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this acts as an insurance against unpredictable dramatic events (Fuiman and Wer-
ner 2002). But then why do we not see huge year classes more often? Somewhere 
between larval phase and recruitment strong mortality takes place. The scattered 
observations about a horizontal line were often interpreted as lack of relationship, 
whereas it is evidence of strong density dependence worth consideration (Shep-
herd and Cushing 1980). There is still not sufficient understanding of how and 
when the magnitude of bivalve recruitment is determined.  
 
 

 
 
Fig. 1.2 a) Recruitment-stock relationship, b) stock-recruitment relationship of Macoma 
balthica at Balgzand in the Dutch Wadden Sea 1973-2005 (Rob Dekker and Jan Drent, 
pers. comm.).  
 
 

Recruitment success is influenced by predation 
 
Unusual events can teach us a lot about the processes that usually take place. 
From exceptional years in which recruitment was very good, we know that pre-
dation plays a big role in pre-recruit mortality. Good recruitment of several 
bivalve species all over the Wadden Sea was typically observed after cold winters 
(Beukema 1982, Jensen and Jensen 1985). After cold winters, the abundances of 
their crustacean predators, shrimp (Crangon crangon) and crabs (Carcinus 
maenas), increase later and stay lower than after mild winters (Beukema 1991, 
1992b). Field experiments confirmed differential predation being the major rea-
son behind the winter effect on bivalve recruitment (Strasser 2002). The 
importance of predation is further backed by the evolvement of predation 
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avoiding migration behavior in Macoma balthica (Hiddink et al. 2002). Predation 
on pre-recruits has been found relevant for other marine taxa, from sessile 
invertebrates (Osman and Whitlatch 2004) to flatfish (van der Veer and Bergman 
1987). 
 
Predation is influenced by prey size 
 
The advantageous effect of the delayed shrimp arrival after cold winters is 
thought to act via body size (Strasser 2002). Most of the young bivalves are 
already too big to be consumed by the predators at the time they meet. After mild 
winters, when the crustaceans arrive earlier, the bivalves are still well within or 
below the preferred size range of the predators. This has been concluded from 
observations of recruit size distributions, which were shaped differently between 
contrasting years (Strasser 2002). These observations asked for studying the role 
of body size explicitly. 

Body size is fundamental to predation risk (Kerfoot and Sih 1987). Pred-
ators can only ingest prey up to a certain maximum size (Nilsson and Bronmark 
2000). Below that size, they may choose their prey according to energetic profit-
ability (Krebs and Davies 1981) or to avoid damage of their feeding apparatus 
(Hummel et al. 2011, Smallegange and van der Meer 2003). In prey organisms 
the ability to hide (Gibson and Robb 1992), escape (Schmidt et al. 2008) or 
defend against predation (Tollrian 1995) changes with body size. Thus, different 
sized prey have a different risk of mortality. Size-selective predation is wide-
spread and important for almost all animal taxa studied (Fryxell and Lundberg 
1998). While typical terrestrial taxa such as holometabolic insects or birds reach a 
final body size early in life (Kooijman 2000), indeterminate growth is common 
among aquatic and marine taxa, such as mollusks and fish (Kozlowski 1996). As 
a consequence, marine predators and prey may co-occur over a large range of 
possible body size ratios during their lives.  
 
Prey size is influenced by life history traits 
 
Life history theory is concerned with strategies that increase the number of sur-
viving offspring via scheduling of and investment in processes and events of the 
life cycle, such as development, number of offspring, parental care and reproduc-
tive lifespan (Stearns 1992). Two life history traits in particular, namely individ-
ual growth and timing of annual reproduction (e.g. Kooi and van der Meer 2010), 
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Predation is influenced by prey density 
 
Prey size affects predation rates, among other reasons by influencing the time it 
takes to find and handle prey. The relative importance of these two components 
of the predation process depends on prey density. At low prey density, it takes 
longer to find prey than at high density. At very high prey density, when it is very 
easy to find prey, the time that it costs to consume a prey will limit predation 
rates. Accordingly, the effect of body size or of predation avoiding features on 
consumption rates cannot be considered independently of prey density (Aljetjawi 
et al. 2004, McCoy and Bolker 2008). The functional response expresses how 
predation rates change with density (Holling 1966). For a foraging predator, the 
functional response can in principle have two shapes. A hyperbolic form means 
high per capita mortality risk at low prey densities and decreasing risk with 
higher densities (Fig. 1.4). This has a destabilizing effect on the prey population. 
Or the functional response can have a sigmoid form, for which per capita mortal-
ity is highest at an intermediate density and becomes lower also at lower densities 
(Hassel 1979).  

