Statistical analysis of effects of MSC
Zoe incident on populations of
protected species in Wadden Sea and
North Sea.

Statistical analysis of effects of MSC Zoe incident on populations of protected species
in Wadden Sea and North Sea.

Auteur(s)
Peter Herman
Amrit Cado van der Lelij
Elena N. Ieno
Mardik Leopold
Hans Schekkerman
Karin Troost
Johan Craeymeersch
Allert Bijleveld
Lisanne van de Bogaart

2 van 165

Statistical analysis of effects of MSC Zoe incident on populations of protected species in
Wadden Sea and North Sea.
11206109-000-ZKS-0004, Versie 1.0, 10 mei 2021

Summary
On 1-2 January 2019, an incident happened north of the Dutch Wadden Sea, in which the
MSC Zoe lost part of her cargo. Among the cargo lost were plastic pellets of two different
types: relatively large (several mm) high-density poly-ethylene pellets and small (0.5 mm)
polystyrene granules.
As part of the agreement between the Dutch government and MSC, the present study
investigated whether significant damage is caused or likely to be caused to the EU protected
habitats and species located in Natura 2000 sites, due to the incident with the MSC Zoe. The
focus is on the detection of possible effects of ingestion of microplastics at population level.
The study is based on many thousands of samples of the macrobenthos in the Wadden Sea
(collected in the SIBES monitoring of NIOZ and the WOT shellfish survey of WMR) and the
coastal North Sea (collected in the WOT shellfish survey of WMR), on bird counts in the
Wadden Sea and North Sea (sea ducks, collected by Rijkswaterstaat and WMR) and bird
counts of the Wadden Sea (collected by SOVON). All data span at least one decade. The
species selected for analysis are flagship species that are protected through European
directives and stand as a model for other species with similar trophic or habitat requirements,
or with similar exposure to plastic particles. Only abundant species that can be analyzed with
full statistical power have been selected.
The best possible estimation of the spatial distribution of plastics lost by MSC Zoe did not
permit to sharply delineate affected areas and use these as fixed factors in the analysis. An
exploratory approach had to be used instead. The analysis looked for deviant spatial patterns
between the year 2019 and the preceding (for birds also following) year and used expert
judgement to evaluate whether any such patterns could be caused by plastic pollution from
the MSC Zoe incident.
The available data were modelled with a statistical model that took account of (1) physical
cofactors (bottom shear stress due to currents and waves, grain size of the sediment, salinity)
through non-linear GAM smoothers, (2) the type of statistical distribution of the data, including
the number of zero observations, and (3) the spatial and temporal autocorrelations in the
data. A Bayesian approach using R-INLA has been used. Possible effects of the Zoe incident
were identified by comparing the unexplained (by physical factors) spatially structured
variability in the populations between the samplings before and after the incident.
All populations studied are characterized by relatively high variability in both space and time.
Within the bird species, variability was very high for sea ducks (e.g. the Eider duck and the
Scoter) and some waders, but more limited in shelducks and bar-tailed godwits. For none of
the bird species, any important difference between the observations in early 2019 with those
of 2018 or 2020 could be detected. Thus, no evidence for an effect of the MSC Zoe was
found. Within the benthic species, recruitment processes that are highly variable from year to
year and that dominate the population dynamics of the shellfish, were the prime cause of
variability in the data set. Six species were each examined for abundance and biomass,
yielding in total 12 analyses. Of these 12 analyses, four showed important differences
between the spatial pattern in 2019 with that in 2018. In two cases, the cockle and the razor
clam, this was clearly linked to a very high recruitment in 2018. In two other cases, the
mussel and the Baltic tellin, the changes in spatial pattern concerned the appearance and
disappearance of small-scale spatial hotspots. The important differences concerned only a
few percent of the total number of comparisons. In half of the cases the values increased
from 2018 to 2019. In the other half, they decreased. This was interpreted as part of the
natural dynamics of these species.
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The study concludes that no evidence has been found for a negative influence of the MSC
Zoe incident on dominant protected flagship species in the Wadden Sea and in the Dutch
coastal North Sea.
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1

Introduction

1.1

The MSC Zoe incident and the legal context
On the night of January 1st, 2019, the Zoe, a freight ship owned by the Mediterranean
Shipping Company, was on its way to the port city of Bremerhaven when it was hit by a storm
event in the North Sea. During the storm, the MSC Zoe lost a total of 342 containers (approx.
3.2 million kilos of material). Parts of the containers and their contents washed up on the
shores of the North Sea, and part also penetrated into the Wadden Sea.
The Minister of Infrastructure and Water Management and MSC have come to a financial
agreement on the coverage of the damage caused by the incident. Besides covering all the
costs of the salvage and storage operations, MSC has provided a financial compensation
covering the costs that the Dutch Government and any other organization have made to
combat the effects of the disaster. Furthermore, MSC settled all claims handed in by over 26
organizations and have provided financial support for ecological/legal research.
This document reports on the scientific investigation requested by Rijkswaterstaat to
determine the short- and long-term effects of micro plastics in the Wadden Sea as result of
the loss of cargo by MSC Zoe.
The Wadden sea and parts of the North Sea are protected nature reserves under national
and European legislation and are classified as Natura 2000 sites. Furthermore, The Wadden
Sea is a protected UNESCO biosphere reserve. In accordance with EU legislation, the
polluter is responsible for the prevention and remediation of environmental damage. The full
legal implications of this status are discussed in Appendix I. In the incident with the MSC Zoe,
MSC must bear the cost of the necessary preventive and remedial measures.
Rijkswaterstaat, the governmental agency responsible for safeguarding the natural habitat of
both the Wadden Sea and the North Sea, is leading the investigation on the ecological effects
of the containers and its contents. EU legislation dictates that to determine the effect of any
environmental damages, they must be assessed with reference to a baseline condition. The
baseline is defined as the condition of a habitat or species, had the incident in question not
occurred. It considers all natural fluctuations, influences of other factors or occurrences not
caused by the incident. By defining a baseline, it becomes possible to determine if the
disturbance, in this case the loss of plastics at sea, has impacted bird species and the
habitats including typical macrozoobenthic species that are protected under the Wild Birds
and Habitat Directives within the Natura 2000 areas of the Wadden Sea and North Sea
coastal zone.

