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A B S T R A C T

Habitat characteristics, predation and competition are known to interactively drive population dynamics. Highly
complex habitats, for example, may reduce predation and competition, allowing more individuals living together
in a certain area. However, the strength and direction of such interactions can differ strongly and are context
dependent. Furthermore, as habitat characteristics are rapidly changing due to anthropogenic impacts, it be-
comes increasingly important to understand such interactions. Here, we studied the interactive effects of pre-
dation and competition on common cockle (Cerastoderma edule) recruitment, growth and survival under different
habitat characteristics in the Wadden Sea, one of the world's largest intertidal ecosystems. In a predator-ex-
closure experiment, we manipulated cockle densities (100 vs. 1000 individuals m-2) and shorebird predation at
two sites differing in habitat characteristics, namely at the wake of a blue mussel bed (Mytilus edulis) and at an
adjacent sandy site. We found that recruitment was higher in the mussel-modified habitat, most likely due to
reduction of hydrodynamic stress. Although bird predation strongly reduced recruit density, the combined ef-
fects still yielded more recruitment at the vicinity of the mussel bed compared to the sandy area. Furthermore,
we found that high cockle densities combined with high densities of other potential prey (i.e. mussels) at the
mussel-modified site, mitigated predation effects for adult cockles. Apart from these positive effects on adults,
mussel-modified habitat reduced cockle growth, most likely by reducing hydrodynamics in the wake of the
mussel bed and by increasing inter-specific competition for food. Our study experimentally underpins the im-
portance of habitat characteristics, competition and predation in interactively structuring intertidal commu-
nities.

1. Introduction

A substantial part of ecological theory concerns the role of inter-
actions between organisms in determining population and community
dynamics. Out of these interactions, predation, competition and their
interactive effects received most attention, as they are believed to be
crucial in structuring natural communities (e.g. Paine, 1966; Schoener,
1983; Chase et al., 2002). However, the strength of these interactions
and their effects on the community will often depend on general habitat

characteristics. For instance, habitat complexity and quality have been
demonstrated to potentially affect the impact of predation (Almany,
2004; Warfe and Leon, 2004). Additionally, both intra- and interspecific
competition intensity often depend on habitat characteristics such
space or resource availability. Yet, despite the fact that predation,
competition and habitat characteristics are all recognized as important
structuring mechanisms for communities, their combined effects on
population dynamics have hardly been investigated thus far (see for
example Olff et al., 2009).

https://doi.org/10.1016/j.jembe.2019.151267
Received 8 February 2019; Received in revised form 27 July 2019; Accepted 5 November 2019

⁎ Corresponding author.
E-mail address: j.defouw@science.ru.nl (J. de Fouw).

1 Authors contributed equally to this work.

Journal of Experimental Marine Biology and Ecology 523 (2020) 151267

0022-0981/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00220981
https://www.elsevier.com/locate/jembe
https://doi.org/10.1016/j.jembe.2019.151267
https://doi.org/10.1016/j.jembe.2019.151267
mailto:j.defouw@science.ru.nl
https://doi.org/10.1016/j.jembe.2019.151267
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jembe.2019.151267&domain=pdf


Apart from a fundamental scientific perspective, the urgency to
investigate these interactive processes is increasing as habitat char-
acteristics in many ecosystems are rapidly changing due the anthro-
pogenic impact, thereby potentially altering competition, predation and
the interaction between them. Of all anthropogenic ecosystem dis-
turbances, deforestation of tropical rainforests and desertification of
arid ecosystems probably received most public attention. However,
human disturbance is also very much apparent in coastal ecosystems,
where stressors like global warming, eutrophication, altering of hy-
drology, habitat destruction and overfishing seriously degraded habitat
quality, resulting in (local) declines or extinctions of numerous marine
species (Harley et al., 2006; Lotze et al., 2006).
The Wadden Sea – one of the World's largest intertidal ecosystems –

is an ecosystem where anthropogenic disturbance over the last cen-
turies has resulted in habitat degradation and associated species losses
(e.g. Lotze et al., 2005; Eriksson et al., 2010; Compton et al., 2016).
More recently, mechanical dredging resulted in a decline of habitat
quality for bivalves and their associated predators. Mechanical dred-
ging for cockles (Cerastoderma edule) and mussels (Mytilus edulis), for
example, altered sediment conditions and caused direct declines of bi-
valve stocks. Moreover, the removal of cockles and mussels also dis-
rupted intra- and interspecific facilitation and habitat modification
processes, thereby hampering recovery of bivalve stocks and further
degrading sediment quality (Piersma et al., 2001; van Gils et al., 2006;
Donadi et al., 2013a; van der Heide et al., 2014). Consequently, the
combined direct and indirect dredging effects negatively affected the
distribution and survival of predators such as a red knots Calidris ca-
nutus and oystercatchers Haematopus ostralegus (Verhulst et al., 2004;
van Gils et al., 2006; van der Zee et al., 2012). Apart from such bottom
up effects, however, it is likely that the change in predator abundances
in turn also cascades down into the system where disruption did not
take place, as predation by species such as red knot have been de-
monstrated to significantly impact prey populations (van Gils et al.,
2009; van Gils et al., 2012)
Here, we studied the interactive effects of predation and in-

