pressure are both reduced
when mussels are situated between individuals of
C. gigas (Eschweiler and Christensen 2011). In the
Wadden Sea, strong recruitment of M. edulis occurs
after harsh winters (Beukema 1992; Beukema et
al. 2001), presumably because this creates a
mismatch between mussel recruits and their primary
invertebrate predators (Strasser and Giinther 2001;
Strasser 2002; Beukema and Dekker 2005). Thus,
following severe winters, settling mussel spat
experience reduced predation pressure, which
allows for this stronger than average recruitment
success. This mechanism does not seem to be
present at Agger Tange, as there was not strong
recruitment of M. edulis after the harsh winter of
2009/2010 (Holm et al. 2015). Thus, avoiding
invertebrate predators seems to be of less
importance in our study area.

The bivalve bed at Agger Tange is located in a
shallow intertidal area where up to 40% of the
bed is exposed at low tide (unpublished data),
and they therefore seem to be food limited, as
their filtration capacity exceed food availability
(Vismann et al., unpublished data). Vertical
position could therefore have a significant effect
on food availability, with the uppermost parts of
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the raised bed being unfavourable, as C. gigas
and M. edulis in these areas would be unable to
take up sufficient amount of food. In terms of
maximum clearance rates and growth rates C. gigas
seem to be competitively superior (Troost 2010).
While the two species may not directly compete
for the same food source (Bougrier et al. 1997;
Dubois et al. 2007), they retain the same size
spectrum of particles, and therefore reduce the
food availability for the other species (Troost 2010).
In an environment with low food availability,
competition between C. gigas and M. edulis is
expected to shape their population sizes (Troost
2010). If the two species directly competed for
food at Agger Tange, and C. gigas being the
competitively strongest species, then it is expected
that M. edulis would be displaced to a less
favourable location on the bivalve bed, have lower
body condition, or have smaller body sizes.
However, there were no detectable vertical separation
between C. gigas and M. edulis and the CI was
not related to vertical position. Furthermore, the
CI of M. edulis was unaffected by the biomass of
C. gigas, and thus C. gigas seem unable to supress
the food uptake of M. edulis.

The overall coverage of the bivalve bed changed
little from 1999 to 2010. However, coverage has
been influenced by significant internal dynamics,
as some parts expanded and some retracted
during the studied period without changing the
total coverage of the bivalve bed. The northern
part became more fragmented, and was composed
of mussel mats on top of soft sediment, and the
coverage changed significantly from year to
year. In the south, the bed structure was raised
and compact, due to the accumulation of shells
and sediment, and changed little in coverage
from year to year. There was, however, no
evidence that interaction between the two species
could explain this difference, as there were no
differences in the CI of M. edulis as a function of
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the biomass of C. gigas. Furthermore, there were
no differences in the average shell lengths or CI
between individuals of both species situated in
the north or south of the bivalve bed. Hence, the
differences between these two parts of the bivalve
bed seem to be best explained by a physical stressor
occurring along the bivalve bed or that the age of
these two areas on the bivalve bed differs.

The study area is frequently covered with ice
during winter, thus mechanical damage from ice
moving back and forth could destroy parts of the
bivalve bed. However, the northern part is also
one of the deepest parts of the bivalve bed, and it
therefore seems unlikely that ice alone could
explain the difference. Furthermore, Strand et al.
(2012) showed that after the severe winter of
2009/2010 there was only an average mortality
of approximately 18% at Agger Tange, thus it
seems unlikely that harsh winters with ice cover
should govern the cover of the bivalve bed.
There were no significant differences in shell
lengths between the north and south, which
would be expected if predation should regulate
this area. It is, however, characteristic for old
and stable bivalve beds that they are composed
of compact consolidated sediment, clearly
recognisable and raised above the adjacent sea
floor (Reise 2002; Hertweck and Liebezeit 2002;
de Vlas et al. 2005). In contrast, newly formed
mussel beds are often temporary and consist of a
monolayer of mussels (Dankers et al. 2001).
Hence, the southern part of the bivalve bed could
reflect a stable and older habitat, resistant to
physical disturbances, and therefore has changed
little in terms of coverage by bivalves during the
studied period. In contrast, the northern part
could be young as it is composed of labile
mussel mats on top of soft sediment. C. gigas
only dominated areas in the southern part of the
bivalve bed, which was also determined as
stable. In these areas, two size cohorts of C.
gigas were present (50 £ 11 mm and 125 + 17
mm), whereas only one (40 £ 7 mm) was present
in areas dominated by M. edulis. Holm et al.
(2015) estimated individuals with a shell length
of 50 + 13 mm and 57 + 9 mm, based on yearly
shell increment and growth rings, to be one year
old, and, based on growth rings, individuals with
a shell length of 85 + 13 mm and 162 + 13 mm to
be three and five years old, respectively. The two
smallest size cohorts (40 and 50 mm) were
therefore estimated to be one year old, and the
largest three to five years old. The population
structure of C. gigas between arecas dominated by
one or the other species therefore differs.