1.2

Aim of the research
The aim of this report is to investigate whether due to the incident with the MSC Zoe,
significant damage is caused or likely to be caused to the EU protected habitats and species
located in Natura 2000 sites. To do so, the project defines a baseline (T 0) and a T1 for a
number of selected flagship species. In other words, the aim is to describe the situation
before and after the incident. For each of the species, monitoring data is statistically analyzed
to detect a possible effect of the plastics released during the incident. The purpose of this end
report is to present the data and how they have been derived, present the species, the most
important aspects of the statistical analyses, and the conclusions.
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1.3

Selection of species for the analysis
The Wadden Sea and coastal North Sea are biodiverse areas hosting thousands of species.
It is not possible to perform a thorough statistical analysis of the populations of all these
species. A selection has been made (see full details in Appendix 1) according to the following
criteria. First, species were selected if they can act as flagship species, i.e. represent a larger
group of organisms that are similar in their exposure to plastic ingestion, to potential damage
cause by the plastic or in the options that exist to alleviate or remediate any possible
damage. Second, species were selected if they had a protected legal status, either as
Natura2000 target species or as species with essential functions in the habitat. And third,
species have been selected for which a database exists that allows for in-depth statistical
analysis. This implies that the species is sufficiently abundant, and that monitoring has been
performed in a systematic and unbiased way over at least the past decade.
The result of the selection process is the following list of flagship protected bird species (see
Appendix I). They have different spatial distributions over Wadden and North Sea and
therefore different potential exposure to the plastic originating from the MSC Zoe. Due to their
different spatial distribution, the bird species are also differentially affected by disturbance
from salvage operations, which is an additional potential source of stress from the MSC Zoe
incident. Furthermore, they differ in their ability to directly pick up plastic granules, and in their
exposure to microplastics through their food.
•

•

•

•
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Common Scoter (Melanitta nigra) is a shellfish-eating duck typical for the coastal
North Sea; vulnerable to disturbance by salvage operations; exposed to microplastics
through its food, that is swallowed whole. Common Scoters can occur in very large
flocks (>100 000 in the early 1990s) over rich feeding grounds, generally banks of
Spisula subtruncata. Other shellfish species, such as Ensis spec. are also taken.
Numbers have declined to around 40 000 and have been fluctuating around that
number since about 2005 (SOVON). In the North Sea, Common Scoters are the
main shellfish eating seabird; other species often join the flocks of Common Scoters
(Velvet Scoter, Eider, Great Scaup) and Common Scoters are a flagship species for
this guild.
Common Eider (Somateria mollisima) is a shellfish-eating duck typical for the
Wadden Sea; exposed to microplastics through its food, that is swallowed whole. The
Wadden Sea is the core area for this large duck in The Netherlands; the North Sea
Coastal Zone is mainly used during periods of food shortage in the Wadden Sea.
Eiders are, in terms of biomass and food consumption, the most important
consumers of shellfish (mussels, cockles, etc.) in the Wadden Sea and are an
indicator species of ecosystem functioning of the area.
Shelduck (Tadorna tadorna) is a filter-feeding duck feeding at the surface of intertidal
flats in the Wadden Sea and likely to ingest indigestible particles of similar size as the
microplastics lost by MSC Zoe. The Dutch Wadden Sea is an important area for
breeding, moulting and wintering Shelduck. In summer, over 80% of the total flyway
population moults in the international Wadden Sea. The Dutch part harbors about
one third of this population in autumn and about 10% in mid-winter. The species has
some ecological similarities with other dabbling duck, such as the mallard Anas
platyrhynchos and wigeon Mareca penelope.
Red Knot (Calidris canuta) is a shellfish-eating small wader known to feed on prey of
sizes similar to the microplastics lost. The Dutch Wadden Sea is an internationally
important area for two subspecies of Red Knot. In winter the area holds about 15% of
the world population of Nearctic Red Knots C.c.islandica. Numbers of Afrosiberian
Red Knots are probably largest in late summer (July-August) when they may
represent a similar proportion of that population. The species has some ecological
similarity to other shellfish-eating waders (e.g. oystercatcher), but these usually take
other size classes as prey.
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•

•

Bar-tailed Godwit (Limosa lapponica) as a worm-eating bird specializing in predation
on the lugworm Arenicola marina that has been observed to ingest microplastic
particles. The Wadden Sea is one of the most important wintering sites of the
lapponica subspecies of Bar-tailed Godwit, harboring close to 50% of the total
population in winter. For the taimyrensis subspecies, the area forms a key stopover
site during both spring (Rakhimberdiev et al. 2018) and autumn migration; numbers
present in the Wadden Sea at one time may represent up to roughly 20-30% of that
population. The species is a flagship species resembling other worm-feeding birds
such as the Eurasian Curlew Numenius arquata, Black-tailed Godwit Limosa limosa,
Grey Plover Pluvialis squatarola, and Oystercatcher Haematopus ostralegus, as well
as some smaller sandpipers.
Northern Pintail (Anas acuta) has been added to the original list as a duck species
known to feed on seeds of saltmarsh plants, and therefore possibly exposed to
floating microplastic particles that it could mistake for food. The international Wadden
Sea can harbor in excess of 50% of the Pintail in the East-Atlantic flyway population,
of which about 20% in the Dutch part.

All these bird species have a protected status through the Bird Directive, part of the Natura
2000 legislation, as well as a protection under the Dutch Nature Conservation Act. Targets for
the species have been set for the Wadden Sea and/or the coastal zone of the North Sea.
As major food items for these (and similar) birds, and major constituents of the habitat quality,
the following macrobenthic species have been selected:
• Lugworm (Arenicola marina), a worm species known to ingest microplastics and a
preferred food of the bar-tailed godwit; strong bioturbator structuring the sediment
and affecting occurrence of other species
• Baltic Tellin (Limecola balthica, formerly called Macoma balthica), a major food item
for red knot and other shellfish-eating waders, and a very important grazer of
phytoplankton and microphytobenthos (benthic algae) in the Wadden Sea
• Common cockle (Cerastoderma edule), a shellfish grazing on phytoplankton; food
source for waders such as the red knot and the oystercatcher; commercial species
supporting a limited industry of hand collectors in the Wadden Sea; biomass
dominant of the macrobenthos in the Wadden Sea intertidal zone
• Blue mussel (Mytilus edulis), food for shellfish-eating waders and staple food for
eider ducks; ecosystem engineer building reefs that are home to a suite of epibenthic
species attracting a diversity of bird and fish predators; commercial species
supporting an important shellfish industry in the Netherlands
• Razor clam (Ensis leei). Invasive shellfish species in the coastal zone of the North
Sea, that has become the biomass dominant since the early 2000s. As juveniles
staple food for common scoters. Occurs in dense beds that are also commercially
exploited.
• Surf clam (Spisula subtruncata), one of the most important shellfish species in the
North Sea coastal zone; staple food of the common scoter; commercial species for
shellfish exploitation, although actual exploitation has been minimal in past decade.
The selected four macrobenthic species from the Wadden Sea together represent 49 % of
the total macrobenthic biomass in the intertidal Wadden Sea (Compton et al., 2013). The
ranking is as follows: cockle 27%, lugworm 10 %, Baltic tellin 6 %, blue mussel 6 %. Together
they represent the food base for higher trophic levels, and they determine to a large extent
the fate of primary production and the ecosystem functioning in the Wadden Sea. Through
their ecosystem engineering activity, especially the case for the reef-building mussel and the
strongly bioturbating lugworm, they co-determine the occurrence, food and density of many
other species.
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Therefore, the ecological functions of the chosen species are essential for the preservation of
the protected habitat values in this Natura 2000 area. For the North Sea coastal zone, the
razor clam and surf clam are the two species dominating biomass. They are a major food
source for sea ducks but also for many internal predators in the system, such as shrimp and
fish. In turn, together they are major grazers on the phytoplankton and remineralizers of
nutrients, thus shaping the ecosystem functioning in the coast. As such, they also
characterize the values of the habitat for this Natura 2000 protected zone.

