
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 472: 141–154, 2013
doi: 10.3354/meps10011

Published January 9

INTRODUCTION

Life history characteristics, such as timing of repro-
duction and growth patterns, determine the course of
body size during an organism’s life. This has conse-
quences for population dynamics because many
 fundamental ecological processes depend on body
size. Species interactions, most notably predation, are
especially influential and size-dependent. Predators
can only handle a certain range of prey sizes (Fryxell
& Lundberg 1998). Within this range, predators
favour high profitability (Krebs & Davies 1981) or
damage avoidance (Smallegange & van der Meer
2003, Hummel et al. 2011). In prey organisms, the
ability to hide (Gibson & Robb 1992), escape (Schmidt
et al. 2008) or defend against predation (Tollrian
1995) changes with body size. In the marine environ-

ment with taxa that commonly show indeterminate
growth, organisms co-occur that span a large range of
body sizes during their life. Together with the timing
of life history events, such as hatching, organism
growth rates will determine the duration of suscepti-
bility to predation (Ebenman & Persson 1988).

Growth rates and the timing of seasonally depend-
ent events are influenced by temperature and there-
fore are potentially subject to change with climate
warming (Parmesan & Yohe 2003, Root et al. 2003).
When reproductive timing and growth are altered in
a species-specific way (Yang & Rudolf 2010), differ-
ent stages of predators and prey will encounter each
other (Visser et al. 2006). Thus, in addition to the
physiological effects on organisms, size-dependent
species interactions, such as predation, can be al -
tered by shifting temperatures (Walther 2010).
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One illustration of this phenomenon can be found
in our study system in the Wadden Sea. Here, spring
temperatures trigger the spawning time of bivalves
(Drent 2004), while prevailing winter temperatures
influence the timing of the arrival of predatory
shrimps and crabs on the tidal flats (Beukema 1991,
1992). Increased predation after persistently warmer
winters in the past decade is an anticipated reason
for the decline of the bivalve Macoma balthica in the
western Wadden Sea (Beukema & Dekker 2005).
High recruitment is usually observed after cold
 winters because crustacean predators arrive late
(Strasser & Günther 2001), after bivalve offspring
have already settled and grown in a period of high
food availability (Philippart et al. 2003).

Field studies confirmed the importance of predation
for bivalve recruitment in several systems (e.g. van
der Veer et al. 1998, Strasser 2002, Flach 2003), and
some studies also pointed to a role of body size
(Strasser et al. 2001, Hiddink et al. 2002, Hunt &
Mullineaux 2002, Strasser 2002). Some species per-
form predator-avoiding migrations (Hiddink et al.
2002). However, the interplay of processes makes
each process hard to investigate. One hurdle used to
be that size-dependent mortality as well as growth
rates of the newly settled stage in the field had to be
inferred from observations of size distributions be-
cause conventional physical tagging or marking tech-
niques (Bachelet 1980, Gilbert 1973) cannot be used
on the small breakable bivalves. Growth estimates
based on averages are inaccurate if mortality is size-
dependent, and size-dependence of mortality is diffi-
cult to detect if size variability increases through
growth variability. Furthermore, secondary settle-
ment can influence size distributions. With the fluo-
rochrome shell marker calcein (Kaehler & McQuaid
1999, Moran 2000, Moran & Marko 2005), however, a
tool has become available to obtain size-increment
data of bivalves and gastropods that can also be ap-
plied to fragile young animals. This approach is used
in the present study to distinguish growth from size-
 selective processes.

To investigate early bivalve growth and  size-
dependent loss, we used a novel combination of
the more recently established fluorescent staining
method with caging experiments (Hall et al. 1990). In
our approach to study the general importance of body
size for the survival of young bivalves that are preyed
upon by crustacean predators field experiments were
conducted, for the first time, simultaneously in 2
 distant regions of the Wadden Sea. The winter sea-
water temperature (Bundesamt für See schifffahrt und
Hydro graphie 2012, www.bsh.de/en/Marine_ data/

Observations/Sea_surface_temperatures/index.jsp)
as well as nutrient conditions (Loebl et al. 2009) and
therefore algal food influencing growth (Bos et al.
2006) are lower at Sylt in the northern than at Texel
in the western Wadden Sea. While the period of bi-
valve spawning is very similar over a large latitudi-
nal range in Europe (Drent 2004), the reproductive
season of Crangon crangon is delayed toward the
northern Wadden Sea (Campos & van der Veer 2008).
The selected island regions thus provided different
conditions affecting body size and were chosen to
study how the environment can shape species in -
teractions via body size. As the recruitment phase
strongly influences population size for the years which
follow, research on mortality in the early phase of life
will contribute to the understanding of population dy-
namics (van der Meer et al. 2001). The main objec-
tives were to estimate and compare growth rates and
to detect and compare size-dependent loss in the 2
regions with differing conditions.