 

 
Fig. 1.4 The functional response describes how the predation rate depends on prey den-
sity. For a predator foraging by searching, it can in principle have two shapes. Both reach 
an asymptote at high densities, when predation is limited by handling time. Prey find a 
refuge at low density when a predator is unmotivated to search at a low reward rate (sig-
moid shape). 
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As explained earlier, the lack of a stock-recruitment relationship implies 
that mortality must be density-dependent somewhere in the period from spawning 
until recruitment. Although the sigmoid functional response provides a low den-
sity refuge, it is unlikely that it alone is responsible for the uncoupling of recruit 
ment from reproductive stock size, as this would mean that the reversal point 
would have to be at a very high density. A predation behavior that equalizes prey 
density in space would be the aggregative response, which means that predators 
move to places with high prey density (Charnov 1976, Cummings 1997). Of 
course, there are also potential sources of density-dependent mortality other than 
predation, such as competition or diseases.  
 
Aims, approach and overview of thesis 
 
Size dependence of predation on young bivalves and its interplay with seasonal 
timing, early growth and density is the central theme of this thesis. The overall 
question is: can predation by shrimp explain the mortality patterns of young 
bivalves in the Wadden Sea? The main aims were to detect size and density 
dependence of mortality in the field, to find out how variable predator and prey 
size ratios are with varying conditions, to obtain early growth rates, and to quan-
tify how predation rates change with prey size and density. The focus is on the 
pre-recruit, but post-settlement period of the bivalve species Macoma balthica 
and Cerastoderma edule; two chapters deal with M. balthica exclusively, and one 
also includes Mya arenaria. They are all infaunal intertidal bivalve species with a 
pelagic larval phase. 

It is good to tackle a research question with several approaches, from 
emphasis on investigating the most natural situation to getting the best grip on 
mechanisms. Field observations will give the most realistic results, but the pro-
cesses that led to the observed patterns can often not be identified. In field 
experiments, under mainly natural conditions certain processes are manipulated, 
but other aspects cannot be controlled. In laboratory experiments, processes can 
be investigated in isolation, but they may not be relevant or behave the same way 
in the field. Modeling offers most control and understanding, and makes it possi-
ble to study hypothetical scenarios. Unrealistic results help to explore what else is 
needed to understand the situation outside. All these different approaches together 
are needed, because every one on its own only tells a part of the story and no one 
of them is controlled and natural enough at the same time (Underwood et al 2000, 
Virnstein 1980). 
 



Introduction 

15 
 

In chapter 2 we model M. balthica growth rates and size selection by shrimp on 
the basis of several years of field observations of pre-recruit bivalve and shrimp 
size distributions. Different combinations of growth rates with size preferences by 
shrimp or size-independent mortality are analyzed to see which parameter 
combination leads to similar bivalve sizes as observed. The main question is 
whether size selectivity by shrimp is able and necessary to reproduce the 
observed bivalve size distributions.  

In chapter 3 we investigate growth and size selectivity of loss of newly 
settled bivalves with field experiments. Field sites in two distant regions of the 
Wadden Sea are chosen to get different growth and timing conditions and preda-
tor regimes. Exclosure cages are used to manipulate predator access. Bivalves are 
stained with a fluorescent dye to disentangle growth and size-selective loss. The 
main aims are to obtain individual growth rates for the fragile early life stage of 
bivalves, and to detect size-selective loss.  

In chapter 4 we compile field observations of young bivalves and crusta-
ceans from several years from two Wadden Sea regions. The main aim is to 
examine how the time lag between predators and prey and their resulting size 
ratios differ between years, regions and species.  

In chapter 5 we carry out aquarium experiments on the functional 
response of shrimp foraging on different densities and sizes of M. balthica. The 
main aims are to determine the shape of density dependence, to estimate feeding 
rates, and to find out how much difference a larger body size makes for bivalve 
prey survival. 

In chapter 6 we analyze observations of pre-recruit densities concerning 
density-dependent mortality. Simulations are used to account for measurement 
and process error. The main aim is to detect if and when density dependence of 
mortality in the pre-recruit phase occurs.  

