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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 predictions 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
reproduced by selective shrimp predation, but unselective mortality never led to a reliable fit
of the field data. We conclude that size-dependent abundance changes are the rule in the early
life of these bivalves. Various size-dependent processes such as migrations could affect local
abundances. The results strongly support that a major determinant of young M. balthica
abundance and size distribution of the survivors is predation by shrimp.

Keywords: Body size, Wadden Sea, Recruitment, Population structure, Shrimp,
Post-settlement processes
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1. Introduction

Individual growth in aquatic and marine taxa, such as mollusks and fish, is commonly of the
indeterminate type (Kooijman, 2000; Kozlowski, 1996). Environment and individual
energetics add variability to this life history trait. As a consequence, interacting species may
co-occur over a large range of possible body size ratios during their lives. Body size is crucial
to predator—prey interactions (Brooks & Dodson, 1965). Prey capture and handling success
depend on the sizes of both predator and prey (Claessen, Van Oss, de Roos & Persson, 2002).
As predation mortality is affected by body size, predators can change the size structure of
their prey population (Rice, Crowder & Rose, 1993; Sparevik & Leonardson, 1999).

Predation by crustaceans is considered to play an important role in the recruitment success of
bivalves in the European Wadden Sea (Beukema & Dekker, 2005; Hiddink, Marijnissen,
Troost & Wolff, 2002; Strasser, 2002). Relative timing of peak crustacean and bivalve settler
abundances varies between years (Philippart et al., 2003; Strasser & Giinther, 2001), so that
different predator and prey body sizes may encounter over time each year. We investigate the
interaction of young infaunal bivalves Macoma balthica (Baltic tellin) and their most
abundant epifaunal predators Crangon crangon (Brown shrimp). Size-selectivity of their
predator-prey relationship has been demonstrated in lab experiments (Andresen & van der
Meer, 2010; Hiddink et al., 2002) and field experiments (Andresen, Dorresteijn & van der
Meer, 2013). Differences in bivalve size distributions between years at the time of
recruitment in August have been observed (Strasser, Hertlein & Reise, 2001), and are
possibly due to such selective predation. Yet, studies relating predator and prey structure
analytically are rather limited when benthic invertebrates are considered.

Individual-based models are useful to evaluate whether effects of individual variability need
to be considered in understanding year class variation, or whether an approach based on
averages is already sufficient (Rice et al., 1993). Studies conducted in relation to fisheries
research (e.g. Paradis & Pepin, 2001) and also in systems with invertebrate prey (e.g.
Sparevik & Leonardson, 1999) show the necessity of including size structure in studies of
early mortality.

Field observations of M. balthica and C. crangon size distributions over time in the Wadden
Sea were the starting point for the present study. With simulations we analyzed what
combinations of bivalve growth rates and size selection by the predators would be able to
bring about the observed changes in bivalve size distributions. The outcomes of a model
version assuming that all mortality was caused by size-selective predation by shrimp are
compared to a version that assumes unselective mortality. Size-related mortality can also
occur through processes other than predation (Green, Jones, Boudreau, Moore & Westman,
2004). If the estimated prey preference by shrimp turns out to be very variable between study
periods or has to be unrealistic to achieve a good fit, then other processes must dominate over
predation in determining bivalve size distribution and mortality. The aim is to determine how
common and dominant size-selective predation by shrimp is in shaping the size distribution
of the surviving young M. balthica.
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2. Material and Methods
2.1 Data
2.1.1 Study site and temporal sampling design

Bivalves and crustaceans were sampled at a site within the Balgzand tidal flats in the
westernmost part of the Dutch Wadden Sea. Tidal range at Balgzand is -80 cm to +60 cm
respective to mean sea level, the sampling site lies in the upper range of the middle intertidal
zone at about 10 cm above mean sea level. The habitat can be characterized as uniform bare
fine sand. 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 1 and
2 for the exact sampling dates each year for bivalves and crustaceans, respectively. Within
these five years of field data, 14 periods occurred in which bivalve density decreased and
shrimp observations were available.

Table 1. Bivalve sampling dates, number of individuals and total sampling area per date

1994 1995 1996 1997 1998
May Date 2o™ 21 13" 28"
n 87 391 42 11
Area (cm?) 807 672 403 403
Jun  Date 23 o7t 13" 18"
n 63 27 142 125
Area (cm’) 644 807 1340 403
Jul  Date 19" 24 31 16" 20" et
n 57 19 234 54 63 143
Area (cm®) 1076 807 2687 2687 672 538
Aug Date 22 28"
n 57 77
Area (cm?) 5400 538
Sep  Date 19" 21 10" 15"
n 41 36 24 72
Area (cm®) 1076 2700 540 672
Oct  Date oth (M
n 30
Area (cm?) 403
Nov  Date 26"
n 305
Area (cm?) 10 200

Note: "’ No density decrease towards this sampling event.
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2.1.2 Bivalve sampling

Bivalve samples were taken haphazardly within a plot of 100 m” during low tide. 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 cm?). Table 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 um mesh screen, only in 1998 a 150 um
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 distributions. 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. Bivalves were
sorted live or preserved in 4% formalin in buffered seawater. Shell lengths were measured
with 100 pm accuracy.