MATERIALS AND METHODS

Field experiments were carried out simultaneously
in 2 distant regions in the Wadden Sea to investi-
gate growth and size-selective abundance changes
under different conditions. The experiments started
after peak settlement of the most abundant bivalve
 species, Macoma balthica and Cerastoderma edule.
Caging experiments to exclude epibenthic predators
during tidal submergence were combined with fluo-
rescent shell marking to distinguish size-selective
survival from variation in growth. The experiments
were accompanied by observations of predators and
migrating bivalves.

Study sites

The study regions in the Dutch Wadden Sea at the
island of Texel and the German Wadden Sea at the
island of Sylt are ~400 km of coastline apart (Fig. 1).
We selected 2 sites per study region. Near Texel,
1 site lies in the south of the Balgzand tidal flat area.
The site is sheltered, and the sediment can be char-
acterized as muddy fine sand. In the northeast of the
island lies an open site with fine sand on the sandflats
of the Vlakte van Kerken. At Sylt, Gröningwatt is
very sheltered with sand to muddy fine sand, and
Oddewatt, with medium to coarse sand, is more
open. The sites are not meant to represent the area
but were chosen for their contrasting conditions. The
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tidal flats at Texel stretch ~2 km from the high inter-
tidal zone to the low water line; at the Sylt sites, this
range was ~800 m. The tidal ranges are 1.5 and 2 m
re spectively. Experiments were carried out in the
mid-intertidal zone because the highest number of
predator–prey encounters is ex pected there.

Experimental design, spatial arrangement 
and time course

Two experiments were conducted, one at the end of
May and one at the beginning of June 2007. The ex-
periments had 3 factors: site, exclosure and fluorescent
marking with calcein. The factor ‘site’ had 4 levels.
The 3 levels of the exclosure treatments were un -
caged, simple cage and control cage. In half of the ex-
perimental units, a calcein solution was applied (i.e. 2
levels, calcein and no calcein) so that a potential effect
of marking on growth or survival could be tested for.
Each site × exclosure × calcein combination was repli-
cated 4 times, but 2 cages each were lost in May and
June. The experiments took place within square plots
of 1600 m2, marked with 25 poles. At 1 site, the plot
was made rectangular (30 × 53 m) to fit between
megaripples. The plots were divided into 400 squares
of 2 × 2 m. The positions for cages and samples within
a plot were selected from a random list of the 400
squares without resampling. A short duration of each
10 d was chosen because mortality is high in this early
phase of life. Following Strasser’s (2002) example, we
conducted the experiment be tween spring tides to
 circumvent the period of strongest currents and be-
cause Cerastoderma edule migratory activity is high-
est at this time (Armonies 1992). There was a maxi-
mum of 2 d be tween the initiations of the experiments
at all 4 sites. At the end of the 10 d experiments,
 samples were taken in the experimental units to
measure abundance, body size and the size of the
 fluorescent growth ring to compare the abundance,

growth and size-selective survival of the 2 bivalve
species C. edule and Maco ma balthica.

Exclosure treatments

Predator-exclosure cages were cylindrical, 30 cm
high and 30.5 cm in diameter. The construction was
similar to Strasser’s (2002), with a frame of 2 poly vinyl
chloride (PVC) rings and 3 PVC straps. The sides and
top were covered with 1 mm nylon mesh gauze (Kabel
Zaandam) to exclude the smallest shrimp. During low
tide, the cages were pushed 10 cm deep into the sedi-
ment and protruded 20 cm. They were anchored with
iron hooks of 50 cm length. To control for cage arte-
facts, double-walled cages were used. A second,
larger cage, 35 cm high and 39 cm in diameter, was
placed around the cage, leaving a space of ~4 cm be-
tween the 2 cage walls. In  earlier experiments, we
had found that the more commonly used incomplete
control cage attracted pre dators, confounding poten-
tial caging artefacts and predation pressure (H. An-
dresen pers. obs.). This problem is not easy to solve
(Peterson & Black 1994). The aim of the double control
cage is to in crease the intensity of potential artefacts,
such as hydrodynamic modification or shading, and
then test for interactions between artefact and treat-
ment (Reusch & Williams 1999). The reasoning is that,
if a difference in the response variable between sin-
gle- and double-walled cages has the same direction
and magnitude at the different sites, the effect can be
assumed to be additive, and it is still possible to
 compare exclosure effects among sites (Reusch &
Williams 1999). It was a priority not to disturb the sedi-
ment at setup of the cages, even though this may have
led to accidental enclosure of small shrimp that stayed
buried in the sediment during low tide. However, the
animals are inactive without water, while with high
tide more and bigger shrimp enter the tidal flats to
 forage, so predation pressure was higher outside
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Fig. 1. Study sites in the middle
intertidal zone near the islands
of Texel (53° N, 5° E) and Sylt
(55° N, 8° E) in the Wadden Sea,
which constitutes the coastal
transition zone to the North
Sea. Vlakte van Kerken and
Oddewatt are open; Balgzand
and Gröningwatt sheltered 
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the exclosures. Cages were cleaned of algae twice
during each experimental period.