Ecosystem engineers often produce a positive
feedback when they modify the habitat (Jones et
al. 1997; Hui et al. 2004; Wright and Jones 2006). In
the south, the raised bed is expected to increase
turbulence, which increases food availability for
filter feeding bivalves (Lenihan 1999). However,
there was no difference with respect to the
average CI of C. gigas and M. edulis between labile
and stable areas (north and south, respectively),
indicating no difference in bivalve feeding conditions;
therefore, food availability seems unable to
explain why there are no old C. gigas in the labile
areas, which is also the areas where M. edulis is
dominant. The difference could be explained by
the process where M. edulis is the first species to
settle and subsequently provide substrate for
C. gigas to settle upon. In the Oosterschelde, the
Netherlands, C. gigas colonise bare mudflats
(Troost 2010), which they stabilise, as they cement
to conspecifics and thus creates solid structures,
which then strengthen as shell debris and
sediment consolidates (Reise et al. 2008). Thus,
it has the ability to further stabilise the bivalve
bed, after M. edulis has settled. It is argued that
C. gigas might stabilise the sediment on a longer
time scale than M. edulis (Troost 2010). This
process, where M. edulis is responsible for the first
step in an expansion of the bivalve bed, and the
subsequent stabilisation by C. gigas, induces a
temporal separation between the two species.
There were no differences in the CI of C. gigas
and M. edulis between old and newly established
areas and no vertical separation between the two
bivalves. Thus, temporal and spatial separation
of the C. gigas and M. edulis seem unable to
explain why the two species seemingly coexist at
this sheltered intertidal bivalve bed.

Acknowledgements

We are grateful to the consultancy firm COWI A/S for access to
orthophotos and to the Danish Meteorological Institute for water
level data. We thank three anonymous reviewers besides Dr.
Demetrio Boltovskoy and Dr. John Mark Hanson for valuable
comments to earlier versions of this contribution. This work was
supported by the Danish Scientific Research Council for natural
sciences, MARINVA proj. no. 09-066004.

References

Amarasekare P (2003) Competitive coexistence in spatially
structured environments: a synthesis. Ecology Letters 6: 1109—
1122, http://dx.doi.org/10.1046/j.1461-0248.2003.00530.x

Bartholomew A, Diaz RJ, Cicchetti G (2000) New dimensionless
indices of structural habitat complexity: predicted and actual
effects on a predator's foraging success. Marine Ecology
Progress Series 206: 45-58, http://dx.doi.org/10.3354/meps206045

163



Beukema JJ (1992) Expected changes in the Wadden Sea benthos in
a warmer world: Lessons from periods with mild winters.
Netherlands Journal of Sea Research 30: 7379, http://dx.doi.org/
10.1016/0077-7579(92)90047-1

Beukema JJ, Essink K, Michaelis H, Zwarts L (1993) Year-to-year
variability in the biomass of macrobenthic animals on tidal flats
of the Wadden Sea - how predictable is this food source for
birds? Journal of Sea Research 31: 319-330, http:/dx.doi.org/
10.1016/0077-7579(93)90051-S

Beukema JJ, Dekker R, Essink, K, Michaelis H (2001) Synchronized
reproductive succes of the main bivalve species in the Wadden
Sea: causes and consequences. Marine Ecology Progress Series
211: 143—155, http://dx.doi.org/10.3354/meps211143