traspecific competition on an intertidal cockle population at adjacent
sites with contrasting habitat characteristics, that are both typical for
Wadden Sea condition in the intertidal. One of the sites was located on
a sandy intertidal flat, characterized by sediments with large grain sizes
and low natural cockle densities. The other site was located in the wake
of a mussel bed, where previous work showed that the bed alters se-
diment conditions through attenuation of hydrodynamics and pseudo-
faeces deposition, resulting in silty sediment with a high organic matter
content (van der Zee et al., 2012; Donadi et al., 2013a; Donadi et al.,
2013b; van der Zee et al., 2015; Eriksson et al., 2017). These en-
vironmental modifications in turn enhance the settlement of large
numbers of cockles, making this site an important feeding ground for
many avian predators (van der Zee et al., 2012; Donadi et al., 2013a;
Donadi et al., 2013b). Because recruitment is facilitated, cockles may
experience enhanced competition for food with conspecifics due to
increased densities. Additionally, the elevated cockle densities can lead
to increased aggregation of molluscivore shorebirds, such as oys-
tercatchers (Haematopus ostralegus) (van der Zee et al., 2012) and red
knots (Calidris canutus) (van Gils et al., 2005). Although higher bird
densities can enhance predation pressure, the high cockle density and
the presence of mussels as an alternative prey may at the same time
mitigate the effects of increased bird densities due to the alternative
prey options. By manipulating cockles densities and predation at two
sites with contrasting environmental conditions, we tested the fol-
lowing hypotheses: (1) by reducing the number of prey, shorebirds al-
leviate competition among the remaining cockles thereby stimulating
cockle growth, (2) predation by shorebirds decreases survival of bivalve
recruits and (3) the effect of predation and intraspecific competition are
dependent on their environmental setting. To test our hypotheses, we
crossed two adult cockle densities with shorebird exclosure treatments,
and added tagged cockles to monitor growth at a sandy and muddy site

on the intertidal flats of Schiermonnikoog. After 1 year, we ended the
experiment and determined cockle survival, recruitment and growth.

2. Materials and methods

2.1. Study system

The Wadden Sea is a coastal ecosystem, situated in the Southeastern
part of the North Sea (Fig. 1). It is characterized by highly dynamic and
productive tidal flats and is considered as one of the largest (8.000 km2)
and most important intertidal ecosystems in the world (Wolff, 1983;
Reise, 2005; Wolff, 2013). Due to its productivity, the Wadden Sea
support large numbers of invertebrates, fish and shorebirds (Zijlstra,
1972, Beukema, 1976, Wolff, 1983, van de Kam et al., 2004). Reef
forming blue mussels are well-known ecosystem engineers that create
hard substrate, reduce hydrodynamics and modify sediment conditions
by depositing large amounts of (pseudo-)faeces (Kröncke, 1996; Donadi
et al., 2013a). Especially in soft-bottom ecosystems like the Wadden
Sea, effects on hydrodynamics and sediment conditions can extend far
beyond the bed itself, up to distances of several hundreds of meters
(Kröncke, 1996; van der Heide et al., 2012; Donadi et al., 2013b).

2.2. Experimental design

The study was conducted at 0.5m below mean water level (exposed
during low tide for ~30% of time) in the eastern Dutch Wadden Sea,
south of the island of Schiermonnikoog. The first out of two study sites
was situated 100m coastward of a mussel bed (site Mussel, 53°28.127 N
- 6°13.463′ E). This area was characterized by silty organic matter-rich
sediment, and reduced hydrodynamic conditions (Donadi et al., 2013a).
The other site was located at ~500m from the first site with the same
tidal elevation, but out of the influence range of the mussel bed, and
was therefore typified by sandy sediments and served as a control site
(site Sand, 53°28.117 N - 6°13.938′ E) (Donadi et al., 2013a). Both sites
were chosen based on previous studies that successfully demonstrate
that this area is highly suitable to investigate the effects of habitat
characteristics on multiple interaction types (van der Zee et al., 2012;
Donadi et al., 2013a; Donadi et al., 2013b; Donadi et al., 2015; van der
Zee et al., 2015). At the start of the experiment in May 2010, the mean
background cockle density was 65 nm-2 at the mussel site and 0 nm-2 at
the sandy control site.
We manipulated predation pressure by establishing 12 1-m2 bird

Fig. 1. Map with location of the experimental site in the Dutch Wadden Sea at
Schiermonnikoog (black square). White areas represent water, intermediate
gray areas represent tidal flats exposed during low tide and land is represented
by dark gray.
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exclosures and 12 control plots at both sites. Exclosure and control plots
were paired with a distance of 4m between pairs and a distance of 10m
between replicates. Each exclosure consisted of 8 PVC-poles (0.5m
long) that were inserted in the sediment to a depth of 0.4m and aligned
in a square of 1 m2. A nylon rope connected the tops of the poles
thereby acting as a fence (Fig. 2A) to keep birds out but note that crabs
can enter the plot (see method: van Gils et al., 2012). Control plots were
marked by two small PVC-poles. The plots were checked regularly in
the following year and macroalgae and other fouling was removed if
present.
Next, we crossed the exclosure treatments with two cockle densities

by adding either 75 or 975 adult cockles (Fig. 2B) to each plot in May
2010, yielding a total of 6 replicates of each treatment per site. Cockles
for the addition (> 3 yr old;> 25mm shell length) were collected from

a nearby mudflat by hand-raking. To monitor cockle growth, we also
added 25 tagged young cockles to each plot, yielding a total of 100 and
1000 cockles m-2 for both density treatments. The 1200 young cockles
(~2 yr old; 12 to 26mm shell length) needed for tagging were collected
by hand-raking and immediately transferred to tanks with aerated
natural seawater in the laboratory. Here, shell length of each individual
was measured to the nearest 0.01mm with a vernier caliper, and tagged
with a polyethylene label (Hallprint glue-on shellfish tags, Australia;
Fig. 2C) glued to the shell with cyanoacrylate glue. No mortality was
observed due to experimental manipulation. The tagged cockles were
added to the experimental plots within 24 h after collection.
One year after the start of the experiment (May 2011), all cockles

were recollected by hand-raking and afterwards the sediment of the
plot was sieved over a 1mm mesh. Shell length of recaptured tagged
cockles was again measured to nearest 0.01mm. Untagged individuals
were divided into two age-classes – recruits (cockle juveniles that sur-
vived their first winter after settlement in 2010) and adults (> 3 yr old)
– after which they were counted.
Although experimental setups with similar constructions have