In chapter 7 the conclusions from the previous chapters are brought 
together, discussed, and compared to other research. The main aims are to estab-
lish their relevance to our understanding of bivalve recruitment, and to pinpoint 
directions for further research.  
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Chapter 2 
 
Size-selective predation mortality and growth 
rates of 0-group bivalves Macoma balthica 
modeled from size distributions  
 
Henrike Andresen, Rob Dekker, Jaap van der Meer 

 
 
 
Abstract 
 
We simulated growth and size-selective predation mortality of juvenile Wadden 
Sea bivalves, predicted size distributions of prey Macoma balthica shaped by 
their predators Crangon crangon (Brown shrimp), and compared these predic-
tions with observations in the field. Under the assumption that all mortality is 
caused by shrimp, size-selective predation could explain bivalve size structure in 
several cases with quite realistic and consistent prey choice functions. In about 
half of the 14 studied time periods, bivalve size structures could not be repro-
duced by selective shrimp predation, but unselective mortality never led to a reli-
able fit of the field data. We conclude that size-dependent abundance changes are 
the rule in the early life of these bivalves. Though other size-dependent processes 
such as migrations can affect local abundances, the support for shrimp predation 
being a major determinant of young M. balthica abundance and size distribution 
of the survivors is strong.  
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Material and Methods 
 
Data 
Study site and temporal sampling design: Bivalves and crustaceans were sampled 
during low tide at the Balgzand tidal flats in the westernmost part of the Dutch 
Wadden Sea, at a site about 10 cm above mean sea level. Sampling took place in 
the years 1994 to 1998, at several occasions between May and November, the 
crucial phase determining Macoma balthica recruitment. See Tables 2.1 and 2.2 
for the exact sampling dates each year for crustaceans and bivalves, respectively. 
Within these five years of field data, 14 periods occurred in which bivalve density 
decreased and shrimp observations were available. 
 
Bivalve sampling: Bivalve samples were taken haphazardly within a plot of  
100 m2. Sampling area was adapted to decreasing bivalve densities by changing 
the number of samples taken at a sampling event (three to ten), as well as the 
number of cores pooled per sample (two to ten), and corer area (27 or 90 cm2). 
Table 2.1 gives details of the total sampling area per date, and the number of M. 
balthica individuals found. Sampling depth was 8 cm in 1994 and 5 cm in later 
years. Samples were sieved in the lab over 300 µm mesh screen, only in 1998 a 
150 µm sieve was used. At some occasions additional larger samples were taken, 
to a depth of 15 cm and sieved over larger mesh (1 mm), to get a better chance of 
catching the largest of the young bivalves, which occur in lower densities. The 
abundance estimates of the bivalves that are retained on a 1 mm sieve come from 
both the standard and the large samples; this gave smoother size-frequency distri-
butions. The abundance they would have had in the area of the standard samples 
was calculated, because scaling the number of individuals up to a larger area 
would lead to a seemingly high accuracy of the subsequent statistical test. Bi-
valves were sorted live or preserved in 4% formalin in buffered seawater. Shell 
lengths were measured with 100 µm accuracy. 
 
Crustacean sampling: Shrimp were sampled in four 10 m long transects just out-
side the 10x10 m2 bivalve plot. Each time, 40 cores of each 90 cm2 area were 
taken, adding up to a total sampling area of 0.36 m2. Sampling depth was ca.  
5 cm, and samples were sieved in the field over 1 mm mesh screen. Crangon 
crangon were sorted out live in the lab and their length measured from telson to 
scaphocerite to the nearest mm.  
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Table 2.1 Bivalve sampling dates, number of individuals and total sampling area per date. 

    1994 1995 1996   1997 1998  

May 

 

Date 
n  

Area (cm2) 

  22nd 
87 

807 

    21st 
391 
672 

13th 
42 

403 

28th 
11 

403 

Jun Date 
n  

Area (cm2) 

23rd 
63 

644 

27th 
27 

807 

13th 
142 

1340 

  18th 
125 
403 

  

Jul Date 
n  

Area (cm2) 

19th 
57 

1076 

24th 
19 

807 

3rd 

234 
2687 

16th 
54 

2687 

29th (1) 

63 
672 

16th 
143 
538 

   

Aug Date 
n  

Area (cm2) 

  22nd 
57 

5400 

    28th 
77 

538 

   

Sep Date 
n  

Area (cm2) 

19th 
41 

1076 

21st 
36 

2700 

10th 
24 

540 

  15th 
72 

672 

   

Oct Date 
n 

Area (cm2) 

    9th* 

30 
403 

       

Nov Date 
n  

Area (cm2) 

    26th 
305 

10200 

       

(1) No density decrease towards this sampling event. 
 