1.4

Spatial and temporal distribution of plastics lost by MSC Zoe
Plastic pollution affects marine species in two main ways, through entanglement and
ingestion. In this report the focus is on potential damage due to ingestion of microplastics,
which can be direct (purposefully ingestion by mistaking it for food) or indirect (inadvertently
consuming plastic while foraging on other prey items). Two different types of microplastics
were lost from the MSC Zoe: over 11 metric tons of semi-transparent 0.5 mm diameter
polystyrene (PS) granules and an unknown quantity of white HDPE (High Density
Polyethylene) pellets, with a diameter of a few millimeters. Foekema et al. (2021) established
that at the time they were lost to sea, both plastics were in pure form, and were not mixed
with any toxic colorants, flame-retardants, or plasticizers. As is the case with all microplastics,
adsorption of toxic components is likely to have occurred once the particles were drifting in
the sea. Given the quantity and size of the plastics, it was a priori deemed possible that the
plastics were inadvertently ingested by filter feeding shellfish, shellfish eating birds, depositfeeding macrobenthos and other N2000 species.
In a parallel study to this statistical analysis, Foekema et al. (2021) have extensively
searched for plastic particles from the MSC Zoe incident in sediments and biota of Wadden
Sea and coastal North Sea. Very few microplastics were detected in the digestive tracts of
macrobenthos. In fish, birds and mammals microplastic fragments were regularly found, but
the fragments found could not be ascribed to the MSC Zoe incident.
The ingestion and physiological damage of particles with the size and composition of the
particles lost by MSC Zoe was investigated experimentally by Foekema et al (2021).
Mesocosm experiments with differing doses of the particles showed some differences in
abundance of some benthic populations, but more than half of the significant differences
were increases at higher doses. This provided no direct evidence for harmful effects of the
microplastics on the communities at population level. Individual animals introduced
experimentally into the mesocosms, showed no uptake of the microplastic particles (mussel,
cockle, mud snail) or limited uptake at high dosage of the particles (lugworm). No effect on
their survival or physiological condition was found. It was remarked that mussels do filter the
microplastic particles from the water. They disposed of it in their pseudofaeces, as they do
with other inorganic particles.
Using a hydrodynamic model of the North Sea, the trajectories of particles and distribution of
the plastics has been calculated by Foekema et al. (2021) (see Chapter 2). They show that
within 17 days all HDPE pellets are washed up onshore, hereby decreasing their potential to
impact the environment substantially. For the polystyrene granules the model is less
conclusive, as there are two likely scenarios. Either the granules have been distributed over a
very wide area in a negligible concentration, or they have been accumulated in higher
concentration in an unknown smaller area.
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1.5

Approach
Due to the large uncertainty on the spreading of the particles in nature, it is not possible to
propose a most likely spatio-temporal distribution and use that in the statistical analysis in a
regression-like approach. Therefore, a data exploration approach has been preferred. For the
different target species, a statistical model has been constructed to describe their spatial
distribution as accurately as possible. The spatial statistical model incorporates different
independent variables. The model is then used to estimate the distribution of species in
space and time. The year or years after the incident is compared to the years before the
incident, in order to detect any spatial pattern and to see if it deviates from what could be
expected by looking at previous years. Such a deviation is no proof of causality, but would, if
detected, form the starting point of a more directed search in the data for possible indications
of causal links to MSC Zoe.

1.6

Available ecological data
Data used in this report have been collected as part of regular monitoring programs. The
following programs contributed:
• SIBES, run by NIOZ, is a synoptic monitoring of the macrobenthos of the intertidal in
the Wadden Sea. Data on the lugworm Arenicola marina, the cockle Cerastoderma
edule and the Baltic tellin, Limecola balthica have been used.
• WOT shellfish survey, run by Wageningen Marine Research, monitors shellfish in the
coastal zone and in the Wadden Sea. Data on the razor clam Ensis and the cutthrough shell Spisula subtruncata in the coastal zone, and on the blue mussel Mytilus
edulis in the Wadden Sea have been used.
• Sea duck monitoring by Rijkswaterstaat and by Wageningen Marine Research, has
been used as the source for data on the Eider Duck Somateria mollissima and the
common scoter Melanitta nigra.
• Monitoring of birds in the Wadden Sea by SOVON was the source of data on the
common shelduck Tadorna tadorna, the red knot Calidris canutus, the northern
pintail Anas acuta and the bar-tailed godwit Limosa lapponica.
Full references to these monitoring programs, as well as an account of the field and
laboratory methods used, are provided in Chapter 3.
In addition to these ecological data, information on the physical environment was used as cofactors in the analysis of the macrozoobenthic populations. Macrobenthos is known to
respond to physical factors in the environment, because the species have preferences for
particular hydrodynamic or sediment conditions (e.g. Ysebaert et al., 2002; Compton et al.
2013). By providing the physical information as co-factors, any variation in abundance or
biomass caused by these factors is compensated for, and the analysis can concentrate on
what is left as variation in the dataset. This enhances the power of the analysis to detect
changes.
In order to obtain a consistent set of physical variables, these were extracted from a
hydrodynamical and mud dynamics model run and validated by Deltares (Vroom et al., 2020).
The procedure for extraction of the co-factors is detailed in a separate report (Herman and
van Weerdenburg, 2020). In short, many different physical variables, related to water depth,
salinity, current velocity and bottom shear stress were extracted from the model by averaging
the values over a spring-neap tidal cycle simulation. The model ran simulations using
conditions of March of 2017. This year has been validated, and March was chosen as it has
meteorological conditions that are similar to the year-average (Vroom et al., 2020).

11 van 165

Statistical analysis of effects of MSC Zoe incident on populations of protected species in
Wadden Sea and North Sea.
11206109-000-ZKS-0004, Versie 1.0, 10 mei 2021

One value for each variable was available per model cell. In order to use these for the
statistical analysis, a nearest-neighbor interpolation using the coordinates of the ecological
data and of the model cells was performed.
Sediment grain size was not extracted from the model but from existing monitoring
databases. For the Wadden Sea, grain size information from the SIBES program was used.
For the North Sea, sediment grain size information available at TNO (www.dinoloket.nl) was
used. Nearest-neighbor interpolation was used here too.