Dyeing with calcein

Size-increment data for juvenile bivalves were ob -
tained using calcein blue dye. Calcein functions as a
fluorescent label that binds to calcium and is incorpo-
rated into growing calcium carbonate structures
(Moran & Marko 2005). It has been used in several
studies to determine the growth of molluscs (e.g.
Herrmann et al. 2009, Clarke et al. 2004). Calcein is
suitable because it needs only short immersion times
and causes little harm (Riascos et al. 2007, Mahe et
al. 2010). It can be applied in situ without disturbing
the bivalves (van der Geest et al. 2011). PVC rings
30.5 cm in diameter and 10 cm high were pushed
halfway into the sediment, and 0.5 l solution consist-
ing of 250 mg calcein per litre of seawater carefully
poured into the cylinder. The ring was removed after
1.5 h. When it was not replaced with a cage, tent
pegs were used to mark the spot for sampling.

Predator sampling and sample processing

To quantify epibenthic predators, once per experi-
ment at high tide, 4 samples were taken with a drop
trap (Pihl & Rosenberg 1984) just outside the plot at
each site. The trap was made of aluminium, had a
sampling area of 0.5 m2 and was 70 cm high. To avoid
deterring the predators, the trap was suspended from
a 8 m long pole (made of 2 windsurf masts) by 2 per-
sons. Sampling took place as soon as the water had
receded far enough that it would not swash over the
sides after the trap was dropped (i.e. below 70 cm).
The content of the trap was intensively fished using a
net with a stable rectangular frame and 1 mm mesh,
following Polte et al. (2005). Drop trap sampling was
not possible at Balgzand in June because of a combi-
nation of weather conditions and logistic constraints.
Crustacean samples were stored frozen, and Cran-
gon crangon lengths from scaphocerite to telson
were measured with 1 mm accuracy.

Bivalve sampling and sample processing

At the end of the exclosure experiment, bivalves
were sampled to a depth of 3 cm using a sharpened
Perspex tube of 20 cm2 area. Because of high abun-
dances of Macoma balthica, a corer of 12.5 cm2 area

was used in May at Oddewatt. Nine cores were
pooled per experimental unit. Samples were sieved
through a 500 µm mesh. Bivalve samples were frozen
at −20°C or (bivalve samples without calcein at Sylt)
stored in 4% formalin in seawater, buffered with bo-
rax to prevent decalcification (Sturm et al. 2006). The
bivalve sample material was placed in small portions
into Petri dishes and sorted systematically. Samples
from Sylt were first repeatedly brought into suspen-
sion and decanted from the coarse sediment into a
250 µm sieve. Calcein-treated bivalves were meas-
ured un der a stereomicroscope equipped with a Mer-
cury ultra violet (UV) lamp and appropriate emission
and excitation filters. The length of the fluorescent
growth ring was measured as the longest span from
front to back, and ring-height was measured perpen-
dicular to that through the umbo (top of the shells at
the hinge). The calcein ring measurements were up
to 10 µm accurate at the highest usable magnification.
For larger measurement values, which had to be done
at lower magnifications, accuracy was ~2%. The ring
was often not complete, and the height was more
 frequently measurable than the length. Height and
length of the complete growth rings were highly cor-
related (R2 = 0.99). When ring length was not measur-
able but height was, the missing length was filled in
using the correlation. The daily instantaneous growth
rate (μ) was calculated per individual as follows:

μ =  log (L10 / L0) / t (1)

where L10 is the shell length at the end of the 10 d
experiment, L0 is the initial length measured based
on the fluorescent ring, and t = 10 d is the duration of
the experiment.

To be retained by a 500 µm mesh, Cerastoderma
edule must be 0.7 mm long and Macoma balthica
must be 0.75 mm. Especially for M. balthica at Sylt in
May, we missed the smallest individuals (Fig. 2c).
When growth rates differed between exclosure treat-
ments, individual counts were corrected for the sieve
selection, using the measured growth rates. For the
data involving growth ring size, we also corrected for
a sieve artefact. Individuals with a small initial size
were caught on the sieve only when they had a high
growth rate (missing lower left corner in Fig. 3). Indi-
viduals with growth rings <0.7 mm were excluded
from the analysis of growth rates and growth ring
sizes. Without correction, average growth rates
would have been overestimated when the initial size
was small. Average growth ring size would have
been overestimated when growth was slow because
slow-growing individuals with a small initial size
were missed by the sieve. On average, the mean
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growth rate and median growth ring size are based
on ~10 individuals per sample, sometimes only 1 or 2;
the maximum was 68 marked individuals in 1 sam-
ple. A low n within a sample will lead to higher vari-
ation among samples.