Table 2. Shrimp sampling dates and densities

1994 1995 1996 1997 1998
May Date 13
Density/m’ 54
Jun Date 30" 12 26™ 5t
Density/m’ 25 56 7 51
Jul Date 12" 16" 2" and 31%
Density/m’ 31 78 111 and 38
Aug Date 231 9th 2oM 25h
Density/m’ 36 117 3 77
Sep Date 5t
Density/m’ 59
Oct Date gth
Density/m’ 36
Nov Date
Density/m’

Note: Total sampling area per date was always 0.36 m’.

2.1.3 Crustacean sampling

Shrimp were sampled during low tide in four 10 m long transects just outside the 10x10 m’
bivalve plot. Each time, 40 cores of each 90 cm’ area were taken, adding up to a total
sampling area of 0.36 m”. Sampling depth was ca. 5 cm, and samples were sieved in the field
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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.

2.2 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 alternated, 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. 1.

Exponential growth was assumed, as appropriate for post-larval bivalves (Urban, 2002), with
a single mean instantaneous 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 variation. 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 measurements.

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, selection 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, Svanback, Persson & Bystrom, 1999).
We used the normal curve as the shape of the preference curve. The preference curve gives
the probability that an encounter results in prey death as a function of relative prey length.
The maximum value is obtained at the preferred relative prey length. The standard deviation
was chosen to be 1/3 of the preferred relative prey length. If the predators were not able to
reduce the prey to the target abundance through their prey choice after 5000 encounters, the
simulation was terminated. For the case of unselective mortality, the bivalves to be removed
from the cohort were drawn randomly. After a bivalve was removed from the cohort, the
remaining bivalves grow.
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Figure 1. Illustration of the modeling procedure

Notes: a) Observed size distribution of shrimp, example from July 1997. b) Example of a prey selection curve,

for a 14 mm long shrimp that chooses prey 1/15 of the predator length. ¢) Observed size distribution of Macoma
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balthica in July 1997. d) Observed size distribution of M. balthica the next month. e¢) Example of a simulated
size distribution of M. balthica, using the July data as a starting point for growing and random mortality. f)
Example of a simulated size distribution of M. balthica, using the July data as a starting point for growing and
selective predation. g) Resulting D-statistic of the Kolmogorov-Smirnov tests comparing simulated with
observed data, set out against the tested growth rates. As examples, the black dots are the averages of each 500
D-values obtained using a prey preference for 1/11 of the predator length, the white dots were obtained with
size-independent mortality. The error bars represent 95% confidence intervals. The horizontal dashed line marks
the critical D-value. Values below it indicate that the compared size distributions are not significantly different.
h) Contour plot of the best parameter combinations for the example period. The black dot represents the
combination of growth rate and prey preference that leads to the lowest average D-value when simulated and
observed data are compared. For all parameter combinations within the contour, at least 95% of the resulting
D-values are below the critical D-value. The vertical dashed line marks the best fitting growth rate for the case
of unselective mortality; however, no growth rate led to sufficiently low D-values in combination with random

mortality.

When the bivalves were reduced to the final abundance, the simulated size distribution
resulting from the respective parameter combination of growth rate and preferred relative
prey length was compared with the observed field size distribution by a
Kolmogorov-Smirnov test (KS-test). The aim was to find the combination of the two
parameters that do not lead to a significant difference in size distribution between observed
and simulated. For every parameter combination, the simulation with alternating mortality
and growth and the KS-test in the end was repeated 500 times. The parameter combinations
for which the 97.5%-quantile of the D-values remained under the critical D-value for the
particular n are concluded to be able to explain the observed bivalve size distribution.

Recall that the bivalve sampling area in the field was adjusted to bivalve density. This implies
that the difference in the counts of individuals sampled between dates does not directly
resemble the change in density. Therefore, the number of animals at the beginning of a time
period was changed, while keeping the body size composition, such that the decrease in n
until the end of the time period corresponds to the density decrease. The # at the end must not
be changed, as this changes the apparent power of the KS-test. Further, when the smallest
individuals in the end of a time period were smaller than the smallest in the beginning, they
were removed, as this is probably due to later settlement into the area.

