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Abstract

Sea-level rise is expected to affect agricultural land in low-lying coastal areas by salinization
of the groundwater as the result of seawater intrusion. One of the potential solutions to the
decreasing yield on salt affect agricultural land is the change in land-use from traditional
agriculture to inland marine aquaculture, e.g. sustainable cultivation of marine shellfish.
Exploration of presence and ambient growth rates of shellfish in surrounding coastal seas
might aid in finding suitable locations for sustainable inland shellfish cultivation. At present,
cockles (Cerastoderma edule) are a national export product of the Netherlands and are
manually harvested in the Dutch Wadden Sea. However, the cultivation of cockles is being
considered for low-lying polders in this area. To find suitable locations for these activities, we
calculated the growth rates of cockles from annual SIBES (Synoptic Intertidal Benthic
Sampling Program) field surveys that started in 2008, covering all tidal flats of the Wadden
Sea. Data on shell length and age was used to fit Von Bertalanffy growth functions. To better
understand the potential causes of the observed variation in growth, the relationship between
cockle growth and environmental conditions was modelled by means of a generalized additive
model. Cockle growth was related to sampling year, distance to gullies and median grain size.
Model outcomes were used to map the growth conditions for cockles on the tidal flats of the
Wadden Sea. Cockle growth is predicted to be high near tidal inlets (in particular those near
the islands of Texel, Vlieland, Terschelling and Borkum) and low at the tidal divides. This
map and its underlying information on growth conditions provides a baseline to identify and
modify suitable inland locations for sustainable cockle cultivations along the coastlines of the
Wadden Sea.

Introduction

Due to the increasing human population, food demand will increase while arable land
decreases as the result of urbanization, salinization and desertification (Pitman and Lauchli,
2002; Fedoroff et al., 2010). Salinization is, in addition to drought, globally one of the most
limiting environmental influences on agricultural crops mainly because of the crop damage
due to the high salinity in the root zone (Lee and Song, 2006). This is an especially large
problem in the low-lying areas, such as polders, close to the sea where the salinized
agricultural land is expected to expand as the result of sea level rise (Pauw et al., 2012). There
are numerous studies and successful stories on the use of salt tolerance crops and methods to
actively decrease the groundwater salinity (Qadir et al., 2000; Pitman and L&uchli, 2002).
However, not every method is successful in every situation, the actual solution to a decrease
in agricultural yield on salt affected land should therefore be found on a local scale. Fedoroff
et al. (2010) suggest that a change in land use from fresh-water agriculture to saline
aquaculture might be part of the answer.

The Wadden Sea, the world’s largest area of interconnected tidal flats, is located along the
coastline of Denmark, Germany and the Netherlands, and became a World Heritage in 2009
(Reise et al., 2010). A large part of the Dutch Wadden Sea is surrounded by low-lying
reclaimed land with an increasing groundwater salinity (Reise, 2005; Pauw et al., 2012). This



development has resulted in the exploration of the potential of saline agriculture and
aquaculture in these areas, including the cultivation of cockles.

Cockles (Cerastoderma edule) serve as an important food source for various bird populations,
and its biomass equals to 16% of the total zoobenthic biomass in the Dutch Wadden Sea
(Beukema et al., 1993; Beukema and Dekker, 2006). Within this area, fishing of cockles is
allowed but only manually. Dutch cockles are a national export product, primarily being
shipped to Spain and Portugal (Ginkel, 2001). Cockles were initially harvested manually, but
in the early 1960s the exploitation was scaled up by the introduction of mechanized suction-
dredge cockle fishing technology. Cockle biomassa and production has, however, proven not
to be sufficient to sustain both the commercial dredging as the bird population (Beukema et
al., 1993; Beukema and Dekker, 2006). Following a strong public debate on the impacts of
shellfish fishing on cockle stocks and shorebird populations, the mechanical dredging of
natural stocks of cockles in the Dutch Wadden Sea was banned in 2005 (Swart and van Andel,
2008; Boere and Piersma, 2012; Pronker et al., 2013). With less than 20 fishing permits in the
1990s, manual cockle fisheries was considered to be a sustainable activity. However,
according to van Leeuwe et al. (2008): this type of fishery still impacts the food supply for
shorebirds and the recruitment of cockles in years of low cockle abundance (e.g. 2004).