 
Model 
Simulations were carried out to find out which combination of bivalve growth 
rate and prey choice by shrimp could best predict the observed change in M. 
balthica size distribution. Random encounters between the observed predators 
and the observed initial bivalve prey were simulated, and a preference curve by 
the predator decided on the outcome of the encounter - consumption by the 
shrimp or survival of the bivalve. Mortality events and growth periods were alter-
nated, so they were spread evenly over the time period, until the prey numbers 
were reduced to the abundance observed at the end of a time period. The resulting 
size distributions were compared to the field distributions by Kolmogorov-
Smirnov tests (Zar 1999). The steps of the procedure are explained in more detail 
below and are illustrated in Fig. 2.1. 
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Exponential growth was assumed for the bivalve, with a single mean in-
stantaneous growth rate parameter. On top of this average rate, for each period 
and for each individual a small randomly chosen and normally distributed growth 
variation was added with a standard deviation of 0.15 times the mean growth rate. 
Prior analyses showed that such growth variation gives a natural looking size 
distribution and that the results are quite robust to the amount of growth rate vari-
ation. Growth created much smaller size increments in the simulations than the 
measurement accuracy in the observed data had been. For this reason, bivalve 
lengths were drawn from a uniform distribution within 0.1 mm of the measure-
ments.  

The predator-prey encounter rate was scaled to predator body size. The 
searching rate as well as the width of the searched area scales with predator 
length, thus the encounter rate scales with squared predator length (Kooijman 
2000). The body size of the small bivalve prey was considered negligible for 
scaling the probability of predator-prey encounters. For all predator sizes, selec-
tion takes place on the basis of predator/prey length ratio. For a given predator 
size, it has been suggested that the chance that a prey encounter results in a kill 
should be a dome-shaped function of prey body size. (Lundvall et al. 1999). We 
used the normal curve as the shape of the preference curve. The preference curve 
 
 
Table 2.2 Shrimp sampling dates and density. Total sampling area per date was always 
0.36 m2. 

    1994 1995 1996 1997 1998 

May Date 
Density/m2 

       13th  
54 

Jun Date 
Density/m2 

30th  
25 

12th  
56 

26th  
72 

5th   
51 

  

Jul Date 
Density/m2 

  12th  
31 

16th  
78 

2nd and 31st  
111 and 38 

  

Aug Date 
Density/m2 

23rd  
36 

9th 

117  
22nd  

3 
25th  

77 
  

Sep Date 
Density/m2 

  5th  
59 

       

Oct Date 
Density/m2 

    9th  
36 

    

Nov Date 
Density/m2 
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faunal polychaetes, but also dissolution mortality (Green et al. 2004), competitive 
ability and starvation resistance or susceptibility to diseases could depend on size. 
One well known process in the early benthic life of young Macoma balthica is 
their secondary migration (Beukema 1993, Hiddink and Wolff 2002), which is 
also size-specific (Armonies 1992). Sometimes additional settlement was 
identified in the present data by the appearance of smaller individuals, which 
were removed from the analysis, but not all additional settlers may have been 
able to be identified that way, and that could give a distorted image. 

The estimates of the preferred prey size were often at or just above the 
limit of the experimentally determined ability of shrimp (Hiddink et al. 2002). An 
underestimation of the number of big shrimp through sampling during low tide 
could have led to an overestimation of the preferred prey size by the observed 
shrimp. At high tide bigger shrimp enter the tidal flats for foraging (Janssen and 
Kuipers 1980). This could also lead to an underestimation of the bivalve growth 
rates, because lower growth fits better with the lack of bigger bivalve individuals 
that may have been consumed by the undocumented bigger shrimp. 

The simulations were done under the far-reaching assumption that all 
mortality is due to shrimp predation. Considering that a lot of other processes can 
potentially affect bivalve size distributions, it is still remarkable that parameter 
estimates were consistent and realistic in so many cases. Even more so since the 
investigated time spans were short, while a comparable study in a piscivore sys-
tem showed that size-selective mortality is more easily predicted in longer 
periods (Paradis and Pepin 2001). Hence it is plausible that size-selective shrimp 
predation is an influential process, which not only has a strong impact on size 
distributions, but also must make a major contribution to total pre-recruit mortal-
ity. Selective loss is dominated by the predator type with the greatest impact on 
the survivors (Paradis and Pepin 2001). 