proven to work very well in excluding birds without changing abiotic
conditions in the Dutch Wadden Sea (van Gils et al., 2003), we never-
theless tested for possible effects on hydrodynamic conditions (cumu-
lative effects of water flow and wave force) by measuring % weight loss
of plaster cylinders (Thompson and Glenn, 1994; Donadi et al., 2013a).
Besides to possible exclosure effects, the placement of plaster cylinders
on all treatments also allowed for the testing of cockle density and site
effects. Cylinders (6.3 cm long, 2.4 cm diameter) were made by molding
gypsum (Knauf B.V., Utrecht, The Netherlands) around steel nails after
which they were dried, weighted, and placed in the field for four con-
secutive tidal cycles in September 2010. Cylinders were placed in the
middle of a plot and randomly in four of the six replica's per treatment
(4×4=16 per experimental site, in total 32). After collection, cylin-
ders were again dried (24 h, 30 °C) and weighed. The loss of dry weight
was used as a relative measure of hydrodynamic stress (Donadi et al.,
2013a).
Finally, molluscivore shorebird abundance was measured in a

25× 100 m plot, surrounding each experimental study site. The two
areas were marked with PVC poles and birds were counted from a
distance of 150m, using a telescope (zoom ocular 20–60 ×; ATM 80
HD, Swarovski, Absam, Austria). By counting half an hour after the
water retreated from the plots until half an hour before the water in-
undated the plots again, we excluded shorebirds that foraged on pelagic
or epibenthic species (i.e. shrimp, fish) and thereby focused only on
endobenthic species as prey item. The number of feeding shorebirds
was scored every 15min during low water. Based on literature (Goss-
Custard et al., 1977; Zwarts et al., 1996; Kubetzki and Garthe, 2003;
Folmer et al., 2010; Duijns et al., 2013) and personal observations (E.
M. van der Zee), shorebirds species with cockles in their diet were di-
vided in groups that prefer either adult cockles (> 12mm; oys-
tercatchers, herring gulls (Larus argentatus), common gull (Larus canus)
and black headed gulls (Larus ridibundus)) or cockle recruits (< 12mm;
red knots, dunlins (Calidris alpina), bar-tailed godwits (Limosa lappo-
nica) and curlews (Numenius arquata)). Birds were counted during 8
tidal cycles between June 2010 and May 2011 when bird densities in de
Wadden Sea where highest.

2.3. Statistical analysis

For statistical comparisons, changes in adult cockles numbers were
expressed as proportions relative to the initial numbers at the start of
the experiment. To compare growth rate of cockles, we used the
Bertalanffy's growth function (Von Bertalanffy, 1938). In this function,
growth rate dHt/dt declines with an increase in size Ht (the shell height
in 2010) in the following way:

=d dt kH / (H H )t t (1)

Fig. 2. Overview of a shorebird exclosure (1×1 meter) (A), treatment den-
sities: 100 and 1000 cockles m−2 (B) and the added tagged cockles (C).
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where H∞ is the mean maximum size and k is the growth constant. For
each individual cockle we estimated k by taking dHt/dt as the difference
in shell length between May 2011 and May 2010, Ht as shell height in
May 2010 and H∞ as 45mm (Cardoso et al., 2006). To deal with
pseudoreplication (for having multiple cockles per exclosure) we
averaged the growth constant k of cockles per plot.
To test for the general effects and their interaction of predation,

density and site, we used general and generalized linear models. Prior
to model fitting, all data were checked for normality and homogeneity
of variance using Shapiro-Wilk tests (p= .05) and Bartlett's tests
(p= .05) respectively. Therefore, we applied models with a Gaussian
residual error distribution to changes in adult density, growth rate and
plaster loss. Changes in adult cockle density were logit-transformed to
obtain normality. Cockle recruitment could not be fitted to a Gaussian
model. These data were therefore fitted to a Poisson regression model
and a negative binomial model after which we selected the first model
based on AIC comparisons. Models of which AIC differed>2 form the
parsimonious model where considered no substantial empirical support
(Burnham and Anderson, 2002) Furthermore, to test for significance of
the random effect the exclosure-control pairs, we first ran all above
analyses with linear mixed-effects models (GLMM's) and repeated these
procedures with linear models (GLM's) without the random effect pair.
We selected models without random effects for all response variables
based on AIC comparisons. For adult density, growth rate and plaster
loss, we than used ANOVA tests (χ2 Likelihood Ratio test). When ap-
plicable, we applied Tukey's HSD for post-hoc comparisons. Finally,
bird observation data were analyzed with Chi-square tests.
All statistical analyses were carried out in R (R Development Core

Team, 2014). GLMMs were constructed with the glmmadmb function in
glmmADMB package. GLMs with negative binomial distributions were
built with the glm.nb function from the MASS package. GLMs with
Poisson error distributions, ANOVA models, post-hoc comparisons and
Chi-squared test were constructed using the glm, aov, TukeyHSD and
chiq.test functions from the Stats package (R Development Core Team,
2014).