Assessment of immigration

In the early benthic phase, Macoma balthica and
Cerastoderma edule can perform secondary migra-

tions. A difference in bivalve size or abundance
between exclosures and uncaged samples could be
caused by (size-specific) migration. In the samples
treated with calcein, not all individuals had a fluores-
cent mark. These could have settled into the plots
after initiation of the experiments. To evaluate this,
migrating bivalves were sampled over two 24 h peri-
ods during each experiment. A migration net con -
sisting of a nylon bag of 500 µm mesh size, glued to a
PVC ring of 20 cm diameter, which was mounted on
a pole 10 cm above the sediment (similar to the
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plankton net in Armonies 1994). The opening could
rotate freely to face water current directions. Four
migration nets were installed at each site just outside
the sampling plot. The aim was to compare the sizes
of the bivalves caught in the water column with the
ones from the benthic samples of the experiments. As
the sampling of migrating bivalves took place twice
during the experimental periods, for comparison,
their hypothetical size at the end of experiments was
calculated using the obtained growth rates from the
marked animals. The size distributions of the animals
caught in the nets mostly resembled the size distribu-
tions of the animals without a fluorescent mark in the
calcein-treated samples (Fig. 2). It was concluded
that individuals without a mark had entered the
experimental units later. For the subsequent analyses
of abundances, such individuals were excluded from
the data. As immigrants could not be identified in
undyed samples, analyses of exclosure effects used
dyed samples only.

Data analysis

The experimental results were analysed separately
per species and per experimental period with gener-
alised linear models (GLM) in R (R Development Core
Team 2008). The factors were site, exclosure and
marking with calcein solution. Macoma balthica
counts were overdispersed (dispersion parameter be-
tween 4.3 and 6.7), and the quasi-Poisson family was
used; for Cerastoderma edule counts, the Poisson

family was suitable (dispersion parameter
~1). In a few cases, the counts in all the 4
replicates of a given treatment were zero,
and the function would try to predict infi-
nitely small log values. In that case, 1 was
added to one of the 4 replicates to aid the
estimation. Sampling area was in -
corporated in the model as a so-called
offset variable (McCullagh & Nelder 1998).
For size data, the median shell length per
sample was calculated, and the Gamma
family gave the best looking residual distri-
bution plot. For growth, the mean per sam-
ple and the Normal family could be used.
As there was no significant relationship of
instantaneous growth rate with initial size
within the presented range, it was not nec-
essary to include initial size as a covariable
in the analysis of growth rates (Fig. 3).
Models including different combinations of
main and interactive effects (Table 1) were

compared simultaneously with Akaike’s information
criterion and corrected for small sample size (Ander-
son 2008), using the R package ‘MuMIn’ (Barto  2012):

AICc =  −2(log-likelihood) + 2p[n / (n − p − 1)] (2)

where p is the number of estimated parameters of the
respective model including the intercept, and n is the
number of observations.
For Macoma balthica counts, the QAICc for overdis-
persed count data was used.

QAICc =  −2(log-likelihood) / 
ĉ + 2p[n / (n − p − 1)]

(3)

where ĉ is the dispersion parameter estimated from
the full model, calculated by dividing the deviance by
the residual degrees of freedom. The number of
model parameters was increased by 1 to account
for estimating the dispersion parameter. The log-like-
lihood was obtained from the Poisson fitted model.
Every model that contains ‘exclosure’ was estimated
in 2 versions: (1) double cages and single cages were
regarded as separate levels; and (2) these 2 exclosure
types were not distinguished (lowercase letters in all
tables) to assess caging artefacts.

RESULTS

Effect of calcein marking on abundance and size

A side question but a prerequisite in the combined
caging and staining experiment was whether the fluo-
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rescent marking method affects the survival and
growth of first year bivalves. For Macoma balthica in
June and Cerastoderma edule in May, calcein did not
need to be included in the models (Model j for abun-
dances, Models Q and j for size, respectively, Tables 1
& 2). The application of the marking solution seemed
to lower M. balthica abundances in May (Fig. 4a,b;
only significant factors plotted). The effect was small
but significant and showed in the exclosures. The
marking and exclosure interaction (Model h; Tables 1
& 2) did not affect the direction but only the strength
of the exclosure effect and was similar at all sites
(Fig. 4a,b). Also, C. edule abundances in June dif -
fered between calcein treatments (Model C): at Odde-
watt, they were higher in the calcein-treated units
(Fig. 4c,d). Still, there was no interaction with exclo-
sure, and the calcein effects were weak compared to
the exclosure effects. Concerning size, M. balthica
median length in May was lower in the calcein sam-
ples at Sylt, while at Vlakte van Kerken, the individu-
als were smaller in the experimental units that had
not been treated with calcein, independent of exclo-
sure treatment (Model K; Fig. 5a). There was no sig-
nificant influence of calcein on body size of C. edule in

June after 1 influential value was re-
moved (Model n; Fig. 5d). Overall, in
some cases, calcein may change the
effect sizes in the following analyses
but not the qualitative conclusions.