1.7

Structure of the report
Underlying this report is a much more extensive report of the statistical analysis by Highland
Statistics Ltd (Zuur and Ieno, 2021). This report is the source for all the statistical results
presented here. It contains all information on the model building process for each species
and documentation of the R code used. Readers requiring more details on the statistical
methods used are referred to this report. If even more detail would be required, all scripts
used to produce the Highland Statistics report and the statistical results are available from the
repository where the database underlying this report has been archived (see Chapter 4.6 for
details).
In this document, we have summarized the most essential parts of the Highland Statistics
report, complementing it with ecological information that helps in the interpretation of the
results. The structure of this report is that it first contains several general chapters, followed
by a chapter per investigated species. The general chapters discuss the field and laboratory
methods underlying the data sets analyzed here, and an introductory description of the
approach used in the statistical analysis. The chapters per species introduce the biology and
ecology of the species concerned, summarize the results of the statistical analysis, discuss
the results and conclude about possible effects of the MSC Zoe.
The chapters on the individual species are followed by a general discussion summarizing the
most important results.

1.8

Review and interaction with stakeholders
The role of the authors and institutions in the work was as follows. The institutions holding the
data (NIOZ, WMR, SOVON) were responsible for preparing a clean data file with the data on
the species investigated. One or more specialists per species have supervised the data file
preparation and compared the files with known information on the species. They have
informed the statisticians of Highland Statistics on the details of the sampling, the possible
exposure of the species to disturbance by MSC Zoe and on the characteristics of the species
that were relevant to the statistical model. After statistical examination of the data and
building of a preliminary statistical model, the statisticians have consulted the species
specialists with further questions and discussion on the preliminary results. On this basis the
final results have been prepared. The species specialists have delivered ecological
information on the species and contributed to the discussion of the results. The editors of the
report (Deltares) have been in continuous contact with the statisticians and the species
specialists and have written the final version of the report based on the received input and the
detailed report of Highland Statistics. Deltares has also delivered physical co-factors to be
included in the models.
The report has been reviewed by Rijkswaterstaat and by the scientific consultation board of
the project. In response to questions and remarks of the review the report has been adapted.
The final text remains the full responsibility of the authors.
MSC has received a copy of the draft report and has been invited to give a written reaction to
it. If they would have reacted, a copy of their reaction and a response on how this might have
led to changes in the report would have been added as appendix. However, MSC has
preferred not to react to the draft report.
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2

Dispersal and uptake of MSC Zoe plastics
For the statistical analysis of possible effects of the MSC Zoe incident on natural populations,
abundance and biomass data of the populations before, during and after the incident will be
compared. In order to link possible patterns in the populations to the incident, it is very
important to have as many details as possible on the spatial distribution of the plastic material
lost by MSC Zoe, and on possible mechanisms by which populations have been in contact
with this material. In this chapter we review the available evidence with the aim of formulating
hypotheses underlying the statistical analysis.

2.1

Available information
The trajectory of the MSC Zoe during the storm in the area north of the Wadden Islands is
known. Also known are the places where many containers and lost goods have been found.
These correspond most likely to the places where larger quantities of goods have been lost
overboard. Four points on the trajectory have been identified as hotspots for material loss. It
is approximately known which plastic material has been lost from the ship. This information is
summarized by van der Molen et al. (subm.) from which we derived the following
summarizing information.
Over 11 metric tons of semi-transparent 0.5 mm diameter polystyrene granules have been
lost, but the container containing this material has remained on board. It is therefore unknown
where the cargo has been lost and whether that has been a gradual or a sudden process.
The granules have a density of 1.04 to 1.08 kg.dm -3 and an estimated sinking velocity of
0.004 m.s-1. Although in several places the sediment and biota have been searched for the
occurrence of the granules, none have been found with certainty. Further search in field
samples is ongoing.
An unknown quantity of white HDPE (High Density Polyethylene) pellets, with a diameter of a
few millimeters, has been found along the North Sea beaches of the Wadden Islands and the
mainland coast of the Wadden Sea. Some pellets were still packaged in plastic bags, others
were found as individual pellets. It is unknown where these pellets were lost from the ship. It
is also unknow whether the container in which they were packed has opened upon falling
onto the sea bed or earlier. Therefore, it is unsure whether all pellets have been released
from the same point or not. The pellets have a density of 0.94-0.97 kg.dm-3, causing them to
float with a vertical raising velocity in sea water of 0.05 m.s-1. A project seeking co-operation
from the general public (waddenplastic.nl) has collected data on the spatial distribution and
numerical density of these pellets in many places along the coasts of the Wadden Islands
and the mainland. Most pellets have been found in the eastern Wadden Sea, where the
density was much higher than in the western part of the Wadden Sea.

2.2

Model calculations
Van der Molen et al. (subm.) have used a hydrodynamic model of the North Sea to calculate
the trajectories of particles released in the model at different points. The model has been
calibrated for the period of early 2019. The spatial resolution is limited (5 km), causing the
Wadden Islands to be represented rather schematically in the model. The model formulates
the vertical movement of the particles as a function of their (density-driven) sinking or floating
velocity and an additional vertical random walk component that scales with vertical turbulence
intensity. The effect of wind waves has been parameterized in that term. The horizontal
movement is described as a function of water velocity, into which the wind shear stress
effects on the 3D currents is incorporated, as well as a parameterization of wave effects. In
the model, the particles have no interaction with the sediment.
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Particles sinking to the bottom are reinjected into the water column and continue their
journey. They can only leave the model when they reach one of the lateral boundaries, either
open sea or (in most cases) beaches and coasts.
For the floating HDPE pellets, the model has been used to determine the most likely place
where the material has been lost from the MSC Zoe. This is a location north of the tidal inlet
between Ameland and Schiermonnikoog. For these pellets, the model predicts a residence
time at sea of a few weeks only. After that, all pellets are caught on beaches and coasts.
After one week, approximately half of the pellets were still moving. This is reduced to 10%
after two weeks, and all pellets were lost from the model after 17 days. The model prediction
corresponds to the observations in the field. The most likely trajectory of the pellets is from
the point of loss to the southwest and close to the coast, after the turning of the dominant
wind direction, more towards the southeast. Figure 2.1 shows where the pellets in the model
end up and illustrates the trajectories for a random selection of particles.

Figure 2.1 Results of the particle tracking of HDPE particles in the model. The color coding along the coasts
shows how many particles have washed ashore at the different places. These are relative numbers (number of
particles in the model simulation) and not absolute numbers in reality. For a random selection of particles, the
trajectory in the model is shown. This figure illustrates the most likely scenario, i.e. the scenario with a point of
loss of cargo that best explains the observed distribution of pellets along the coasts of the Wadden Sea.