3. Results

Adult cockle survival was significantly reduced by both high den-
sities of cockles and predation by birds, the latter shown by the dif-
ference between controls and exclosures (Fig. 3A). However, cockle
survival was overall lowered by 19% in the high density treatment
compared to low density treatment at both sites (main effect of density:
F= 78.69, n= 24, p < .001; X 1000 ± SE=25.9 ± 5.3% vs.
X 100 ± SE=44.6 ± 9.1%). Predation only negatively affected sur-
vival at the sandy site (interaction effect of site×exclosure: F= 5.19,
n=12, p= .03; Tukey's HSD post-hoc test: site Sand, p < .001; site
Mussel, p= .11) (Fig. 3A).
Growth rate of the tagged cockles was affected by site, density and

predation (Fig. 3B). Cockle growth was 9% higher at the sandy site
compared to the mussel wake site (main effect of site: F= 19.99,
n=24, p < .001; X S ± SE=0.56 ± 0.01 k vs.
X M ± SE=0.51 ± 0.01 k). Growth rates were significantly lower in
the 1000 cockle m−2 than in the 100 cockle m−2 plots, but only when
density was lowered by predation in the controls (interaction effect of
density×exclosure: F= 10.17, n= 12 p= .003; Tukey's HSD post-hoc
test: predation in control plots, p= .014; predation in exclosure plots,
p= .55).
Cockle recruitment was significantly correlated with predation and

site, but not with density (Fig. 3C). Cockle recruit densities were 69%
lower in the control than in the exclosure plots (main effect of ex-
closure: χ2= 33.2, df=1, p < .001; X c ± SE=1.1 ± 0.2 n m-2 vs.
X ex ± SE=3.6 ± 0.7 n m-2) and 63% lower at site sand compared to
the mussel site (main effect of site; χ2= 26.6, df=1, p < .001;
X S ± SE=1.3 ± 0.3 n m-2 vs. X M ± SE=3.5 ± 0.7 n m-2).
Furthermore, there was a significant difference in hydrodynamics

between sites, with a higher relative weight loss of the plaster cylinders
at the sand site compared to mussel site (main effect of site: F= 28.73,
n=8 p < .001; X S ± SE=44.6 ± 0.4% vs. X M ± SE=36.1
± 0.8%). We found no significant effects on plaster loss of exclosures
(main effect of exclosure: F= 0.02, n= 8, p= .89; X c ± SE
=40.2 ± 1.8% vs. X ex ± SE=40.4 ± 1.9%) and cockle density
(main effect of density: F= 0.004, n=8, p= .954;
X 100 ± SE=40.3 ± 1.7% vs. X 1000 ± SE=40.4 ± 1.9%).
Observations of shorebirds foraging on adult-sized cockles resulted

in a cumulative total density of 424 birds ha−1over 8 tides, with a

Fig. 3. Interaction plots showing (A) adult cockle survival after one year, (B)
cockle growth after 1 year and (C) yearly cockle recruit density for the treat-
ments: site, density and predation (n=6 for each group). White bars represent
the site in the vicinity of a mussel reef (site Mussel) and gray bars represent the
site at a sandy intertidal flat (site Sand). Blank bars represent the control
treatment (c) and striped bars represent the exclosure treatment (ex).
Means± 1 S.E.

J. de Fouw, et al. Journal of Experimental Marine Biology and Ecology 523 (2020) 151267

4



density of 304 birds ha-1 (63% oystercatchers, 32% herring gulls, 1%
common gulls and 4% black headed gulls) at the mussel site and a
density of 120 birds ha-1 (20% oystercatchers, 7% herring gulls, 10%
common gulls and 63% black headed gulls) at the sandy site
(χ2= 40.99, df= 1, p < .001). The density of shorebirds foraging on
recruit-sized cockles was 504 birds ha-1, with a density of 244 birds ha-1

(16% red knots, 58% dunlins, 13% curlews and 13% bar-tailed godwits)
at the mussel site and 260 birds ha-1 (23% red knots, 6% dunlins, 2%
curlews and 69% bar-tailed godwits) at the sandy site (χ2= 0.19,
df= 1, p= .66).

4. Discussion

Although predation, competition, habitat characteristics and their
combined effects have been recognized as important structuring me-
chanisms in ecosystems, the interplay between the three types of in-
teraction on population dynamics have hardly been investigated to our
knowledge. In this study, we demonstrate that cockles, one of the most
common and important prey species in the Wadden Sea (e.g. Verwey,
1981; van Gils et al., 2006; Compton et al., 2013), are influenced by
habitat characteristics that affect survival, growth and predation risk
across different life stages. Similar in how other foundation species, like
seagrasses, for example, mitigate predation (i.e. Reise, 1985). Our ex-
perimental results show that cockles have higher recruit and adult
survival in the wake of a 1-ha mussel bed, due to reduced hydro-
dynamics, as hydrodynamic stress can have positive effect on recruit-
ment and persistence over a large spatial scale (see for extensive dis-
cussion for this site in: Donadi et al., 2013a). Moreover, despite the
generally higher abundance of shorebirds foraging on adult cockles at
the mussel site, our results show a lower predation pressure on adult
cockles at this site. This might be caused by the high adult cockle
densities (i.e., caused by the enhanced recruitment and adult survival)
in combination with high densities of other potential prey (i.e., mus-
sels), which seems to mitigate potential predation effects of this in-
creased shorebird abundance as there is overall more prey to feed on.
Apart from these positive effects of the habitat conditions created by
mussels, it negatively affected relative growth rates of cockles, an effect
that is most likely caused by reduced water flow (and hence lower food
availability) (Frechette et al., 1989) and by indirectly affecting inter-
specific competition for food (Donadi et al., 2013a) through the facil-
itation of cockles.
The low impact of predation on adult cockles at the mussel site

compared to the control site can be explained as earlier studies sug-
gested (Charnov, 1976; Olsson and Molokwu, 2007) and demonstrated
(Brown, 1988) that predators have higher giving-up-densities (GUD) in
higher quality foraging environments. At the mussel site, with high
cockle densities and mussels nearby as an alternative prey for mollus-
civore shorebird that forage on adult-sized cockles, higher intake rates
may induce higher GUDs and hence a reduced predation effect com-
pared to the sandy site where bivalve prey was much less abundant. Our
results correspond to this explanation by showing that numbers of re-
maining cockles in the control plots at the mussel site were higher for
both manipulated densities compared to numbers of remaining cockles
in the control plots at the sandy site (Fig. 3A).
In contrast to predation on adult cockles, we found no significant