Concerning further research, an approach that tackles the problem from 
the other side would use detailed information on prey choice to quantify preda-
tion rates. Prey choice experiments until now (Hiddink et al. 2002, Keus 1986 
cited at van der Veer et al. 1998) have established the upper limit of the predation 
window of shrimp feeding on M. balthica. The required experiments are not sim-
ple, because prey choice may depend on relative densities and alternative prey. 
Further, our results show that estimating growth rates from size distributions 
alone is inaccurate and individual marking methods (Chapter 3) are needed. 
Strong selectivity implies that there are important differences among individuals. 
In the future it will be interesting to not only investigate the consequences of 
variability among individuals of a bivalve cohort, but also the sources of 
variability.  
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Chapter 3 
 
Growth and size-dependent loss of newly settled 
bivalves in two distant regions of the Wadden Sea 
 
Henrike Andresen, Ine Dorresteijn, Jaap van der Meer 

 
 
 
Abstract 
 
Individual growth and the timing of life history events determine the course of 
individual body sizes. By that, they can influence size-dependent species interac-
tions such as predation. In the Wadden Sea, predation by crustaceans plays an 
important role for survival of pre-recruit bivalves. To investigate growth rates and 
size-dependent loss in two distant regions of the Wadden Sea, in situ marking 
with the fluorochrome calcein was combined with cage experiments. Through 
marking, we obtained for the first time size-increment data of the fragile newly 
settled juveniles in the species Macoma balthica and Cerastoderma edule in the 
field. By this, growth and size-selective mortality were disentangled, while hith-
erto both were usually inferred from size distributions at this life stage. Fluores-
cent marking also revealed that growth rates were very variable between individ-
uals. Growth was temporarily higher at Texel than at Sylt in both species. In 
combination with the exclosure experiments and sampling of predators and 
migrating bivalves, selective loss of smaller individuals was detected in both 
regions and could be related to predation pressure. Climate influences on phenol-
ogy have potentially strong effects on species interactions, altering survival and 
thus recruitment and population dynamics. 
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Hunt and Mullineaux 2002, Strasser 2002, Strasser et al. 2001). Some species 
perform predator avoiding migrations (Hiddink et al. 2002). However, the inter-
play of processes makes every one of them 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, 
because conventional physical tagging or marking techniques (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 depend-
ence of mortality is difficult to detect if size variability increases through growth 
variability. Furthermore, secondary settlement can act on size distributions. With 
the fluorochrome shell marker calcein (Kaehler and McQuaid 1999, Moran 2000, 
Moran and Marko 2005), a tool is available to obtain size-increment data of 
bivalves and gastropods, that can also be applied to fragile young animals. It is 
used in this study to disentangle growth from size-selective processes. 

To investigate early bivalve growth and size-dependent loss, we com-
bined the more recently established fluorescent staining method with already 
widely applied 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, for the first time field experiments were conducted 
simultaneously in two distant regions of the Wadden Sea. The winter seawater 
temperature (Bundesamt für Seeschiffahrt und Hydrographie 2012) 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 bivalve spawning is very similar over a 
large latitudinal range in Europe (Drent 2004), the reproductive season of Cran-
gon crangon is delayed towards the northern Wadden Sea (Campos and 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 interactions via body size. As the recruitment phase strongly influences 
population size for the coming years, research on mortality in the early phase of 
life will contribute to the understanding of population dynamics (van der Meer et 
al. 2001). The main objectives were to estimate and compare growth rates, and 
detect and compare size-dependent loss in the two regions with differing condi-
tions.  
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Material and Methods 
 
Field experiments were carried out simultaneously in two distant regions in the 
Wadden Sea to investigate 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 com-
bined with fluorescent shell marking to disentangle size-selective survival from 
variation in growth. The experiments were accompanied by observations of pred-
ators and migrating bivalves.  
 
Study sites 
The study regions in the Dutch Wadden Sea at the island of Texel and the Ger-
man Wadden Sea at the island of Sylt are about 400 km coastline apart (Fig. 3.1). 
Near Texel, one site lies in the south of the Balgzand tidal flat area. The site is 
sheltered and the sediment can be characterized as muddy fine sand. In the north-
east of the island lies an open site with fine sand on the sandflats of 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. Thus, in the two regions, 
two sites each were selected. They are not meant to represent the area, but were 
chosen for their contrasting conditions. The tidal flats at Texel stretch about 2 km 
from the high intertidal zone to the low water line, at the sites at Sylt this was 
about 800 m. The tidal ranges are 1.5 m and 2 m respectively. Experiments were 
carried out in the middle intertidal zone, because there the highest number of 
predator-prey encounters is expected. 
 