The inland cultivation of cockles is thought to be possible in high numbers and in reliable
succession of batches when the cockle is exposed to favourable environmental conditions
(Pronker et al., 2013). This might not only be commercially attractive, but also aid in among
others the protection of the bird population and therefore the natural values of the Wadden
Sea. Thereby, a change in land use in several polders close to the Wadden Sea might be
necessary due to the decrease in agricultural yield because of the high groundwater salinity
levels (Pitman and L&uchli, 2002; Pauw et al., 2012). Within the Dutch part of this area, a
shift from agriculture to inland cultivation of Cerastoderma edule (Cockle) in salt-affected
polders is presently explored as a sustainable option to adapt to salinization (Waddenfonds,
2014).

To explore the possibilities of the sustainable cockle cultivation along the entire Dutch
Wadden Sea, suitable inland locations must be identified. Areas are suitable for this
cultivation if they contain favourable environmental conditions for cockle growth. In this
paper we will calculate the cockle growth and its relationship with local environmental
growth conditions. This correlation will then be used to predict the cockle growth on the tidal
flats of the Dutch Wadden Sea and identify areas with favourable growth conditions. Growth
was calculated by means of fitting the VVon Bertalanffy growth function (VBGF) on field data
of extensive tidal surveys that started in 2008. The results on the maximum asymptotic length
and the growth constant are used to subsequently calculate the growth parameter ®
(Bertalanffy 1938; Gallucci and Quinn 1979). The relationship between cockle growth and
environmental conditions was modelled by means of a generalized additive model (GAM).
This relationship was then used to extrapolate cockle growth on intertidal locations for which
it cannot be calculated due to either an absence of cockles or non-compliance with the
conditions for estimating growth. This map and its underlying information on environmental



growth conditions can be used as a baseline to identify and modify suitable inland locations
for sustainable cockle cultivations along the coastlines of the Wadden Sea.

Material and methods

Field data
Field data on cockles was derived from the Synoptic Intertidal Benthic Sampling (SIBES)

program covering the entire intertidal zone of the Dutch Wadden Sea. The sample points are
located at 500 meter intervals and complemented with random sampling points (Bijleveld et
al., 2012; Compton et al., 2013b; Compton et al., 2013c). Sampling of macrozoobenthos was
performed by foot during low tide or by inflatable boats during high tide from June to
October. When sampling was done by foot, one sediment core with an area of 0.0177m? was
taken and if by boat then two cores were taken with a combined area of 0.0177m?. At both
sampling strategies, the depth of the core was approximately 20 cm. The cores were sieved
over a 1 mm mesh and all individual shellfish were counted and stored in freezers (-20 °C)
until further analyses in the laboratory. Here, the bivalves were identified up to species level
and their shell length was measured (along the anterior-posterior axis). Cockle age was
determined by counting the growth rings on the shell (Kristensen, 1958; Kraan et al., 2007;
Compton et al., 2013b).

The data on the median grain size was developed by Folmer et al. (submitted) and Grawe et
al. (submitted) within the framework of the German Coastal Engineering Research Council
AufMod project (“Aufbau integrierter Modellsysteme zur Analyse der langfristigen
Morphodynamik in der Deutschen Bucht”). In these papers, the sediment data was compiled
and harmonized from various sources and developed approximation and interpolation
methods. The exposure time, distance to inlet and distance to gullies were calculated with the
use of the bathymetry with scale of 200 x 200 m. This bathymetry was based on a data set that
was made available by Rijkswaterstaat (resolution 50 m). Both the bathymetry as the
calculated exposure time, distance to inlet and distance to gullies were constructed by Folmer
et al. (submitted) and Grawe et al. (submitted). There are missing environmental variables,
such as food availability and influences of river run-off, for which there is no data available.
For this research, therefore, we divided the Wadden Sea into tidal basins according to Kraft et
al. (2011) for comparative research (Figure 1 and Table 1). Tidal basin was used as a proxy in
an attempt to capture most of the missing environmental variables that are not covered in the
local environmental variables (Zimmerman, 1976; Dastgheib et al., 2008).