site effect of predation on recruits (i.e. no interaction between site and
exclosure on recruit densities). As the number of cockle recruits were
relatively low at both sites, it seems likely that a lack of alternative prey
for birds specifically feeding on this size class, results in lower GUDs at
both sites (lower recruit densities), causing the observed differential
result on predation between recruits and adult cockles. Another ex-
planation for this result might be that red knots, which are important
avian predators of small cockles, have much larger home ranges (van
Gils and Piersma, 1999), than oystercatchers (Schwemmer and Garthe,
2011) and that predation was much lower on small cockles. This sug-
gests that the notion that environments differ between both sites may

only hold for oystercatchers and not for red knots. For this reason, one
would only expect a differential predation effect between sites for adult
cockles, but not for recruits. The overall low densities of cockle recruits
further indicates low survival during the first months after settlement,
most likely due to predation by crabs and shrimps that were able to
enter the exclosures and are known to strongly reduce cockle spat
numbers (e.g. Strasser, 2002; van der Heide et al., 2014).
Apart from competition for food between mussels and cockles at the

mussel site (Donadi et al., 2013a), we found a significant effect of
cockle density on adult cockle survival and growth. The lower survival
of adult cockles in the high density treatments is most likely caused by
intraspecific competition for space as cockles need to be buried at the
surface of the sediment to filter feed with their short siphons (see for
example for an other bivalve species Peterson and Andre, 1980) and/or
by density-dependent predation by crabs (Seitz et al., 2001). It is not
caused by density-dependent predation by shorebirds because we did
not detect a difference in density-dependent survival between the ex-
closure and control plots. Note that crabs can enter these exclosures and
birds do not enter. The density-dependent effect on growth under
normal conditions (i.e. including predation), however, cannot solely be
explained by intraspecific competition for food. The lack of a density-
effect in exclosures indicates that the 1-m2 plots were probably too
small to cause significant differences in food depletion between the
high and low density treatment (Kamermans et al., 1992, but see for
example Peterson, 1982) or that treatment densities were too low to see
an effect of food depletion (Jensen, 1992, 1993). We therefore suggest
that the density-dependent effect on growth in the presence of pre-
dators and the lack of this effect in the absence of predators is a be-
havioral mechanism in response to predators (Brown and Kotler, 2004
and references therein, Compton et al., 2016) rather than an effect of
food depletion. Possibly, cockles in the exclosure plots burry less
deeply, as there is no need to escape predation (but see Zwarts and
Wanink, 1989, Griffiths and Richardson, 2006). A more shallow posi-
tion would make it easier to filter-feed and by reducing burrowing
activities, less encounters with conspecifics would occur, resulting in
longer feeding times (Peterson and Andre, 1980). This effect can
especially increase growth rate in the high densities plots with high
encounter rates, thereby neutralizing the density-dependent effect of
1000 versus 100 cockles per m2. Other behavioral responses of cockles
to shorebird predation might be an extension of their valve closure time
during low tide and/or the investment in thicker shelves (Irlandi and
Peterson, 1991; Smith and Jennings, 2000). The absence of these re-
sponses when avian predators are excluded might neutralize the den-
sity-dependent effect on growth as well, but only if shorebird predation
is density-dependent. For this hypothesis, however, we did not find
evidence, since density-dependent survival did not differ between the
exclosure and control plots (but see for example Goss-Custard, 1977).
Overall, we demonstrate that predation increases the strength of in-
traspecific competition.
Recently, integration of multiple interaction types into so-called

“interaction networks” has been gaining attention (Christianen et al.,
2017; Borst et al., 2018), but the studies addressing this issue have
mostly remained of a theoretical nature (e.g. Goudard and Loreau,
2008; Kefi et al., 2012). Our empirical results clearly show that pre-
dation, competition and habitat characteristics can interactively control
population dynamics in a real ecosystem, which emphasizes the need to
integrate multiple ecological interaction types into a single framework
(Olff et al., 2009). Finally, our study shows that communities in inter-
tidal soft-sediment ecosystem can be strongly structured by ecosystem
engineers. We therefore argue that conservation and restoration of
habitat-forming species like mussels, oysters and seagrasses is crucial
for protecting the health and overall functioning of these ecosystems.

Declaration of Competing Interest

None.

J. de Fouw, et al. Journal of Experimental Marine Biology and Ecology 523 (2020) 151267

5



Acknowledgments

We thank T. Jilink, R.C. Snoek, W. van der Heide, L. L. Govers and
T. Oudman for their help in the field. R.C. Snoek provided valuable
comments on preliminary drafts of this manuscript. This study was fi-
nanced by NWO grant 839.08.310 of the ‘Nationaal Programma Zee-en
Kustonderzoek’.

References

Almany, G.R., 2004. Does increased habitat complexity reduce predation and competition
in coral reef fish assemblages? Oikos 106, 275–284.

Beukema, J.J., 1976. Biomass and species richness of the macro-benthic animals living on
the tidal flats of the Dutch Wadden Sea. Neth. J. Sea Res. 10, 236–261.

Borst, C.W., Verberk, W., Angelini, C., Schotanus, J., Wolters, J.W., Christianen, M.J.A.,
van der Zee, E., Derksen-Hooijberg, M., van der Heide, T., 2018. Foundation species
enhance food web complexity through non-trophic facilitation. PLoS One 13,
e0199152.

Brown, J.S., 1988. Patch use as an indicator of habitat preference, predation risk and
competition. Behav. Ecol. Sociobiol. 22, 37–47.

Brown, J.S., Kotler, B.P., 2004. Hazardous duty pay and the foraging cost of predation.
Ecol. Lett. 7, 999–1014.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach. Springer Verlag.