Growth

Under natural (uncaged) condi-
tions, the growth of Macoma balthica
was similar at all sites in May
(Fig. 6a), but in June, growth de -
creased at Sylt (Fig. 6b). In contrast,
for Cerastoderma edule, growth ap -
peared to be lower at Sylt in May
(Fig. 6c) and the same everywhere by
June (Null model; Fig. 6d). C. edule
had the fastest growth observed; their
average daily instantaneous growth
rate of 0.06 d−1 in June amounts to
60 µm in 1 d for a 1 mm long individ-
ual. The instantaneous growth rate of
~0.02 d−1 for M. balthica in May cor-
responds to a 20 µm length increase
in 1 d for a 1 mm long individual.
However, it is remarkable how vari-
able the individual growth rates were
(Fig. 3). M. bal thica grew at up to

0.06 d−1, but some individuals hardly grew at all; the
maximum individual growth rate observed was
0.08 d−1 in C. edule. Except for C. edule in June,
caging had an influence on bivalve growth (Fig. 6). In
most of the observable cases, growth was higher in
the cages (Model n; Table 3), but for M. balthica in
May, the influence of caging differed between sites
(Model j). Growth was decreased in the cages at Sylt,
indicating habi tat-dependent modification of growth
conditions (Fig. 6a). If growth had been calculated
only from observations of size (from the end of the
May experiment to the end of the experiment in
June) and the small immigrants had been included,
the estimates would be up to 70% lower than the
measured growth rates.

Exclosure effect on abundance and 
size-selectivity of loss

For Macoma balthica as well as Cerastoderma ed-
ule, abundances in May were always lower in the
uncaged experimental units to which predators had
access (Fig. 7a,c). The loss, presumably mainly preda-
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Model complexity Model Model description

Full model A, a s + e + m + s:e + s:m + e:m + s:e:m
Three 2-way interactions B, b s + e + m + s:e + s:m + e:m
Two 2-way interactions C, c s + e + m + s:e + s:m

D, d s + e + m + s:e + e:m
E, e s + e + m + s:m + e:m

One 2-way interaction F, f s + e + m + s:e
and 3 main effects G, g s + e + m + s:m

H, h s + e + m + e:m
2-way interaction and J, j s + e + s:e
2 main effects K s + m + s:m

L, l e + m + e:m
3 main effects M, m s + e + m
2 main effects N, n s + e

O s + m
P, p e + m

1 main effect Q s
R, r e
S m

Null model T Intercept

Table 1. Description of models of different complexity that were estimated
separately for each combination of period (May and June) with species (Ceras-
toderma edule and Macoma balthica) and response variable (abundance and
size). s: site, e: exclosure, m: marking with calcein solution. The response vari-
ables growth, abundance of marked animals and initial size were estimated
from the calcein-treated samples only, so models including marking do not
apply, and ‘J’ functions as the full model. Each model including the factor
exclosure was tested in 2 versions, once with the 3 levels separately (upper
case letters) and once without differentiating between the single cages and
double-control cage (lower case letters). Models were compared simultane-

ously with Akaike’s information criterion (Tables 2 & 3)
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tion mortality, was similar between sites (Model n). In
June for both species, abundances differed between
the single cages and the double control cages in dif-
ferent ways between sites (Model J, Fig. 7b,d). Al-
though sometimes the abundances were clearly
higher in the cages, it cannot be safely concluded that
this is due to protection from predation. The varying
differences between cage types are an indication that
caging could have had an influence on local survival
other than through the exclosure of predators alone.

Concerning size-selectivity of the observed loss, in-
dividuals that survived under predator access in May

had, on average, bigger fluorescent
growth rings than the protected sur-
vivors for both Macoma balthica and
Cerastoderma edule (Models r and j;
Fig. 8a,c). This hints at selective loss
of individuals with a smaller initial
size (smaller than the respective me -
dian). The mere observation of the fi-
nal shell size had given no indi cation
of such loss in M. balthica (Fig. 5a).
The fluorescent record of the size at
the initiation of the expe riment avoids
bias by subsequent growth differ-
ences and immigration. In June, the
average of the initial body size of the
survivors was not influenced by exclo-
sure treatments in either species
(Model Q; Fig. 8b,d). Note that the ob-
servation of final body size would
have suggested a better survival of
smaller C. edule under  predation risk
in June (Fig. 7d), but through mark-
ing, it be comes evident that smaller
indivi duals had immigrated (Fig. 2k).
Un fortunately, there were no unbi-
ased growth ring observations (trun-
cation at 0.7 mm) from uncaged ex-
perimental units for C. edule in May
at 3 sites. Inspection of the final shell
sizes would suggest selective loss of
bigger individuals (Fig. 7c), but the
above contradictions show that final
shell size can be misleading.

Crangon crangon have to be
~10 times longer than Macoma balth-
ica to be able to consume them (Hid-
dink et al. 2002), and they probably
have to be even bigger to consume
Cerastoderma edule because of the
latter’s harder shell and globose
shape. In May, there were plenty of

shrimp present that would feed on small bivalves
(Fig. 9). In June, more small shrimp had entered the
study sites, and the numbers of larger individuals
had also increased. Although the bivalves had
grown, there was still prey available of a size suitable
for predation by C. crangon.