Cockle growth analysis
The growth of the cockle was described by the Gallucci and Quinn (1979) growth parameter

and calculated with the use of the Von Bertalanffy growth function (VBGF) parameters. The
VBGF can be mathematically expressed for shell length (L; mm) as:

(1) Ly = Lo (1 — e K*(t=t0))

This VBGF describes the shell length of the Cockle (Ly; mm) as a function of the age of the
Cockle (t; yr), growth constant (K; yr't), the maximum asymptotic shell length (L,; mm) and



the time where the shell length is zero (to) (Appeldoorn, 1983). The growth parameter w (mm
yr't: Gallucci and Quin, 1979), is mathematically expressed as:

(2) w=K=x* Ly

Pauly (1979) described a negative correlation between Ln(K) and Ln(L.,) and suggested a
measurement of growth of W = Ln(w) = Ln(K * L,). The Gallucci and Quin growth
parameter (o) is equivalent to the immediate growth at to in mm yr* and unlike the individual
parameters, indicates a fundamental difference in the growth instead of a mutual change in K
and L., (Gallucci and Quinn, 1979; Pauly, 1979; Appeldoorn, 1983).

After an initial data exploration where the outliers were removed (Zuur et al., 2010), the
VBGF parameters were fitted from the shell length and the age of the cockle for every
sampling year and sampling point. We fitted this VBGF per measuring year; this means that
at least three different ages per sampling location per measuring year were needed. The fitting
of the VBGF per cohort resulted in less successful fits and a decreased fit accuracy, this
method was therefore not used. The fit was performed by the use of the nonlinear least
squares Levenberg-Marquardt algorithm with the use of the Minpack.LM package (Elzhov et
al., 2013) in R 3.1.2 (R Development Core Team, 2015). Subsequently the negative
correlation of K and L,, was tested and the VBGF parameters were used to calculate the
growth parameter W.

Model
We modelled the relationship between the growth parameter W and explanatory variables

with the Generalized Additive Model (GAM) approach using the package mgcv (Wood,
2015) in R. For the GAM, all possible models were tested with a combination of sampling
year and tidal basin as factors and the 6 other environmental influences, i.e. median grain size,
salinity, exposure time, distance to tidal inlet, distance to gully and cockle density, as
smoothers due to the unknown relationship (Table 2).

The year in which the samples were taken was used as a proxy for the annual differences in
environmental conditions such as temperature and food availability. The sampling year was
used in every input due to a known annual variability in growth, this variability was expected
to be seen in the influence of this parameter in the model (Kristensen, 1958; Seed and Brown,
1978). The exposure time (Montaudouin, 1996; Compton et al., 2013a), density of the cockle
(Jensen, 1992), distance to tidal inlet and more specifically distance to the gully (Cadée, 1980)
were all expected to have a negative influence on the growth rate. On the other hand, the
median grain size was expected to have a positive influence on the growth, i.e. coarse
sediment favours cockle growth (Appeldoorn, 1983; Cardoso et al., 2006). For the salinity,
however, both high and low salinities were expected to have a negative influence on the
growth rate (Kristensen, 1958). The tidal basin was expected to have a variable influence on
the growth parameter.

For the data exploration of the environmental variable we followed the procedure of Zuur
(2012). During this exploration, the cockle density was log-transformed to create a normal
distribution. The multicollinearity in the environmental variables was checked with the



calculation of the VIF values, where a VIF value higher than 10 gives a strong indication of
multicollinearity. The assumptions are not violated by this multicollinearity but it does affect
the significance of the parameter estimates of the model because it increases the standard
error of the parameter estimates (Lin, 2008). The models were also validated according to
Zuur (2012); histograms and QQ-plots where created to check the normality, the homogeneity
was assessed by verifying the consistency of the spread in a residuals vs. fitted values plot, the
independence was verified by plotting the residuals versus each covariate and the Cook’s
distance values where used to check for influential observations.

To select the best model, we used the Akaike information criterion where the lowest AIC
(AICnin) is the best model (Akaike, 1973). However, because models with a AAIC (AAIC =
AIC — AICnin) lower than two still have substantial support, we will use the model that has
substantial support and the lowest complexity, i.e. number of factors and/or smoothers
(Burnham and Anderson, 2004).