Cardoso, J., Witte, J.I., van der Veer, H.W., 2006. Intra- and interspecies comparison of
energy flow in bivalve species in Dutch coastal waters by means of the dynamic
energy budget (DEB) theory. J. Sea Res. 56, 182–197.

Charnov, E.L., 1976. Optimal foraging, the marginal value theorem. Theor. Popul. Biol. 9,
129–136.

Chase, J.M., Abrams, P.A., Grover, J.P., Diehl, S., Chesson, P., Holt, R.D., Richards, S.A.,
Nisbet, R.M., Case, T.J., 2002. The interaction between predation and competition: a
review and synthesis. Ecol. Lett. 5, 302–315.

Christianen, M.J.A., van der Heide, T., Holthuijsen, S.J., van der Reijden, K.J., Borst,
A.C.W., Olff, H., 2017. Biodiversity and food web indicators of community recovery
in intertidal shellfish reefs. Biol. Conserv. 213, 317–324.

Compton, T.J., Holthuijsen, S., Koolhaas, A., Dekinga, A., ten Horn, J., Smith, J., Galama,
Y., Brugge, M., van der Wal, D., van der Meer, J., van der Veer, H.W., Piersma, T.,
2013. Distinctly variable mudscapes: distribution gradients of intertidal macrofauna
across the Dutch Wadden Sea. J. Sea Res. 82, 103–116.

Compton, T.J., Bodnar, W., Koolhaas, A., Dekinga, A., Holthuijsen, S., ten Horn, J.,
McSweeney, N., van Gils, J., Piersma, T., 2016. Burrowing behavior of a deposit
feeding bivalve predicts change in intertidal ecosystem state. Front. Ecol. Evol. 4.

Donadi, S., van der Heide, T., van der Zee, E.M., Eklöf, J.S., van de Koppel, J., Weerman,
E.J., Piersma, T., Olff, H., Eriksson, B.K., 2013a. Cross-habitat interactions among
bivalves species control community structure on intertidal flats. Ecology 94,
489–498.

Donadi, S., Westra, J., Weerman, E.J., van der Heide, T., van der Zee, E.M., van de Koppel,
J., Olff, H., Piersma, T., van der Veer, H.W., Eriksson, B.K., 2013b. Non-trophic in-
teractions control benthic producers on intertidal flats. Ecosystems 16, 1325–1335.

Donadi, S., van der Heide, T., Piersma, T., van der Zee, E.M., Weerman, E.J., van de
Koppel, J., Olff, H., Devine, C., Hernawan, U.E., Boers, M., Planthof, L., Eriksson,
B.K., 2015. Multi-scale habitat modification by coexisting ecosystem engineers drives
spatial separation of macrobenthic functional groups. Oikos 124, 1502–1510.

Duijns, S., Hidayati, N., Piersma, T., 2013. Bar-tailed godwits Limosa l. lapponica eat
polychaete worms wherever they winter in Europe. Bird Study 60.

Eriksson, B.K., van der Heide, T., van de Koppel, J., Piersma, T., van der Veer, H.W., Olff,
H., 2010. Major changes in the ecology of the Wadden Sea: human impacts, eco-
system engineering and sediment dynamics. Ecosystems 13, 752–764.

Eriksson, B.K., Westra, J., van Gerwen, I., Weerman, E., van der Zee, E., van der Heide, T.,
van de Koppel, J., Olff, H., Piersma, T., Donadi, S., 2017. Facilitation by ecosystem
engineers enhances nutrient effects in an intertidal system. Ecosphere 8 (12).

Folmer, E.O., Olff, H., Piersma, T., 2010. How well do food distributions predict spatial
distributions of shorebirds with different degrees of self-organization? J. Anim. Ecol.
79, 747–756.

Frechette, M., Butman, C.A., Geyer, W.R., 1989. The importance of boundary-layer flows
in supplying phytoplankton to the benthic suspension feeder, Mytilus edulis L. Limnol.
Oceanogr. 34, 19–36.

van Gils, J., Piersma, T., 1999. Day- and nighttime movements of radiomarked knots,
Calidris canutus, staging in the western Wadden Sea in July-August 1995. Wader
Study Group Bull. 89, 36–44.

van Gils, J.A., Schenk, I.W., Bos, O., Piersma, T., 2003. Incompletely informed shorebirds
that face a digestive constraint maximize net energy gain when exploiting patches.
Am. Nat. 161, 777–793.

van Gils, J.A., de Rooij, S.R., van Belle, J., van der Meer, J., Dekinga, A., Piersma, T.,
Drent, R., 2005. Digestive bottleneck affects foraging decisions in red knots Calidris
canutus. I. Prey choice. J. Anim. Ecol. 74, 105–119.

van Gils, J.A., Piersma, T., Dekinga, A., Spaans, B., Kraan, C., 2006. Shellfish dredging
pushes a flexible avian top predator out of a marine protected area. PLoS Biol. 4,
2399–2404.

van Gils, J.A., Kraan, C., Dekinga, A., Koolhaas, A., Drent, J., de Goeij, P., Piersma, T.,
2009. Reversed optimality and predictive ecology: burrowing depth forecasts popu-
lation change in a bivalve. Biol. Lett. 5, 5–8.

van Gils, J.A., van der Geest, M., Jansen, E.J., Govers, L.L., de Fouw, J., Piersma, T., 2012.

Trophic cascade induced by molluscivore predator alters pore-water biogeochemistry
via competitive release of prey. Ecology 93, 1143–1152.

Goss-Custard, J.D., 1977. Ecology of wash 3. Density-related behavior and possible effects
of a loss of feeding grounds on wading birds (Charadrii). J. Appl. Ecol. 14, 721–739.