 
 

Fig. 3.1 Study sites in the middle intertidal zone near the islands of Texel and Sylt 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 sites. 
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between single 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 between sites (Reusch and Williams 1999). It was a 
priority not to disturb the sediment at setup of the cages, even though this may 
have led to accidental enclosure of small shrimp that stayed buried in the sedi-
ment 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 the exclosures. Cages were cleaned from algae twice 
during each experimental period.  
 
Dyeing with calcein 
Size-increment data of juvenile bivalves were obtained by dyeing with calcein 
blue. Calcein functions as a fluorescent label that binds to calcium and is incorpo-
rated into growing calcium carbonate structures (Moran and Marko 2005). It has 
been used in several studies to determine growth of mollusks (e.g. Clarke et al. 
2004, Hermann et al. 2009). Calcein is suitable because it needs only short 
immersion times and causes little harm (Mahe et al. 2010, Riascos et al. 2007). It 
can be applied in situ without disturbing the bivalves (van der Geest et al. 2011). 
PVC rings of 30.5 cm diameter and 10 cm high were pushed halfway into the 
sediment and 0.5 l solution of 250 mg l-1 calcein in 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 
For quantifying epibenthic predators, once per experiment at high tide four sam-
ples were taken with a drop trap (Pihl and Rosenberg 1984) just outside the plot 
at each site. The trap was made of aluminum, had 0.5 m2 sampling area and was 
70 cm high. To avoid scaring the predators away, it was operated hanging from a 
8 m long pole (made of two windsurf masts) by two persons. Sampling took place 
as soon as the water had receded enough that it would not swash over the sides 
after dropping the trap (i.e. below 70 cm). The content of the trap was intensively 
fished with 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, through a 
combination of weather conditions and logistic constraints. Crustacean samples 
were stored frozen and Crangon crangon length from scaphocerite to telson 
measured with 1 mm accuracy.  
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sieve. Individuals with growth rings smaller than 0.7 mm were excluded from the 
analysis of growth rates and growth ring sizes. On average the mean growth rate 
and median growth ring size are based on about ten individuals per sample, 
sometimes only one or two; the maximum was 68 marked individuals in one 
sample. A low n within a sample will lead to higher variation between samples.  
 
 

 
 
Fig. 3.2 Macoma balthica and Cerastoderma edule. Size-frequency distributions of shells 
in calcein treated experimental units with (black) and without (white, stacked) fluorescent 
mark, and in migration nets (grey). For the migrants, which had been caught at two occa-
sions during the 10-day experiment, the theoretical final length at the end of the ten days 
was estimated using growth rates obtained from the marking experiment. Note the vary-
ing scales for frequencies and for sizes.  
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Assessment of immigration 
In the early benthic phase, M. balthica and C. edule can perform secondary 
migrations. 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 fluorescent mark. These could have 
settled into the plots after initiation of the experiments. To evaluate this, migrat-
ing bivalves were sampled over two 24 h periods during each experiment. A 
migration net consisted 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 plankton net in Armonies 1994). The opening could rotate freely 
pointing towards 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 at two times 
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 resemble 
the size distributions of the animals without a fluorescent mark in the calcein-
treated samples (Fig. 3.2). It was concluded that individuals without a mark had 
entered the sampling units later. For the subsequent analyses of abundances, they 
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 analyzed separately per species and per experi-
mental period with Generalized Linear Models (GLM) in R (R Development 
Core Team, 2008). Factors were site, exclosure and marking with calcein solu-
tion. M. balthica counts were overdispersed (dispersion parameter between 4.3 
and 6.7), and the quasipoisson family was used, for C. edule counts, the poisson-
family was suitable (dispersion parameter around 1). In a few cases the counts in 
all the four replicates of one treatment were zero, and the function would try to 
predict infinitely small log values. In that case, 1 was added to one of the four 
replicates to aid the estimation. Sampling area was incorporated in the model as a  
so-called offset variable (McCullagh and Nelder 1998). For size data, the median  
shell length per sample was calculated and the Gamma family gave the best  
looking residual distribution plot. For growth, the mean per sample 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 
































































































































































































