Growth map
The best model was used to construct a map of the growth parameter based on the

environmental variables. The modelled growth parameters were plotted versus the calculated
growth parameters to visualize the accuracy of the fit. Due to local disturbances that were not
included in the model (e.g. predation, interspecific competition), a larger variation in the
observed growth parameters is expected. The growth parameter will be extrapolated to areas
where cockles are absent; the cockle density can therefore not be used for this extrapolation.
The extrapolation was constructed for grid cells based on the values of the predictor variables
for each cell. The extrapolated growth parameters were used to calculate the modelled range
of the Gallucci and Quinn (1979) growth parameter (w; mm yrt). This Gallucci and Quinn
(1979) growth parameter was calculated as: o = e'V.

Results

Growth analysis
The VBGF was fitted on 322 samples and based on these fits; the parameters of the VBGF

were calculated (Figure 2). Most of these samples are located at the eastern Wadden Sea, for
only a few sampling locations it was possible to fit the VBGF for multiple years. The
parameters of the VBGF, shown in figure 3, confirm the negative correlation between Ln(K)
and Ln(L.,) found by Pauly (1979). With these VBGF parameters, the growth parameter W is
calculated. Neither the mapped growth parameter (Figure 4a) nor the amount of cockles
present at the sampling locations in all years (Figure 4b), show a spatial pattern. In fact,
neighbouring sampling points can differ substantially in growth or presence. The mapped
growth parameter does show that there are more samples fitted on the eastern Wadden Sea.

Model
The highest VIF value of 2.81 showed that there was no significant multicollinearity present

between the explanatory variables (Table 2). The residuals did not show any dependence and
the model validation based on Zuur (2012) showed no evidence of strong violation of the
model assumptions.



All explanatory variables were included as smoothers in all possible combinations in the input
of the GAM (Appendix S1). The lowest AIC per complexity shows that a model containing
four variables has the AlCmin and that models with three, five and six environmental variables
have substantial support (Figure 5).

Model 52 containing the median grain size, distance to gully and the Ln(density) as
environmental smoothers and the sampling year as factor has the best fit (AAIC = 0). This fit
explains 14.6% of the observed variance with p-values for both the median grain size and the
distance to gullies higher than 0.1 and for the Ln(density) lower than 0.05. The model shows
significant variations in the sampling years as can be seen in Table 3. Model 62 containing the
distance to inlet, distance to gully and Ln(density) as environmental smoothers and sampling
year as factor has an AAIC < 2 (1.710). This model explains 14.7% of the observed variance
and has p-values lower than 0.1 for distance to gully and Ln(density) but higher than 0.3 for
distance to inlet (Table 3).

Model 16, containing the median grain size and the distance to gully as environmental
smoothers and sampling year as factor, has both a AAIC lower than two (1.965) as the lowest
complexity. This model explains 13.5% of the observed variance and has p-values higher than
0.1 for both median grain size as the distance to gully (Table 3). Figure 6¢ shows that both
high (> 160um) as low (< 140um) median grain sizes have a positive influence on the growth
parameter while figure 6b shows that the distance to the gully a negative influence has on the
growth parameter. The sampling year shows that only the year 2009 has a negative influence
while 2010 till 2014 have a large positive influence, the year 2010 has the most general
influence on the growth parameter (Figure 6a).

Growth map
To construct the map of the growth parameter on the Dutch Wadden Sea (Figure 7), model 16

was used because it has a AAIC < 2 (1.965) and has the lowest complexity. Thereby, model
16 contains two environmental parameters that could be extrapolated to intertidal areas where
no cockles were present. For the construction of this map, the year that had the most general
influence on the growth parameter (year 2010, figure 6a) is used.

Growth appeared to be especially fast close to the coast at the western tidal inlets (Marsdiep,
Eijerlandse Gat and Vliestroom) and south of the island of Borkum. Growth was relatively
slow at the tidal divides (Figure 7 and Appendix S2). The accuracy of the model is shown in
figure 8 where a larger range can be seen in the observed growth parameters as was expected.
Despite this difference in range, the slope of the regression line is close to 1. This indicates
that a change in the calculated growth parameter probably coincide with an equal change in
the modelled growth parameter. The range of the Gallucci and Quinn (1979) growth
parameter o (mm yrt) in the model was also calculated (Figure 9). This shows that this
growth parameter varies from 18.88 till 85.84 mm yr with the highest abundance between 20
and 30 mm yr.