Goss-Custard, J.D., Jones, R.E., Newbery, P.E., 1977. Ecology of Wash 1. Distribution and
diet of wading birds (Charadrii). J. Appl. Ecol. 14, 681–700.

Goudard, A., Loreau, M., 2008. Nontrophic interactions, biodiversity, and ecosystem
functioning: an interaction web model. Am. Nat. 171, 91–106.

Griffiths, C.L., Richardson, C.A., 2006. Chemically induced predator avoidance behaviour
in the burrowing bivalve Macoma balthica. J. Exp. Mar. Biol. Ecol. 331, 91–98.

Harley, C.D.G., Hughes, A.R., Hultgren, K.M., Miner, B.G., Sorte, C.J.B., Thornber, C.S.,
Rodriguez, L.F., Tomanek, L., Williams, S.L., 2006. The impacts of climate change in
coastal marine systems. Ecol. Lett. 9, 228–241.

van der Heide, T., Eklöf, J.S., van Nes, E.H., van der Zee, E.M., Donadi, S., Weerman, E.J.,
Olff, H., Eriksson, B.K., 2012. Ecosystem engineering by seagrasses interacts with
grazing to shape an intertidal landscape. PLoS One 7, e42060.

van der Heide, T., Tielens, E., van der Zee, E.M., Weerman, E.J., Holthuijsen, S., Eriksson,
B.K., Piersma, T., van de Koppel, J., Olff, H., 2014. Predation and habitat modifica-
tion synergistically interact to control bivalve recruitment on intertidal mudflats.
Biol. Conserv. 172, 163–169.

Irlandi, E.A., Peterson, C.H., 1991. Modification of animal habitat by large plants: me-
chanisms by which seagrasses influence clam growth. Oecologia 87, 307–318.

Jensen, K.T., 1992. Dynamics and growth of the cockle, Cerastoderma edule, on an in-
tertidal mud-flat in the Danisch Wadden Sea - effects of submersion time and density.
Neth. J. Sea Res. 28, 335–345.

Jensen, K.T., 1993. Density-dependent growth in cockles (Cerastoderma edule) - evidence
from interannual comparisons. J. Mar. Biol. Assoc. U. K. 73, 333–342.

van de Kam, J., Ens, B.J., Piersma, T., Zwarts, L., 2004. Shorebirds. An Illustrated
Behavioural Ecology. KNNV Publishers is a foundation of the Royal Dutch Society for
Natural History.

Kamermans, P., van der Veer, H.W., Karczmarski, L., Doeglas, G.W., 1992. Competition in
deposit-feeding and suspension-feeding bivalves - experiments in controlled outdoor
environments. J. Exp. Mar. Biol. Ecol. 162, 113–135.

Kefi, S., Berlow, E.L., Wieters, E.A., Navarrete, S.A., Petchey, O.L., Wood, S.A., Boit, A.,
Joppa, L.N., Lafferty, K.D., Williams, R.J., Martinez, N.D., Menge, B.A., Blanchette,
C.A., Iles, A.C., Brose, U., 2012. More than a meal ... integrating non-feeding inter-
actions into food webs. Ecol. Lett. 15, 291–300.

Kröncke, I., 1996. Impact of biodeposition on macrofaunal communities in intertidal
sandflats. Marine Ecology-Pubblicazioni Della Stazione Zoologica Di Napoli I 17,
159–174.

Kubetzki, U., Garthe, S., 2003. Distribution, diet and habitat selection by four sympa-
trically breeding gull species in the South-Eastern North Sea. Mar. Biol. 143,
199–207.

Lotze, H.K., Reise, K., Worm, B., van Beusekom, J., Busch, M., Ehlers, A., Heinrich, D.,
Hoffmann, R.C., Holm, P., Jensen, C., Knottnerus, O.S., Langhanki, N., Prummel, W.,
Vollmer, M., Wolff, W.J., 2005. Human transformations of the Wadden Sea ecosystem
through time: a synthesis. Helgol. Mar. Res. 59, 84–95.

Lotze, H.K., Lenihan, H.S., Bourque, B.J., Bradbury, R.H., Cooke, R.G., Kay, M.C., Kidwell,
S.M., Kirby, M.X., Peterson, C.H., Jackson, J.B.C., 2006. Depletion, degradation, and
recovery potential of estuaries and coastal seas. Science 312, 1806–1809.

Olff, H., Alonso, D., Berg, M.P., Eriksson, B.K., Loreau, M., Piersma, T., Rooney, N., 2009.
Parallel ecological networks in ecosystems. Philos. Trans. R. Soc. B Biol. Sci. 364,
1755–1779.

Olsson, O., Molokwu, M.N., 2007. On the missed opportunity cost, GUD, and estimating
environmental quality. Israel J. Ecol. Evol. 53, 263–278.

Paine, R.T., 1966. Food web complexity and species diversity. Am. Nat. 100, 65.
Peterson, C.H., 1982. The importance of predation and intraspecific and interspecfic

competition in the population biology of two infaunal suspension-feeding bivalves,
Protothaca staminea and Chione undatella. Ecol. Monogr. 52, 437–475.

Peterson, C.H., Andre, S.V., 1980. An experimental-analysis of interspecific competition
among marine filter feeders in a soft-sediment environment. Ecology 61, 129–139.

Piersma, T., Koolhaas, A., Dekinga, A., Beukema, J.J., Dekker, R., Essink, K., 2001. Long-
term indirect effects of mechanical cockle-dredging on intertidal bivalve stocks in the
Wadden Sea. J. Appl. Ecol. 38, 976–990.

R Development Core Team, 2014. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Reise, K., 1985. Tidal Flat Ecology: An Experimental Approach to Species Interactions.
Springer-Verlag, New York.

Reise, K., 2005. Coast of change: habitat loss and transformations in the Wadden Sea.
Helgol. Mar. Res. 59, 9–21.