Beukema JJ, Dekker R (2005) Decline of recruitment success in
cockles and other bivalves in the Wadden Sea: possible role of
climate change, predation on postlarvae and fisheries. Marine
Ecology Progress Series 287: 149—167, http://dx.doi.org/10.3354/
meps287149

Bonar DB, Coon SL, Walch M, Weiner RM, Fitt W (1990) Control
of oyster settlement and metamorphosis by endogenous and
exogenous chemical cues. Bulletin of Marine Science 46: 484—
498

Bougrier S, Hawkins AJS, Héral M (1997) Preingestive selection of
different microalgal mictures in Crassostrea gigas and Mytilus
edulis, analysed by cytometry. Aquaculture 150: 123-134,
http://dx.doi.org/10.1016/S0044-8486(96)01457-3

Dankers N, Brinkman AG, Meijboom A, Dijkman E (2001)
Recovery of intertidal mussel beds in the Wadden Sea: use of
habitat maps in the management of the fishery. Hydrobiologia
465: 21-30, http://dx.doi.org/10.1023/A:1014592808410

Dare PJ, Davies G, Edwards EB (1983) Predation on juvenile Pacific
oysters (Crassostrea gigas Thunberg) and mussels (Mytilus
edulis L.) by shore crabs (Carcinus maenas L.) Ministry of
agriculture, fisheries and food directorate of fisheries research,
Lowestoft, U.K., Fisheries Research Technical Report No. 73

de Vlas J, Brinkman B, Buschbaum C, Dankers N, Herlyn M,
Kristensen PS, Millat G, Nehls G, Ruth M, Steenbergen J,
Wherman A (2005) Intertidal blue mussel beds. In: Essink et al.
(eds), Wadden Sea Quality Status Report 2004. Wadden Sea
Ecosystem 19: 190-200

Diederich S (2005) Differential recruitment of introduced Pacific
oysters and native mussels at the North Sea coast: coexistence
possible? Journal of Sea Research 53: 269-281, http:/dx.doi.org/
10.1016/j.seares.2005.01.002

Diederich S (2006) High survival and growth rates of introduced
Pacific oysters may cause restrictions on habitat use by native
mussels in the Wadden Sea. Journal of Experimental Marine

Biology and Ecology 328: 211-227, http://dx.doi.org/10.1016/j jem
be.2005.07.012

Diederich S, Nehls G, van Beusekom JEE, Reise K (2005)
Introduced Pacific oysters (Crassostrea gigas) in the northern
Wadden Sea: invasion accelerated by warm summers?

Helgoland Marine Research 59: 97-106, http://dx.doi.org/10.1007/
$10152-004-0195-1

Dolmer P (1998) The interaction between bed structure of Mytilus
edulis L. and the predator Asterias rubens L. Journal of
Experimental Marine Biology and Ecology 228: 137-150,
http://dx.doi.org/10.1016/S0022-0981(98)00024-0

Dubois S, Orvain F, Marin-Léal JC, Ropert M, Lefebvre S (2007)
Small-scale spatial variability of food partitioning between
cultivated oysters and associated suspension-feeding species, as
revealed by stable isotopes. Marine Ecology Progress Series
336: 151-160, http://dx.doi.org/10.3354/meps336151

Eschweiler N, Christensen HT (2011) Trade-off between increased
survival and reduced growth for Blue mussels living on Pacific
oyster reefs. Journal of Experimental Marine Biology and
Ecology 403: 90-95, http://dx.doi.org/10.1016/j.jembe.2011.04.010

Goonetilleke H, Sivasubramaniam K (1987) Separating mixtures of
normal distributions: Basic programs for Bhattacharya's method
and their application to fish population analysis. Marine Fishery

164

M.W. Holm et al.