The modelling of the sinking, small PS granules is much more uncertain than that of the
HDPE pellets. According to the most recent information available, there are no observations
that can be used to validate the model. There are no (external) indicators that can help
identifying the place where the granules have been lost. There is no information on how
these granules interact with the sediment. Their sinking speed in seawater is of the same
order of magnitude as that of mud particles: 4 mm.s-1 for the granules, 1 mm.s-1 for typical
mud particles. For mud we know that it returns relatively quickly (few days) to the sediment
after it has been eroded in a resuspension event (van der Hout et al., 2017). For the PS
granules with a sinking speed of 4 mm.s-1, it would take approximately 1.5 hours to sink to the
bottom in a water column of 20m, if vertical turbulence is neglected. They have a relatively
high chance of contacting the bed in a relatively short time. Their subsequent fate depends
on how they interact with the sediment. The particles have the diameter of (coarse) sand
grains, but the sinking speed of mud. If they are incorporated into the sand bed, e.g. in
moving sand ripples, their spatial distribution is most likely restricted to the immediate
surroundings of the point where they were lost.
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However, if that incorporation usually fails because the particles are too light to behave like
sand, and too large to enter the interstitial spaces between the sand grains, they may remain
in the water column and eventually wash ashore as is predicted in the model.
The particles in the model keep moving for a very long time. After six weeks, half of the
particles was still moving. In accordance with that, the spatial distribution is over a wide area
(Figure 2.2). Four simulations have been made, releasing the granules continuously in the
first, second, third and fourth quarter of the MSC Zoe trajectory in the Netherlands.
Depending on the release scenario, 25 to 95 % of the particles end up in the German
Wadden coast.

Figure 2.2 Spatial distribution of the PS granules released from the second quarter of the MSC Zoe trajectory.

From the model, it is concluded that the granules distribute over a very large area. The
surface of the international Wadden Sea is approximately 104 km2. The simulations suggest
that the particles could end up in at least half that surface and, in addition, to a considerable
area outside of the Wadden Sea. This leads to an extreme dilution of the particles, making it
very unlikely that they would have a direct effect on biological populations. With a diameter of
0.5 mm, the particles have a volume of 6.5 10-11 m3. 11 metric tons of particles have been
lost. With a density of 1.06 kg.dm -3, this corresponds to 10.38 m 3. We calculate that 1.6 1011
particles have been released. If they end up over an area of 104 km2 = 1010 m2, we expect 16
particles per m 2 over the Wadden Sea and coastal area. This is an extremely low
concentration, when compared with the numerical density of macrobenthic animals, which
usually is in the order 103 m-2. With two orders of magnitude difference in density between
animals and particles, only approximately 1 % of the animals could be affected at most, even
assuming that the ingestion of a single microplastic particle would have notable effects on the
individual.
If, in contrast to this scenario, the particles have a much stronger interaction with the
sediment, they will disappear much faster from the water column and they will be distributed
over a much smaller area. As an extreme, we can consider the case where they sink out
within 1.5 hours and remain in the sediment.
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That would distribute them over an area of approximately 10 km 2, where the concentration
could then reach 1.6 104 m-2, or almost 2 per cm 2. Foekema et al. (2021) show that at this
concentration some uptake by one species (the lugworm Arenicola marina) is found, but
without physiological effects on the animals. In search of such effects, out study is hampered
by the fact that we have no information where the point or trajectory of release has been, and
for biological populations we only have information on filter feeding shellfish. Shellfish are
known to filter out very efficiently any particles in the size range of sand grains.
In summary, there are two possibilities for the PS granules. Either they have been distributed
over a very wide area in a negligible concentration, or they have been accumulated in higher
concentration in an unknown smaller area. For neither of the two cases it is easy to formulate
hypotheses that are statistically testable.

2.3

Uptake of plastic particles in the food web
The plastic particles lost by the MSC Zoe can have entered the food web in different ways.
Particles can have been taken up by benthic organisms, e.g. shellfish, that serve as food for
birds. If plastic particles are contained in the food, this might have been a source of
disturbance for the birds. In addition, birds may also have taken up the plastic particles
directly, either by mistaking them for food particles, or by accidently swallowing them during
feeding on other items.

2.3.1

Uptake of plastic particles by shellfish
The shellfish examined in this report, have similar mechanisms through which particles are
ingested. Bivalves feed on phytoplankton, zooplankton, protists and dead particulate organic
matter (Fréchette et al., 1989; Riera, 2007; Vaquer et al., 2000). Particles around 2-7 µm can
be retained on the gills efficiently (Møhlenberg & Riisgård, 1978), as long as they do not
escape (Troost et al., 2008). In larvae, the ciliated velum functions in swimming and feeding
(Widdows, 1991).
Particles retained on the gills are transported to the labial palps, where sorting takes place
(Ward et al., 1998; Warvolumd & Shumway, 2004). The palps select the edible particles and
transport them toward the mouth for further digestion (Bayne, 1976). The rejected particles
are covered in mucus and excreted as pseudofaeces (Payne et al., 1995; Ward et al., 1998).
The volume of water cleared of all particles per time unit is defined as the clearance rate,
while the volume of water pumped is defined as the filtration rate (Riisgård, 2001). Clearance
rates observed for Macoma in the field were mostly between 0.1-0.6 l/h/g (Hummel, 1985b),
which is comparable to the range found in a laboratory study (maximum of 1.2 l/h/g)
(Hummel, 1985a). The maximum clearance rate (l/h) depends on weight and follows the
allometric equation: 7.45w0.66 (Møhlenberg & Riisgård, 1979).
Ingested particles by bivalves may be excreted in the form of pseudofaeces during the
filtration process (Payne et al., 1995; Ward et al., 1998). Contamination by microplastics may
cause alterations in the endocrine and circulatory system of bivalves (Browne et al., 2008;
Guilhermino et al., 2018) and can get stuck in the mucus on the outer side of the gills
epithelium (Guilhermino et al., 2018; Paul-Pont et al., 2016). Note however, that
‘microplastics’ is a very heterogeneous group of stressors, and that some of these effects are
described for much smaller particles than the MSC Zoe granules, and therefore not
necessarily applicable to the current study case.
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An outdoor mesocosm experiment has been conducted to assess the effects of polystyrene
(PS) granules (0.5 mm) and polyethylene (HDPE) pellets (5 mm) on bivalves, which were lost
by the container ship MSC Zoe in January 2019 and ended up in the sea (Foekema et al.,
2021). The organisms (e.g. cockles and mussels) and ecosystem in the experiment were
exposed to different concentrations of 0.1, 0.8, 8.0 and 80 gram PS granules per m2 and
monitored during 56 days. The highest dose (80 gram per m2) would be applicable to a field
situation where all PS granules lost by the MSC Zoe (11,000 kg) are spread homogenous to
0.01% of the surface area of the Wadden Sea, which is very unlikely. Mussels and cockles
were examined at the end using a stereomicroscope for the presence of PS granules in the
digestive system. No granules were found inside the mussels and cockles, which was also
the case for the shellfish collected from the field after the MSC Zoe lost her cargo. Survival
and growth were not affected by the PS granules, nor did the benthic community change in
species richness and diversity. The granules were however found in the pseudofaeces of
mussels, which consists of non-edible particles that are expelled before digestion. The
mesocosm experiment can be considered a worst-case scenario; the mesocosm is a
stagnant system, while water movement in the field will ensure the PS granules to disperse
rapidly. In conclusion, no negative effects on shellfish are expected.
2.3.2

Uptake of plastics by other benthic organisms
In this study, the lugworm Arenicola marina is studied as a flagship benthic worm. The
species is known to feed by ingesting sediment and digesting the organic fraction of the
ingested material. However, ingestion by Arenicola marina is not indifferent for the nature of
the particles. The animals use their proboscis to select and take up particles. The maximum
size of particles taken up is determined by the size of the proboscis, which is smaller for
smaller animals. In general, it is thought that A. marina can take up particles up to a size of
500 µm (Gebhardt and Forster, 2018). That would place the particles lost by MSC Zoe at the
margin of what could be taken up, even by the largest worms. In the mesocosm experiments
by Foekema et al. (2021) uptake of microplastic particles was observed in the experiments
with the highest concentration, confirming that they could be taken up.