DISCUSSION

Body size is central to species interactions that
influence survival, and individual growth determines
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Model Counts Size
M. b. M. b. C. e. C. e. M. b. M. b. C. e. C. e.
May June May June May June May June

A 207.0 190.5 405.0 457.4 −76.06 31.83 2.216 135.9
B 198.4 178.9 391.4 454.6 −88.73 17.89 −7.057 123.5
C 196.5 174.2 388.3 449.3 −94.70 12.00 −4.646 116.9
D 192.7 174.2 383.7 461.0 −84.79 11.45 −14.00 120.6
E 183.1 179.5 388.3 466.6 −99.15 13.09 −9.152 109.0
F 191.8 170.2 380.7 456.8 −88.57 5.967 −10.87 114.5
G 182.1 175.9 385.6 462.6 −102.5 8.549 −4.948 103.5
H 178.8 176.3 381.4 474.8 −93.49 7.562 −15.24 106.5
J 192.9 167.6 378.6 458.9 −88.57 3.194 −13.27 111.4
K 198.1 177.3 427.4 562.9 −107.4 4.125 −8.139 107.6
L 480.1 523.6 712.2 780.0 −41.32 80.67 117.2 213.4
M 178.7 173.1 379.1 471.2 −95.98 3.347 −11.02 101.7
N 180.1 170.8 377.4 473.9 −96.26 1.072 −13.35 99.34
O 195.0 174.9 421.3 571.9 −100.4 −0.7780 −13.74 107.1
P 480.3 519.8 710.2 776.0 −44.14 76.29 114.1 209.1
Q 196.5 172.7 419.7 574.3 −100.6 −2.898 −15.86 105.0
R 481.9 517.6 708.7 780.1 −45.34 74.230 111.9 206.9
S 493.3 524.3 752.3 879.9 −48.54 72.10 111.1 207.5
T 495.0 522.1 750.8 883.4 −49.66 70.16 109.0 205.4
a 190.5 178.8 386.5 460.8 −95.17 13.48 −11.12 116.4
b 187.9 170.3 378.6 454.4 −102.4 7.925 −15.41 111.1
c 187.7 167.6 378.8 451.8 −104.5 5.765 −15.80 108.0
d 183.8 167.0 372.1 462.5 −99.15 2.435 −20.40 107.8
e 181.0 178.3 384.6 463.2 −103.2 7.971 −8.699 103.5
f 184.0 164.4 372.0 460.0 −99.95 0.4271 −20.68 105.0
g 181.1 175.7 384.5 460.7 −105.1 5.962 −7.303 100.8
h 177.5 175.5 378.0 471.7 −97.45 2.768 −14.15 101.5
j 185.3 162.1 370.2 462.8 −99.65 −1.965 −22.67 102.4
l 478.0 523.6 709.4 776.2 −44.72 76.22 113.9 209.2
m 177.8 173.1 378.2 469.4 −98.49 0.9214 −13.14 99.20
n 179.3 170.9 376.5 472.2 −98.69 −1.298 −15.38 96.90
p 478.5 521.4 709.7 774.0 −46.34 74.30 112.1 206.9
r 480.1 519.2 708.2 778.2 −47.52 72.28 109.9 204.7

Fit 0.7702 0.8060 0.8013 0.7914 0.6269 0.6466 0.8509 0.7905

Table 2. Akaike’s information criterion values (bias corrected for small sample
size: AICc) for general linear models that include all experimental treatments
to assess a possible effect of calcein marking on the response variables bivalve
abundance and size. For Macoma balthica counts, QAICc a version of AICc for
overdispersed count data (Eq. 3) was used. The lowest values are in bold. For
a description of each model, see Table 1. C. e.: Cerastoderma edule, M. b.:
Macoma balthica. Fit: 1 − deviancebest fitting model / devianceNull model is given as 

a measure of fit
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the body sizes of species that encounter each other.
With a combined fluorescent staining and caging
experiment, we distinguished growth from size-
dependent abundance changes of juvenile bivalves
Macoma balthica and Cerastoderma edule. We ob -
tained individual growth rates and compared aver-
age growth in 2 distant regions in the Wadden Sea,
detected size-dependent loss and identified the
affected sizes.

In both species, individual growth was faster at
Texel than at Sylt in 1 of the 2 study periods,
resulting in bigger individuals at Texel at the end
of the present study. If only the change in average
size had been used to estimate the average growth
rates, growth would have been strongly underesti-
mated due to immigration of smaller individuals.
The possibility of identifying immigrants from size
distributions is limited. Individual marking also

showed that growth is highly variable
among individuals.