Resources Management in the Bay of Bengal, Food and
Aquaculture Organization of the United Nations

Grabowski JH (2004) Habitat complexity disrupts predator—prey
interactions but not the trophic cascade on oyster reefs. Ecology
85: 995-1004, http://dx.doi.org/10.1890/03-0067

Groslier T, Christensen HT, Davids JK, Dolmer P, Hansen BW,
Holm MW, Vismann B (2014) Status of the Pacific oyster
Crassostrea gigas (Thunberg, 1793) in the western Limfjord,
Denmark — Five years of population development. Aquatic
Invasions 9: 175—182, http://dx.doi.org/10.3391/2i.2014.9.2.06

Gutierrez JL, Jones CG, Strayer DL, Iribarne OO (2003) Molluscs as
ecosystem engineers: the role of shell production in aquatic

habitats. Oikos 101: 79-90, http:/dx.doi.org/10.1034/j.1600-0706.20
03.12322.x

Harding G (1960) The competitive exclusion principle. Science 131:
1292-1297, http://dx.doi.org/10.1126/science.131.3409.1292

Hertweck G, Liebezeit G (2002) Historic mussel bed (Mytilus edulis)
in the sedimentary record of a back-barrier tidal flat near
Spiekeroog Island, southern North Sea. Helgoland Marine
Research 56: 51-58, http://dx.doi.org/10.1007/s10152-001-0096-5

Hill JM, Weissburg MJ (2013) Habitat complexity and predator size
mediate interactions between blue crab predators and mud crab
prey in oyster reefs. Marine Ecology Progress Series 488: 209—
219, http://dx.doi.org/10.3354/meps 10386

Holm MW, Davids JK, Dolmer P, Vismann B, Hansen BW (2015)
Moderate establishment success of Pacific oyster, Crassostrea
gigas, on a sheltered intertidal mussel bed. Journal of Sea
Research 104: 1-8, http://dx.doi.org/10.1016/j.seares.2015.07.009

Hutchinson (1957) Concluding remarks. Cold Spring Harbor

Symposia on Quantitative Biology 22: 415-4277, http://dx.doi.org/
10.1101/SQB.1957.022.01.039

Hui C, Li ZZ, Yue DX (2004) Metapopulation dynamics and
distribution, and environmental heterogeneity induced by niche

construction. Ecological Modelling 177: 107-118, http:/dx.doi.
org/10.1016/j.ecolmodel.2003.11.016

Jensen RK, Knudsen J (2005) A summary of alien marine benthic
invertebrates in  Danish  waters.  Oceanological — and
Hydrobiological Studies 34 (Supl. 1): 137-162

Jones CG, Lawton JH, Shachak M (1994) Organisms as ecosystem
engineers. Oikos 69: 373386, http://dx.doi.org/10.2307/3545850

Jones CG, Lawton JH, Shachak M (1997) Positive and negative
effects of organisms as physical ecosystem engineers. Ecology
78: 19461957, http://dx.doi.org/10.1890/0012-9658(1997)078[ 1946:PA
NEOO]2.0.CO;2

Kingsley-Smith PR, Joyce RE, Amott SA, Raumillat WA,
McDonough CJ, Reichert MJM (2012) Habitat use og intertidal
eastern oyster (Crassostrea virginica) reefs by nekton in South
Carolina estuaries. Journal of Shellfish Research 31: 1009—
1021, http://dx.doi.org/10.2983/035.031.0413

Lenihan HS (1999) Physical-biological coupling on oyster reefs:
How habitat structure influences individual performance.
Ecological Monograms 63: 251-275

Lucas A, Beninger PG (1985) The use of physiological condtion
indexes in marine bivalve aquaculture. Aquaculture 44: 187—
200, http://dx.doi.org/10.1016/0044-8486(85)90243-1

Markert A, Wehrmann A, Kroencke I (2010) Recently established
Crassostrea-reefs versus native Mytilus-beds: differences in
ecosystem engineering affects the macrofaunal communities
(Wadden Sea of Lower Saxony, southern German Bight).
Biological Invasions 12: 15-32, http:/dx.doi.org/10.1007/s10530-
009-9425-4

Nehls G, Diederich S, Thieltges DW, Strasser M (2006) Wadden Sea
mussel beds invaded by oysters and slipper limpets: competition
or climate control? Helgoland Marine Research 60: 135-143,
http://dx.doi.org/10.1007/s10152-006-0032-9

Norling P, Lindegarth M, Lindegarth S, Strand A (2015) Effects of
live and post-mortem shell structures of invasive Pacific oysters
and native Blue mussels on macrofauna and fish. Marine Ecology
Progress Series 518: 123—138, http://dx.doi.org/10.3354/meps 11044