2.3.3

Direct uptake of plastics by birds
For the drifting HDPE pellets, only limited possibilities exist for direct uptake by birds. Only
the northern pintail is known to feed on drifting seeds of saltmarsh plants. For that reason, the
species was added to our study. Shelducks do not pick up drifting particles but are known to
feed on mud snails and could therefore pick up pellets from the surface of tidal flats. For sea
ducks (eider, common scoter) there is no mechanism by which they could have come into
contact with the pellets.
For the small PS granules, direct uptake by birds is even less likely. Exposure in sizable
amounts could only have come through the food web, if the prey of the birds would have
ingested the particles in relatively large amounts. This is unlikely for shellfish and lugworms,
as discussed above, but not entirely excluded for other species of prey.

2.4

Likely distribution patterns of damage by plastic particles

2.4.1.1

HDPE pellets
Model calculations and field research have shown that these pellets have arrived in the drift
line debris and have largely been buried in the sand at those locations. It is possible that they
have undergone secondary transport from there, but we have no evidence for that.
None of the animals investigated in our study have a relation with the drift line, e.g. as habitat
or foraging area. For most species we know that they will not pick up drifting particles from
the water. Given that the pellets would be transported along the surface of water, it seems
unlikely that the particles could reach benthic shellfish. Only the northern pintail is known to
feed on drifting seeds of saltmarsh plants.
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For that reason, the species was added to our study. Shelducks do not pick up drifting
particles but are known to feed on mud snails and could therefore pick up pellets from the
surface of tidal flats where the DHPE could have stranded. For sea ducks (eider, common
scoter) there is no mechanism by which they could have come into contact with the pellets.
The only possible disturbance for these species is by disturbance during the salvage
activities following the MSC Zoe incident.
2.4.1.2
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PS granules
The basic hypothesis for this material is that an elevated concentration of the granules in the
food of the benthic animals or birds, decreases their digestion efficiency and affects the
ecosystem through the food web. This is the mechanism experimentally investigated by
Foekema et al. (2021), who found, however, only traces of the PS granules in the digestive
track of lugworms but not in shellfish, and only when the particles were present in high
concentrations.
Due to the large uncertainty on the spreading of the particles in nature, it is not possible to
propose a most likely spatio-temporal distribution and use that in the statistical analysis in a
regression-like approach. Therefore, a data exploration approach has been adopted.
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3

Field and laboratory methods
This chapter documents the field and laboratory methods used to generate the datasets that
have been analyzed for possible effects of the MSC Zoe incident. From some data sets, e.g.
the SIBES data set collected by NIOZ, several species have been extracted and analyzed.
The methodology for all these species has been the same. For that reason, the methodology
is specified per dataset in this chapter. In the chapters on individual species, reference will be
made to the name of the dataset and coupled methodology.

3.1

SIBES – used for Arenicola marina, Cerastoderma edule and Limecola
balthica

3.1.1

Background
In 2008, the NIOZ, together with the gas exploitation company NAM, initiated a synoptic
intertidal benthic survey (SIBES) across the entire Dutch Wadden Sea with the goal of
monitoring mud-dwelling organisms or macrofauna for their abundance, biomass and
composition. To tease apart effects of subsidence, due to gas drilling, from the inherent
natural variation in the system, this survey has been conducted over extensive temporal and
spatial scales. Prior to implementing SIBES, the best sampling design for monitoring
macrofauna at these scales was identified (Bijleveld et al. 2012).

3.1.2

Sampling and study site
Sampling design encompasses the entire intertidal Dutch Wadden Sea, with sampling at 500
m intervals and additionally 20% random sample points (see Figure 3.1). The random points
fall off the grid and are additional to the regular grid. They are added to the grid in order to
cover the full range of inter-sample distances, which helps in establishing the spatial
autocorrelation structure of the data.

Figure 3.1 The sampling grid of the SIBES project in the intertidal zone of the Wadden Sea.
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Sampling was completed on an annual basis in summer from June to October, depending on
weather conditions. The NIOZ research vessel, Navicula, was used as a platform to access
the sample areas across the Wadden Sea. During low tide samples were taken by foot. In
areas where it was too deep or muddy to access by foot, small inflatable boats were used to
sample the SIBES sites. Sampling locations, ~4500 in total, were found with a handheld GPS
(WGS84 as map datum). At each site sampled by foot, a single core of 0.0175 m 2 was taken
to a depth of ~25 cm. By boat, two cores of 0.018 m2 were taken to a depth of ~25 cm.
All macrobenthos samples were sieved on a 1 mm mesh in the field (Compton et al. 2012,
2013). After sieving, bivalves were separated from the other macrobenthic species for later
analysis in the laboratory. The bivalve samples were frozen, whereas the remaining
macrobenthic species were preserved using a 4% buffered formalin solution. Sediment
samples were taken using a centrifuge tube to a depth of 4 cm and then frozen at -20°C. The
sediment samples were taken at all sample points.
3.1.3

Selection of samples for the present analysis
For the present analysis, it was very important that a complete time series until at least 2019
was available. As the entire grid sampling of 2019 was not yet analyzed, the analysis was
restricted to the random points only. These have all been sorted and identified until the year
2019. In order not to cause any unbalance in the sampling effort, only random points were
taken for the previous years too.

3.1.4

Sample processing
All shellfish were identified to species level (Hayward & Ryland 1995) and measured for their
maximum length using digital calipers (precision of 0.01 mm). An ash free dry mass (AFDM)
was then determined for each individual greater than 8 mm in size or for multiple individuals
together when their size was smaller than 8 mm in length. To determine the AFDM, the wet
meat of an organism is placed into a crucible and then dried at 60°C for a minimum of 48
hours. Once dried, the dry sample goes into a desiccator to cool prior to weighing to an
accuracy of four decimal places in the NIOZ weighing robot (Mettler Toledo WKC204C). The
dried organism is then put into an incinerator where the organic matter is burnt, so that only
the ashed matter remains (560°C for 5 hours). Once incinerated, the ashed sample goes into
a desiccator to cool prior to weighing the ashed mass to an accuracy of four decimal places.