Discussion

Growth

The growth parameter of cockles on the Dutch Wadden Sea is calculated from the maximum
asymptotic length and the growth constant of the VBGF. These parameters were fitted on the
on the population of cockles per year that are present on a location. The growth of a
population might differ from the individual growth due to among other size dependent
mortality (Andresen et al., 2013). An example is the size-selective predation: shore crabs
favour relatively small cockles while most birds selectively consume the larger cockles from
the population (Sanchez-Salazar et al., 1987). From the maximum asymptotic length and the
growth constant we calculated the growth as Pauly (1979) suggested by taking the natural
logarithm of the Gallucci and Quin growth parameter ®. This modification on » was based on
the negative correlation between Ln(K) and Ln(L..) as was also seen in our data.

The relationship of the cockle growth with the local environmental conditions was predicted
by means of a Generalized Additive Model (GAM). It cannot be excluded that environmental
conditions other than the used explanatory variables, influence the cockle growth. This might
result in an overestimation of the influences of the used explanatory variables. For example:
we did use multiple environmental variables, e.g. tidal basin, distance to gully and distance to
inlet, as proxies for the water quality but the absolute data on water quality does not exist and
is therefore not incorporated in the GAM. In addition, the growth parameter of the cockles is
calculated on a year to year basis, in contrast to the averaged local environmental conditions.
It is however known, that some environmental variables like the grain size can vary between
years (Sha, 1989).This might result in an overestimated influence of the sampling year and an
underestimated influence of the other environmental variables.

The relationship between the environmental conditions and the growth parameter was used to
extrapolate the cockle growth on the intertidal flats of the entire Dutch Wadden Sea. Most of

the samples where the growth parameter could be calculated are located at the eastern part of
this area. The relationship between the environmental conditions and the growth parameter is
therefore mainly based on this eastern Dutch Wadden Sea. The fit of the extrapolation might

therefor be better in this area.

Growth and environmental conditions
Growth showed to be correlated, according to the best usable model, to the sampling year,

mean grain size of the sediment and the distance to the gully. As expected, there was a high
variability between years what might be caused by the differences in environmental
conditions such as temperature and food availability (Smaal and Haas, 1997; Wijsman and
Smaal, 2011; Philippart et al., 2014). Apart from 2009, all sampling years appear to show a
slightly increasing positive correlation with the growth parameter until 2014. The data for the
sampling year 2014 is not complete because not all samples of this year are processed yet.
This gap in data might affect the influence of this sampling year on the growth parameter. The



growth of the cockle is as expected positively influenced by coarser sediment. The coarser
sediment not only allows drainage and exchange of the water. The heavier and thus coarser
the sediment, the less it is resuspended in the water column and it therefore also has a positive
influence on the filtration efficiency (Appeldoorn, 1983; Cardoso et al., 2006). It is however
surprising that a positive influence increases when the median grain size gets smaller than
140um. This positive influence might either be the result of an increase in stability due to the
consolidation of fine sediment or the result of the tidal resuspension of not only the sediment
but also microphytobenthos that is bound to these sediments (Roman and Tenore, 1978;
Grabowski et al., 2011). This resuspension of the microphytobenthos results in an increase in
food abundance for the cockle (de Jonge and van Beusekom, 1995). The negative influence of
the distance to the gullies on the growth parameter was expected; this is due to the food
availability. High densities of cockles can filter nearly all the suspended matter that is present,
so with a larger distance to the gullies (the source of the suspended matter), more filter feeders
had the chance to filter the water (Cadée, 1980; Kamermans, 1993).

Growth map

The extrapolation showed that a large range in growth, 18.88 till 85.85 mm yr, is possible.
Fast growth is predicted close to tidal inlets and the larger gullies. This distribution is caused
by relatively large median grain size due to the high flow velocities that these locations
encounter, and low distances to the gully (Ridderinkhof, 1988; Flemming and Ziegler, 1995).
The tidal divides however have low flow velocities thus low median grain size and a high
distance to the gully, this causes slow predicted growth. Close to the western tidal inlets
(Marsdiep, Eijerlandse Gat and Vliestroom) and south of the island of Borkum, particularly
rapid predicted growth can be seen. This fast growth is due to the presence of especially large
grain size compared to the grain size of the sample locations that were used to create the
model. The predicted growth on these areas is therefore an extrapolation based on just a few
points.