Sheltered intertidal bivalve bed dynamics

Petersen JK, Bougrier S, Small AC, Garen P, Robert S, Larsen, JEN,
Brummelhuis E (2004) Intercalibration of mussel Mytilus edulis
clearance measurements. Marine Ecology Progress Series 267:
187-194, http://dx.doi.org/10.3354/meps267187

Reise K (2002) Sediment mediated species interactions in coastal
waters. Journal of Sea Research 48: 127-141, http:/dx.doi.org/
10.1016/S1385-1101(02)00150-8

Reise K, Olenin S, Thieltges DW (2006) Are aliens threatening
European aquatic coastal ecosystems? Helgoland Marine
Research 60: 7783, http://dx.doi.org/10.1007/s10152-006-0024-9

Reise K, Justus EE, van Beusekom (2008) Interactive effects of
global and regional change on a coastal ecosystem. Helgoland
Marine Research 62: 85-91, http:/dx.doi.org/10.1007/s10152-007-
0102-7

Ruesink JL, Lenihan HS, Trimble AC, Heiman KW, Micheli F,
Byers JE, Kay MC (2005) Introduction of non-native oysters:
ecosystem effects and restoration implications. Annual Review
of Ecology and Systematics 36: 643—689, http://dx.doi.org/10.1146/
annurev.ecolsys.36.102003.152638

Strand A, Blanda E, Bodvin T, Davids JK, Jensen LF, Holm-Hansen
TH, Jelmert A, Lindegarth S, Mortensen S, Moy FE, Nielsen P,
Norling P, Nyberg C, Christensen HT, Vismann B, Holm MW,
Hansen BW, Dolmer P (2012) Impact of an icy winter on the
Pacific oyster (Crassostrea gigas Thunberg, 1793) populations
in Scandinavia. Aquatic Invasions 7: 433-440, http://dx.doi.org/10.
3391/ai.2012.7.3.014

Strasser M, Giinther CP (2001) Larval supply of predator and prey:
temporal mismatch between crabs and bivalves after a severe
winter in the Wadden Sea. Journal of Sea Research 46: 5767,
http://dx.doi.org/10.1016/S1385-1101(01)00063-6

Strasser M (2002) Reduced epibenthic predation on intertidal
bevalves after a severe winter in the European Wadden Sea.

Marine Ecology Progress Series 241: 113—123, http://dx.doi.org/
10.3354/meps241113

Styles R (2015) Flow and turbulence over an oyster reef. Journal of
Coastal Research 31: 978-985, http://dx.doi.org/10.2112/JCOAS
TRES-D-14-00115.1

Tamburri MN, Zimmer RK, Zimmer CA (2007) Mechanisms
reconciling gregarious larval settlement with adult cannibalism.
Ecological Monographs 77: 255-268, http://dx.doi.org/10.1890/06-
1074

Troost K, Stamhuis EJ, van Duren LA, Wolff WJ (2009) Feeding
current characteristics of three morphologically different bivalve
suspension feeders, Crassostrea gigas, Mytilus edulis and
Cerastoderma edule, in relation to food competition. Marine
Biology 156: 355-372, http://dx.doi.org/10.1007/s00227-008-1088-7

Troost K (2010) Causes and effects of a highly successful marine
invasion: Case-study of the introduced Pacific oyster
Crassostrea gigas in continental NW European estuaries.
Journal of Sea Research 64: 145-165, http://dx.doi.org/10.1016/
j.seares.2010.02.004

Waser AM, Splinter W, van der Meer J (2015) Indirect effects of
invasive species affecting the population structure of an
ecosystem engineer. Ecosphere 6: 1-12, http://dx.doi.org/10.
1890/es14-00437.1

Wrange AL, Valero J, Harkestad LS, Strand @, Lindegarth S,
Christensen HT, Dolmer P, Kristensen PS, Mortensen S (2010)
Massive settlements of the Pacific oyster, Crassostrea gigas, in

Scandinavia. Biological Invasions 12: 1145-1152, http:/dx.doi.
0rg/10.1007/510530-009-9535-z

Wright JP, Jones CG (2006) The concept of organisms as ecosystem
engineers ten years on: Progress, limitations, and challenges.
Bioscience 56: 203-209, http:/dx.doi.org/10.1641/0006-3568(2006)
056[0203:TCOOAE]2.0.CO;2

165