3. Results

In seven out of the 14 investigated periods, simulations with size-selective predation by the
observed shrimp were able to reproduce the observed size distributions of Macoma balthica
(Fig. 2). In the other cases, neither selective predation by the present shrimp nor random
mortality led to a resemblance with the observed bivalve size distributions. That means
size-dependent abundance changes must have taken place, but not, or not only, caused by
shrimp predation. These periods were mainly early in the season, and in the whole year of
1996.
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Figure 2. Estimates of prey selection by shrimp and bivalve daily instantaneous growth rate

Notes: A size selection of e.g. 1/10 means that a shrimp selects bivalves of a tenth of its own length. The black
dot indicates the best fitting combination of prey preference and growth rate from simulations with
size-selective predation. The solid contour contains all parameter combinations that resulted in prey size
distributions similar to the observed size distribution in at least 95% of the simulations. When there is no
contour drawn, no parameter combination led to a fit with the field data, and the dot is filled white. The dashed
vertical line indicates the best fitting growth rate from simulations with size-independent, random mortality. No
growth rate value led to a fit with the field data in combination with unselective mortality, so no confidence

region is drawn around the dashed line.
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In the cases where size-selective shrimp predation produced bivalve size distributions similar
to the field observations, the selected prey size was often around a tenth of the predator size.
One time, the estimated choice was half of the predator size, and in one case the estimated
selected size was much smaller, 1/50 of the predator’s size. The corresponding estimates of
the bivalves’ instantaneous growth rates range from 0.00025° to 0.025¢ between all
investigated time periods that got a fit with the data. Turning to the prey point of view, the
results also point to which sizes of the bivalves were most affected. In most of the cases
where predation could explain the bivalves’ size distribution, estimated growth rates were
lower than those assuming unselective mortality. This means that of the available bivalves,
the smallest ones have been fed on, as ignoring predation gives the illusion of faster growth.
Only in the first investigated time period, growth rate estimates were similar with or without
size-selective predation.

4. Discussion

For many of the investigated periods of the five summers studied, simulations supported
predation by shrimp as the driving force of size-selective mortality. Usually bivalves at the
lower end of the present size spectrum were affected. With about a tenth of the predator’s
size, these smaller sizes often represented the maximum of what shrimp could take (Hiddink
et al., 2002; Keus, 1986, as cited in van der Veer, Feller, Weber & Witte, 1998). This points to
a potential for the bivalves to outgrow this predator. The choice for prey half the predator’s
size found in one instance (June to July 1995) is unrealistic. Also the preference for extremely
small prey, relative to the predator and also compared to the available prey size range (May
1998), is in conflict with feeding on the center of the available size distribution at the
maximum of the predator’s ability (June to July 1994). Of the estimated values of the
resulting growth rates, the higher ones are similar to growth rates obtained by individual
marking in situ (Andresen et al., 2013).

Are there methodological limitations that could have had an effect on the results? The
observed size structures of the bivalves can often not be explained by shrimp predation alone,
but they can never be explained by simple bivalve growth in combination with unselective
mortality, not even when the predator abundance was very low (July to September 1996, Fig.
2, Table 2). One might question the adequacy of the very simple growth model that has been
assumed. Yet, assuming constant instantaneous growth is realistic for the early period, when
growth is indeed almost exponential. In individual marking experiments (Andresen et al.,
2013) we found that the lines of Ford-Walford plots were not converging, and that
instantaneous growth rates did not change with bivalve size. It should be mentioned for
completeness that out of curiosity simulations for growth with random mortality were also
done with von Bertalanffy growth, in which the ultimate length was fixed. Even then, only in
one out of 14 cases did unselective mortality lead to a matching size distribution at the end of
the period. Thus, size-dependent processes are the rule in the early months of a bivalve
cohort. In the periods where the estimated preference values deviate strongly from the other
estimates (June to July 1995 and within May 1998), size-selective loss probably occurred
through another process, but the attempt to link this to the present shrimp sizes led to the
exceptional estimates. There could be additional predators, such as infaunal polychaetes, but

91



ISSN 2168-9148

\\ M acrothink Aquatic Science and Technology
A Institute™ 2015, Vol. 3, No. 1

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 &
Wolff, 2002), which is also size-specific (Armonies, 1992). Sometimes additional settlement
was identified in the 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.

Shape and width of the prey preference curve were chosen indirectly and the position judged
on the basis of literature (Landvall et al., 1999, Hiddink et al., 2002). Shape and width of the
preference curve could affect the size of the confidence region around the parameter
estimates. 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 & 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 knowingly 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 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 system showed that size-selective mortality is more easily
predicted in longer periods (Paradis & 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 mortality. Selective
loss is dominated by the predator with the greatest impact on the survivors (Paradis & Pepin,
2001).

The data originate from a single sampling site, while bivalve and crustacean abundances and
sizes vary in space. However, the chosen site lies in the relevant intertidal area where the
highest number of encounters between predators and prey is expected due to their zonations.
The focus of this study was the identification of processes, but the results may not represent
the population quantitatively.

Concerning further research, an approach that tackles the problem from the other side would
use detailed information on prey choice to quantify predation rates. Prey choice experiments
until now (Hiddink et al., 2002; Keus, 1986, as cited in 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 simple, 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 (Andresen et al., 2013) are
needed. Strong selectivity implies that there are important differences among individuals. In
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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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