The extrapolated growth parameter shows that a fast predicted growth does not always
coincide with the presence of cockles. Some of the earlier mentioned fast predicted growth
areas have an absence of cockles. This might indicate that the presence of the cockle cannot
be solely predicted by good growth conditions but might also be explained by other influences
like the settlement and survival of cockles, local dynamics and fishery (Montaudouin, 1997;
Piersma et al., 2001). For example: locations with high flow velocities contain most of the fast
predicted growth due to the large grain size that is present at these areas. But an increase in
flow velocity results in a decrease in settling opportunity, an increase in the chance of
secondary settlement and therefor it decreases the presence of cockles (Montaudouin, 1997;
Montaudouin et al., 2003).

Implications

The relationships between the environmental conditions and the growth parameter are used as
predictor variables in the model. These environmental variables can be either true influential
variables or proxies for other factors that we did not incorporate in the model, such as the
earlier mentioned food availability. The model derived effects of the predictor variables can



show what is needed for optimal growth if the predictor variables are in fact the real
influential environmental variables. These variables can then also be used as a guide for the
design of a cockle cultivation area. The model can still be used to extrapolate the growth
parameter spatially if the predictor variables are a proxy of actual influential environment
variables. This extrapolation will then provide an indication of the local water quality for
cockle growth. Further laboratory experiments must be done to identify the true influences of
the environmental conditions.

Conclusion

Based on the model, the main influential variable on the growth of the cockle are: the
variation between years, the median grain size and the distance to the gullies. However, these
environmental variables can be either true influential variables or proxies for other
environmental variables that we did not incorporate in the model. This difference needs to be
known for the cultivation of the cockle, therefore further research must be done to identify the
true environmental influences on cockle growth. The predicted growth map of the cockle on
the Dutch Wadden Sea is the first step in identifying potential areas for cockle cultivation.
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Tables

Table 1. The area, percentage of intertidal area and average depth of the tidal basins in the Dutch Wadden Sea (Kraft et al., 2011).

Tidal Basin Total Area Intertidal Average depth
(km?) (%0) (m)

Marsdiep 678.22 20-36 % 34-48
Eierlandse Gat 158,27 59-72% 34-438
Vlie 690,00 36 —59 % 48-6.2
Amelander 332,92 36 —59 % 34-48
Zeegat

Pinkegat 61,56 72 -86 % 0.6-2.0
Zoutkamperlaag | 160,11 59-72% 20-34
Eielander Balg 36,83 72 -86 % 0.6-2.0
Lauwers 141,97 99-72% 20-34
Schild 35,86 72—-86 % 06-20
Eems-Dollard 570,34 36 —59 % 6.2-7.6

Table 2. VIF values indicating a multicollinearity between the explanatory environmental

variables.
Environmental VIF
variables
Sampling year 1.24
Tidal basin 2.81
Median grain size 1.90
Salinity 2.20
Exposure time 1.49
Distance to inlet 1.50
Distance to gully 1.26
Ln(Density of the 1.15
cockle)




Table 3. The results for the best three models. The significance (p-value) and degrees of freedom (df) are given for each environmental

variable. The adjusted R2, percent of deviance explained and AIC are given for each model

E [ @ O
% 5 = % 5 = - £} e E O E
S S5 C S L S o S8 |z =
2008 | 0
Median | 116 2009 | -0.104 | 3.240
grain size
2010 | 0.175
0.10
16 296 | 2011 | 0.246 | 135% | 478831 | 1965
. 2012 | 0261
D'Starl‘lce © 1 0139 3.097
gully 2013 | 0.328
2014 | 0.290
) 2008 | 0
Median |12, 2.94
grain size 2009 | -0.099
: 2010 | 0.174
D'Sta':lce © 1 0113 3.37
52 guily 2.94 [ 2011 | 0.294 0.11 | 14.6% | 476.866 0
2012 | 0315
Density | 0.048 2013 | 0358 | 1.00
2014 | 0.306
: 2008 | 0
D'SFa?Cte © 1 0340 4.01
Inie 2009 | -0.096
: 2010 | 0.161
D'Starl‘lce © 1 0052 353
62 gully 2.95 [ 2011 | 0.280 011 |14.7% |478576 | 1.710
2012 | 0.294
L”(D)e"s'ty 0.025 2013 | 0335 | 1.00
2014 | 0286
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Figure 1. The locations of the sampling points of the SIBES monitoring programme across the Wadden Sea. The samples are taken during the
summer period. The tidal basins are named and drawn in the map as the solid black lines. We use the classification of the tidal basins
according to Kraft et al. (2011) where the three basins shown as lower, and upper Ems and Dollard are seen as one Tidal basin (Ems Dollard).
The inset shows the Dutch Wadden Sea relative to The Netherlands (Compton, Holthuijsen, et al., 2013).
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Figure 2. Number of samples that are in compliance Figure 3. Cc?rrelation be'twee:n th'e log VBGF parameters
with the conditions for the fit of the VBGF. Samples L. and K W’?h a regression line fit to all data. The