Schoener, T.W., 1983. Field experiments on interspecific competition. Am. Nat. 122,
240–285.

Schwemmer, P., Garthe, S., 2011. Spatial and temporal patterns of habitat use by
Eurasian oystercatchers (Haematopus ostralegus) in the eastern Wadden Sea revealed
using GPS data loggers. Mar. Biol. 158.

Seitz, R.D., Lipcius, R.N., Hines, A.H., Eggleston, D.B., 2001. Density-dependent preda-
tion, habitat variation, and the persistence of marine bivalve prey. Ecology 82,
2435–2451.

Smith, L.D., Jennings, J.A., 2000. Induced defensive responses by the bivalve Mytilus
edulis to predators with different attack modes. Mar. Biol. 136, 461–469.

Strasser, M., 2002. Reduced epibenthic predation on intertidal bivalves after a severe
winter in the European Wadden Sea. Mar. Ecol. Prog. Ser. 241, 113–123.

Thompson, T.L., Glenn, E.P., 1994. Plaster standards to measure water motion. Limnol.
Oceanogr. 39, 1768–1779.

Verhulst, S., Ens, B.J., Oosterbeek, K., Rutten, A.L., 2004. Shellfish fishery severely re-
duces condition and survival of Oystercatchers despite creation of large marine

J. de Fouw, et al. Journal of Experimental Marine Biology and Ecology 523 (2020) 151267

6

http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0005
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0005
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0010
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0010
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0015
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0015
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0015
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0015
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0020
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0020
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0025
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0025
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0030
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0030
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0035
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0035
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0035
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0040
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0040
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0045
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0045
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0045
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0050
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0050
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0050
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0055
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0055
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0055
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0055
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0060
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0060
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0060
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0065
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0065
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0065
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0065
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0070
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0070
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0070
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0075
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0075
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0075
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0075
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0080
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0080
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0085
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0085
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0085
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0090
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0090
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0090
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0095
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0095
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0095
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0100
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0100
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0100
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0105
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0105
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0105
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0110
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0110
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0110
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0115
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0115
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0115
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0120
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0120
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0120
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0125
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0125
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0125
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0130
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0130
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0130
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0135
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0135
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0140
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0140
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0145
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0145
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0150
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0150
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0155
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0155
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0155
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0160
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0160
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0160
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0165
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0165
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0165
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0165
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0170
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0170
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0175
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0175
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0175
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0180
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0180
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0185
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0185
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0185
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0190
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0190
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0190
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0195
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0195
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0195
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0195
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0200
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0200
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0200
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0205
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0205
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0205
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0210
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0210
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0210
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0210
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0215
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0215
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0215
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0220
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0220
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0220
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0225
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0225
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0230
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0235
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0235
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0235
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0240
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0240
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0245
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0245
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0245
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0250
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0250
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0255
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0255
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0260
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0260
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0265
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0265
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0270
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0270
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0270
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0275
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0275
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0275
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0280
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0280
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0285
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0285
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0290
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0290
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0295
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0295


protected areas. Ecol. Soc. 9 [published online].
Verwey, J., 1981. The cockle Cerastoderma edule. In: Wolff, W.J. (Ed.), Ecology of the

Wadden Sea. Balkema, Rotterdam, pp. 115–116.
Von Bertalanffy, L., 1938. A quantitative theory of organic growth (inquiries on growth

laws. II). Hum. Biol. 10, 181–213.
Warfe, D.M., Leon, A.B., 2004. Habitat structural complexity mediates the foraging suc-

cess of multiple predator species. Oecologia 141, 171–178.
Wolff, W.J., 1983. Ecology of the Wadden Sea. A. A. Balkema, Rotterdam.
Wolff, W.J., 2013. Ecology of the Wadden Sea: research in the past and challenges for the

future. J. Sea Res. 82, 3–9.
van der Zee, E.M., van der Heide, T., Donadi, S., Eklof, J.S., Eriksson, B.K., Olff, H., van

der Veer, H.W., Piersma, T., 2012. Spatially extended habitat modification by in-
tertidal reef-building bivalves has implications for consumer-resource interactions.

Ecosystems 15, 664–673.
van der Zee, E.M., Tielens, E., Holthuijsen, S., Donadi, S., Eriksson, B.K., van der Veer,

H.W., Piersma, T., Olff, H., van der Heide, T., 2015. Habitat modification drives
benthic trophic diversity in an intertidal soft-bottom ecosystem. J. Exp. Mar. Biol.
Ecol. 465, 41–48.

Zijlstra, J.J., 1972. On the importance of the Wadden Sea as a nursery area in relation to
the conservation of the southern North Sea fishery resources. Symp. Zool. Soc. Lond.
29, 25.

Zwarts, L., Wanink, J., 1989. Siphon size and burying depth in deposit-feeding and sus-
pension-feeding bivalves. Mar. Biol. 100, 227–240.

Zwarts, L., Ens, B.J., Goss-Custard, J.D., Hulscher, J.B., Durell, S., 1996. Causes of var-
iation in prey profitability and its consequences for the intake rate of the oys-
tercatcher Haematopus ostralegus. Ardea 84A, 229–268.

J. de Fouw, et al. Journal of Experimental Marine Biology and Ecology 523 (2020) 151267

7

http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0295
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0300
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0300
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0305
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0305
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0310
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0310
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0315
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0320
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0320
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0325
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0325
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0325
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0325
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0330
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0330
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0330
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0330
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0335
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0335
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0335
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0340
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0340
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0345
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0345
http://refhub.elsevier.com/S0022-0981(19)30038-3/rf0345

	The interactive role of predation, competition and habitat conditions in structuring an intertidal bivalve population
	Introduction
	Materials and methods
	Study system
	Experimental design
	Statistical analysis

	Results
	Discussion
	mk:H1_8
	Acknowledgments
	References