3.2

WOT Shellfish survey Wadden Sea – used for Mytilus edulis

3.2.1

Background information survey
Every year, Wageningen Marine Research carries out shellfish surveys in the Dutch coastal
waters (Wadden Sea, Oosterschelde, Westerschelde and Coastal Zone), investigating the
distribution and size of the most important commercial shellfish species. The survey in the
Wadden Sea is mainly focused on mussels (Mytilus edulis), cockles (Cerastoderma edule)
and Pacific oysters (Crassostrea gigas). These surveys are part of the annual shellfish
inventories, as commissioned by the Dutch Ministry of Agriculture, Nature and Food Quality
(LNV) and carried out by Wageningen Marine Research, in collaboration with the ministry of
LNV. These surveys are crucial to support policy makers regarding the shellfish industry and
are an important source of information for a range of ecosystem studies. These surveys have
been performed on an annual basis since 1990.
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3.2.2

Sampling and study site
The study area of the survey is the littoral zone in de Dutch Wadden Sea (Figure 3.2).
Sampling points are distributed across the area using a stratified sampling grid. In order to
get an efficient distribution of the sampling effort, the area is divided into a number of strata;
areas with a different expected occurrence of either cockles or mussels and Pacific oysters.
In areas with a high chance of encountering a target species, the density of sampling stations
is higher (and the distance between sampling stations is smaller). In areas where mussels
are expected, mainly within the known contours of intertidal beds, sampling stations are 0.25
geographic minutes apart (corresponding to 463 m in latitude and 280 m in longitude) (purple
in Figure 3.2). Here, each station represents a surface area of 12.84 ha. In the areas outside
the intertidal mussel and oyster beds, a stratification is made based on the expected
occurrence of cockles, with the highest density stratum in areas with a high chance of
encountering cockles (red dots in Figure 3.2) and a lower density stratum in areas with a
smaller chance (green dots in Figure 3.2). In the remaining area the lowest density stratum
can be found (blue dots in Figure 3.2). The aim of stratification is to increase the reliability of
the stock assessment and to minimize shipping time.

Figure 3.2: Study Area of the survey: Dutch Wadden Sea with the littoral zone (‘litoraal’) and the boundary between East
and West. All points sampled in 2020 are displayed followed; purple dots are located on mussel or oyster beds, red and
green dots are located in areas with probability of high cockle density and blue dots are located in the remaining area.

3.2.3
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Data collection
The main vessel used to carry out the annual survey in the Wadden Sea is a former cockle
fishing boat owned by Roem van Yerseke B.V. (YE42, “Anna Elizabeth”). In addition, some
samples are collected by the Wadden Unit of the Ministry of Agriculture, Nature and Food
Quality using vessels of the governmental shipping company (MS Phoca, MS Asterias, MS
Krukel and MS Harder). Positions of sampling stations are determined using GPS equipment
in combination with the navigation systems MaxSea and TimeZero. A handheld GPS
(Garmin) is used to find sample locations reached by foot or dinghy. Several sampling
devices are used during the survey (Figure 3.3):
• “Stempelkor”: most locations are sampled with the use of a device particularly
developed for this survey. A cockle dredge was modified to a haul length restricted to
0.8m, taking samples of 0.4m 2 (2.0m x 0.2m) to a depth of 7 cm, and with a mesh width
of 0.5cm. The samples are collected by a suction tube into sieve containers on deck.
This device is used since 1998 in the Wadden Sea to restrict the sampling impact on
tidal flats, especially on mussel beds.
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•

•

•

Corer: the corer is used in the Wadden Sea during low tide at locations that are too
shallow to reach by vessel and are sampled on foot. Two PVC corers (24.4cm in
diameter) are used to get two samples of each 10cm depth. The sediment is scooped
out, into a sieve. Total sampled area is 0.1m 2.
Hydraulic grab: this grab is used for sampling on dense oyster beds. The hydraulically
operated grab is controlled by a crane on the ship (YE42). The sampled area is 1.06m2
and the maximum depth is 34cm. The sample is dumped into a large sieve on deck
with a mesh size of 5mm.
Cockle-sampling device: used in shallow places reached by dinghy. Position is
determined with a handheld GPS. On every location, three samples are taken with a
total surface area of 0.1m 2 and depth of 7cm.

Figure 3.3. : “Stempelkor” (top left), hydraulic grab (top right), corer with sieve (bottom left) and cockle-sampling
device (Photographers: Karin Troost, Douwe van den Ende and Herman Troost).

3.2.4
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Sample processing
Samples collected by Wageningen Marine Research are processed on board during the
survey. Samples collected by Wadden Unit are frozen, transported to Wageningen Marine
Research in Yerseke and processed further in the lab. Since freezing and thawing of mussels
can result in a decrease of fresh weight because the dead animals release seawater that was
contained within the closed shell, the samples are sorted by species and location and sealed
in plastic bags before transport. After defrosting in the lab, also the sea water remaining in
the bags is weighed since this can only originate from within the shells.
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Samples are sieved over 5mm and all shellfish, crabs and echinoderms are recorded. Of
large samples, subsamples may be taken based on the total volume, on the condition that at
least 100 individuals of the target species are retained, or at least 50 individuals of another
species. All living shellfish are collected from the (sub)samples, biofouling of mussels is
removed, and the shellfish are sorted by size or age class. Broken shells are included when
the hinge is completely present (i.e. both sides of the hinge ligament between both valves)
and meat residues are present. Mussels are sorted in three classes based on appearance
and shell length: seed (on appearance, generally < 20mm), half-grown mussels (on
appearance and always < 45mm) and full-grown mussels (always > 45mm). Per size class
the total wet weight and total number of individuals is determined per sample.
3.2.5

Data analysis
The species abundance (number per m2) and biomass (weight per m 2) are estimated for
every location. Weights of broken mussels are estimated based on the average weight of
shellfish of the same species and age class. This average is based on all intact shellfish in
the sample, on the samples collected during the day or on all samples collected during the
entire survey, depending on the amount of intact shellfish collected.

3.3

WOT Shellfish survey Coastal Zone – used for Spisula subtruncata and
Ensis leei.

3.3.1

Background
The exploitation of wild shellfish has developed from free fisheries to a strongly regulated
commercial activity, in which economic and ecological objectives are both aimed for. Within
the framework of this policy, an annual stock estimate is made for the economic important
species razor shell (Ensis sp.) and surf clam (Spisula subtruncata). The survey covers the
entire Dutch coastal zone and is commissioned by the Ministry of Agriculture, Nature and
Food Quality. The main objective of this survey is the assessment of the stock sizes of the
economically important species Ensis sp., Spisula subtruncata, Cerastoderma edule and
Mytilus edulis in the Dutch coastal zone. In addition to these species, this survey also reports
on the occurrence of other shellfish species, crabs and echinoderms.