were only taken on tidal flats, and cockles needed to be regression line shows an R? of 0.60 and a p-value <
present with at least three different ages per sampling 0.001.

location per year. The number of samples that are in

compliance with the conditions per sampling year are

also shown.




<+ MO N v O

(s1equinN)bo1

'D3S USPPOM UI3ISD3 Y] Ul d2uasaud 4abip) Juapddp yim
uoi1blIpA 3bIp| b SMOYS 1] “FTOZ |[11 800Z SI03A Y1 Ul Pas UPPOAA Y21nQ 3Y1 U0 suolILIo| Bulidwps S3GIS Y1 10 punof s33202 Jo Junown ay3 fo wyiLipbo| [pinouU 3y “q inbI4

00°es

SCEs

el

05°€S

‘UoIIDLIDA JU3Sa4d dY] 311dsap Uaas aq UpI UJa11od [pIIDAS ON *3)3203 3y fo Yimoub ayl ul a2uaJaffip
JpauaWppUNS D S31VIPUI PUD JA/WW Ul 03 1D YIMO.D a1DIPaUWIWI 3Y] 01 JU3[DAIND3 SI 433aWpIpd YIMOID SIY[ "DIS UPPD Y2Ind Y1 Uo 1a33wnind yimoib paiif ay oy 3inbi4

uo|

ie|



Partial for factor(year)

5 3
(o]
‘d:-
—
4 -
s
Q
< 3
i %3}
2 ]
Z - =)
S 2 %
<
1 “
(']
it
o ° -
2 3 4 5 6 7 8

COMPLEXITY MODEL

Figure 5. The lowest AIC per complexity shows that a model with 4 environmental
variables has the lowest AIC. Models with three, five and six environmental variables
have an AIC < 2 and have therefore substantial support, indicated by the red line.
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Figure 6. Generalized additive model (Model #16) derived effects of the (a) factor(year),
(b) Distance to gullies and (c) Median grain size on the growth parameter. The y-axis is
the normalized effect of the variable and the rugplot on the x-axis shows the number of
observations. The dashed lines are the + 2 standard error confidence belts.
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Figure 8. The modelled growth parameter compared against the calculated
growth parameter with a regression line fit to all data. The regression line
shows an R? of 0.14 and a p-value < 0.001.
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growth parameter W.
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Appendix

All possible combinations of explanatory variables were used as input of the GAM. The Akaike
information criterion shows the best model where the highlighted bright yellow shows the AlCi, and

the dark yellow show all models with substantial support (AIC<2).
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The growth parameter that is extrapolated over the western part of the Dutch Wadden Sea. The map is based on the best model that
contains the sampling year, median grain size, the distance to gully and the median density measured as explanatory variables. For
this construction of the map, the year which has the most general influence on the growth parameter (year 2010) is used.
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The growth parameter that is extrapolated over the middle part of the Dutch Wadden Sea. The map is based on the best model that
contains the sampling year, median grain size, the distance to gully and the median density measured as explanatory variables. For
this construction of the map, the year which has the most general influence on the growth parameter (year 2010) is used.
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The growth parameter that is extrapolated over the eastern part of the Dutch Wadden Sea. The map is based on the best model that
contains the sampling year, median grain size, the distance to gully and the median density measured as explanatory variables. For
this construction of the map, the year which has the most general influence on the growth parameter (year 2010) is used.