The other objective of using individual
staining was to identify size-dependent
loss, which has population-scale ecological
consequences. In combination with a
caging experiment, we found evidence of
selective loss of small bivalves in both
regions in the first study period. The
caging experiment was in ten ded to
manipulate predation mortality, but in
addition to predator access, emigration is
another process that could cause an abun-
dance decrease and could be affected by
the cages. We think that the main cause of
the size-dependent loss outside of the ex -
clo sures was predation, for several rea-
sons: (1) The missing bivalve sizes were
theoretically small enough to pass through
the cage mesh. Immigration into similar
cages was also ob served by Strasser
(2002). Admittedly, emigration would
require some water current, but then we
would expect a difference between single
and double cages, which we did not find.
(2) There is strong evidence that during
the present study, the middle intertidal
zone experienced net immigration. In
June, no size-selective loss was found, but
many small Cerastoderma edule and
Macoma balthica were caught with drift
nets during migration. If these were
mainly emigrants, then why did we not
find size-selective loss? Thus, we conclude
that migrants were mainly immigrants,

which is further supported by the size similarity of
the unmarked individuals in the sediment and the
migrating bivalves. Ar monies & Hellwig-Armonies
(1992) also found that the middle intertidal zone at
Oddewatt was subject to net immigration until July
1991, when M. balthica gradually moved up higher
in the intertidal. (3) The predators present were able
to consume the missing bivalves, both with respect to
their size (Hiddink et al. 2002) and their intake rates
(Andresen & van der Meer 2010). While it is possible
that some of the loss is due to movements of bivalves,
mortality is plausible as the main reason.

There were no systematic differences in predation
patterns between the islands of Sylt and Texel. Size-
selective predation on Cerastoderma edule and on
Macoma balthica occurred in the first experiment in
May. Although young shrimp had arrived earlier at
Texel than at Sylt (authors’ pers. obs.), there was no

149

 Double & single Uncaged
 cages 

 Double & single Uncaged
 cages 

No calceinM. balthica
May a

D
en

si
ty

 (i
nd

. m
–2

)

With calcein

b

 Double  Single Uncaged
 cage cage

 Double  Single Uncaged
 cage cage

C. edule
June

c

D
en

si
ty

 (i
nd

. m
–2

)

d

1000

100

10

1000

100

10

Fig. 4. (a,b) Macoma balthica and (c,d) Cerastoderma edule. Model pre-
dictions and standard errors of the models that assess the effect of calcein
marking on bivalve abundance. Only significant factors are plotted. The
factor marking was not significant for M. balthica in June or for C. edule
in May (not shown). j: Gröningwatt (Sylt), d: Oddewatt (Sylt), e: Balg-
zand (Texel), n: Vlakte van Kerken (Texel). The lines connecting the
symbols identify the interactions between factors and do not represent 

any formal relationship between treatment levels



Mar Ecol Prog Ser 472: 141–154, 2013

systematic difference in predator regimes
between the regions. The size composi-
tion of shrimp on tidal flats is primarily
determined by size-dependent habitat
use rather than by local growth conditions
(Beu kema 1992). The 2 sites at Sylt were
similar in predator composition, but in
May, Vlakte van Kerken had the  highest
number of large predators and Balgzand
the lowest among the 4 sites. The topology
of the Balgzand mudflats may have
delayed immi gration of lar ger shrimps.
Hence, no simple, general, 1-line conclu-
sion can be drawn, and here, one of the
limitations of the present study becomes
obvious. The field experiments and mea -
 surements under UV light were very labo-
rious, which restricted the temporal and
spatial replication and scope of the pres-
ent study. Given the inherent variability
of the phe no mena, such replication is
apparently needed. The results suggest
that similar processes are taking place at
both islands, albeit at different speeds. At
Texel, the potential for the bivalves to out-
grow their predators quickly was better
than at Sylt.

Caging and calcein marking each have
disadvantages. While other stu dies found
no harmful influence of calcein (Moran &
Marko 2005), our findings show that this
potential should be assessed each time
that the method is applied in a new sys-
tem. Even if the methods do not give
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Model Growth Count marked individuals Initial size (size of growth ring)
M. b. M. b. C. e. C. e. M. b. M. b. C. e. C. e. M. b. M. b. C. e. C. e.
May June May June May June May June May June May June

J −238.3 −219.0 −147.0 −205.6 95.60 121.3 160.8 194.7 −3.945 6.162 1.161 17.49
N −236.2 −225.7 −159.2 −217.5 81.10 126.3 147.9 203.9 −14.85 −4.203 −5.785 11.07
Q −241.3 −221.6 −160.5 −222.5 80.60 131.7 151.4 263.9 −16.15 −9.897 −8.956 5.230
R −237.3 −201.6 −147.1 −223.3 139.3 250.7 288.6 292.5 −20.23 10.26 17.92 68.27
T −241.7 −204.8 −152.4 −227.0 139.9 259.0 292.9 353.9 −21.07 6.270 21.45 63.39
j −242.4 −222.0 −161.4 −216.2 82.92 121.5 150.8 203.4 −13.67 −4.708 −8.966 9.171
n −239.0 −225.8 −161.4 −220.7 78.80 123.5 145.9 204.8 −18.00 −7.255 −8.966 8.096
r −239.8 −203.9 −149.9 −225.8 138.3 248.7 286.8 292.9 −22.76 7.851 15.96 65.80

Fit 0.3994 0.5941 0.5355 0 0.6335 0.7975 0.7867 0.8239 0.1096 0.4831 0.7794 0.8527

Table 3. Akaike’s information criterion values (bias corrected for small sample size: AICc) for general linear models that
include only bivalves with a fluorescent mark to investigate growth, exclosure effects on abundance (numbers of individuals
with calcein mark only) and size selectivity of loss. For Macoma balthica counts, QAICc for overdispersed count data was used.
The lowest values are in bold. For the description of each model, see Table 1. C. e.: Cerastoderma edule, M. b.: Macoma 

balthica. Fit: 1 − deviancebest fitting model / devianceNull model is given as a measure of fit
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absolute quantitative results, it is still
possible to compare levels of each fac-
tor as long as there are no inter actions
between the 2 factors. This was the
case for the effect of calcein on
Macoma balthica growth in May and
on Cerastoderma edule abundance in
June, which did not interact with ex -
closure treatments. There was an inter -
active effect on M. balthica abun-
dances in May. Abundances were
lowered in the exclosures but not in the
uncaged units treated with calcein.
Because this reduced the effects of
exclosure treatments, qualitative con-
clusions that were drawn from calcein
samples were merely more conserva-
tive. Further, cage artefacts cannot be
excluded if the effects of single and
double cage walls are all-or-nothing.
Artefacts are always created by an
experimental procedure (Fernandes et
al. 1999), but by combining an interpre-
tation of the results with na tural history
observations, caging ex periments can
contribute to the solu tion of important
ecological questions (Reise 1985).

The combination of caging and
marking provides valuable information
on processes that are otherwise ob -
scured. If we had not combined the
methods, we could have drawn wrong
conclusions or missed an interesting
process (compare, for example, Fig. 6
with Fig. 8). We noted that scouring
sometimes led to puddles in the cage
area at low tide, which may prolong
submersion and explain the increased
growth in some cases (Freudendahl et
al. 2010). We cannot exclude the possi-
bility that this also had an influence on
survival, but this effect would probably
be small compared to that of predation.
It must be emphasised that other
caging studies probably have the same
issues, which only become visible here
through the combination of methods.
The most important advantage of indi-
vidual marking is that we know the size
of the local survivors from the begin-
ning. In past exclosure studies, when
size differences between cages were
ob served, it was not known for sure
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whether that was just the influence of the
cage on growth or a size-dependent loss.
In the present study, growth could be
quantified and the recorded initial size of
the survivors compared irrespective of
subsequent growth.

Predation on the early post- settlement
stages largely determines the recruit-
ment and population dy namics of
bivalves in the Wadden Sea (van der
Meer et al. 2001). Much insight on size-
structured populations and recruitment
originates from fisheries science. While
keeping potential harmful effects in
mind for the early life stage of bivalves,
calcein marking can function as a surro-
gate for the examination of otolith mi -
crostructures in fish. Concerning the
consequences for population dyna mics,
size-selective mortality in the early life
phase has a primary effect on the popu-
lation density. Size-selective mortality
will affect recruitment variability if the
factors governing size-based processes
vary among years (Sogard 1997). For
example, Nakaya et al. (2007) found
annual variation in shrimp predation on
flatfish through an influence of variation
in bottom water temperature on fish size
but not on shrimp size. Annual variation
in the size-selective mortality of salmon
fry was flood- and drought re lated (Good
et al. 2001). In addition to abundance,
size-selective mortality will also affect
the size-structure of a cohort. In our
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study, the smallest individuals were most vulnerable,
but after a warm winter in 1997, it was the smallest
Cerastoderma edule that survived until recruitment
(Strasser et al. 2001). When predation is directed
toward small individuals, fast growth would increase
survival, but slow growth can be advantageous if rel-
atively big gape-limited predators are present only
temporarily (Urban 2007). Under constant unidirec-
tional selection pressure through persistently
warmer winters and thus the earlier arrival of
shrimps, the possibility for the young bivalves to
adapt by an increase in growth rates is limited by
food availability (Philippart et al. 2003, Freitas et al.
2007). Texel cannot be used to forecast the situation
at Sylt under climate warming.

The novel experimental evidence of size-selective
predation in the field brings us one step closer to
understanding observed recruitment patterns. From
here, it would be interesting to look further into the
sources and consequences of growth variability. For
prognoses on a mechanistic basis, we would still
need more detailed knowledge of shrimp behaviour,
including behaviour in the presence of alternative
food. Yet, together with information on seasonality
and prey choice, our new data on individual growth
rates should help to further investigate recruitment
success under various scenarios.
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