3.3.2

Sampling and study site
The study area of the survey is the Dutch coastal zone, including the Natura-2000 areas:
“Noordzeekustzone”, “Voordelta”, “Vlakte van de Raan”, and the mouth of N2000 area
“Westerschelde” (Figure 3.4). Sampling stations are distributed across the study area using a
stratified sampling grid. To get an efficient distribution of the sampling effort, the area is
divided into several strata based on the occurrence probability of the Surf Clam. In strata
where higher densities are expected, a finer grid (with a higher density of sampling stations)
is used compared to strata where low densities are expected. Sampling effort is lowest in
strata where no shellfish are expected. Due to the complex geomorphology of the Voordelta
(gullies and flats), a finer grid is used in this area compared to other areas.
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Figure 3.4. Study area of the survey in the Dutch coastal zone (Perdon et
al., 2019). Colors refer to subdivisions of the data set that are not
important for our study.

The survey is carried out annually in the period April-June. Vessels used during the survey
are a former cockle fishery boat owned by Roem van Yerseke B.V. (YE42, “Anna Elizabeth”)
and the RV Isis owned by the governmental shipping company. The sample locations are
determined using GPS equipment in combination with the navigation systems MaxSea and
TimeZero. Several sampling devices are used during the survey (Figure 3.5):
• Trawled dredge: this is the most commonly used device during the survey. The
trawled dredge consists of a cage equipped with a 9.4cm wide blade at the bottom
that penetrates the sediment (10cm depth). The cage acts as a sieve during fishing
(mesh size 5mm), when the trawled dredge is dragged across the bottom.
• Modified hydraulic dredge: this device is used in the shallow areas of the Voordelta,
on board of the YE42. The dredge is equipped with a 21.4cm wide blade that
penetrates the sediment (7.0cm depth). The dredge is dragged across the sediment
by a suction tube, collecting the sample onto deck where the sampled gets sieved
(5mm) in a rinsing machine.
• Hydraulic grab: the hydraulically operated grab is controlled by a crane on the ship
(YE42) and mainly used in rocky areas west of Texel. The sampled area is 1.06m2
and the maximum depth is 34cm. In previous years (before 2019), a Van Veen grab
was used instead (1 sample consisted of 5 grabs of 0.1m2 each).
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Figure 3.5. Trawled dredge (left), modified hydraulic dredge (middle) and hydraulic grab(right) (Photographers: Karin Troost and Jack Perdon).

The trawled dredge and modified hydraulic dredge take samples over a distance of
approximately 150m, except in the Voordelta, where the maximum distance is approximately
75m (due to geomorphological conditions). The exact distance is determined by means of a
DGPS (Differential Global Positioning System) or by using an electronic mechanism
connected to a measuring wheel that is dragged across the bottom during fishing. The
sampled surface per location is app. 15m2 when using the trawled dredge (Voordelta ±
7.5m2) and ± 30m2 using the modified hydraulic dredge.
3.3.3
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Sample processing
Depending on sample size, all living organisms from the total sample or a subsample are
identified and counted. Shellfish are identified at species level, except for razor shell. Very
often only the tips or siphons of razor shells are sampled, which makes it impossible to
identify at species level due to absence of specific identification characteristics. Intact
individuals are sorted per sample by species and weighed (fresh weight, 0.1gr accuracy).
Broken shells are included when both the hinge (i.e. both sides of the hinge ligament
between both valves) and meat residues are present. Shell lengths of all individuals are
measured. When the shells are broken or only the siphon is presented, width is estimated
based on expert judgement. Surf Clams are also sorted in two classes based on shell length:
small (< 19 mm) and big (> 19 mm), roughly corresponding to respectively 1-year old and
older cohorts.
The species abundance (number per m 2) and biomass (weight per m 2) are estimated for
every location. The biomass of broken shells is estimated based on average weights of intact
specimens at that location or, in case no intact shells are present in the sample, based on
average weights of the day or entire survey.
With the use of current sampling devices, sampling efficiency for deep-burrowing species
such as Ensis sp. and otter shell is not optimal (Beukema, 1974; Craeymeersch et al., 2007).
The modified hydraulic dredges penetrate 7 to 10cm into the seabed, resulting in only partial
collection of deep-living or deep-burrowing specimens (tips of Ensis sp. and siphons of other
shells). Therefore, not all specimens will be considered, resulting in an underestimation of the
actual stocks. Comparison between years is yet still possible.
Sample efficiency of the trawled dredge used in this survey is estimated to be 50%, based on
400 stations sampled in 2004 and 2005 (unpublished data IMARES and Netherlands Institute
of Ecology) (Sala et al., 2016).
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The sampling grid is specially developed to estimate biomass and abundance of target
species (e.g. Spisula subtruncata) and therefore caution is needed to interpret the stock
development of non-target species. The grid is less suitable for stock estimates of mussels,
which can occur locally in very high numbers after high spat fall.

3.4

Sea ducks – used for Somateria mollissima and Melanitta nigra

3.4.1

Background
Every year, since 1993, an inventory is made of the total numbers of several species of sea
duck, most notably eiders (Somateria mollissima), common and velvet scoters (Melanitta
nigra and M. fusca) and scaup (Aythya marila) in the Wadden Sea, North Sea coastal waters
and in the Delta area in the southwest of the country. This is done in the context of the yearly
assessment of the conservation status of a large range of species in the monitoring program
“Biologische Monitoring van de zoute rijkswateren (MWTL)”. The results are yearly reported,
in a series of reports, see the latest by Sluijter et al. (2020). The aim is to have a yearly,
synoptic mid-winter count in January, but weather conditions sometimes prevent this and
counting the ducks is sometimes done in December or February. In addition, IMARES (now:
Wageningen Marine Research) conducted a series of counts of eiders between 2000 and
2012 (see Smit & de Jong 2011), to answer questions by the Ministry of Agriculture, Nature
and Food Quality, on the relationship between shellfish stocks and numbers of eiders in the
Wadden Sea and in the adjacent North Sea, and the interactions between ducks and
humans. Additional counts of common scoters in North Sea coastal waters were conducted
through various project assignments, commissioned either by the Ministry of Agriculture,
Nature and Food Quality, or by the Ministry of Infrastructure and Water Management, to
assess possible effects of human impacts in the North Sea coastal waters, e.g., from coastal
nourishment, or fisheries (see e.g., Leopold et al. 2014; Prins et al. 2014; Fijn et al. 2017)

3.4.2

Sampling and Study site
The study area of the surveys is the Dutch coastal zone, from IJmuiden to the Dutch/German
border, and the Dutch Wadden Sea. The study area is divided in 10 sub-areas to which all
ducks are assigned (Figure 3.6).
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Figure 3.6. Spatial positions of the 10 areas. For each area we have a time series on counts of eider
ducks and common scoters (map taken from Sluijter et al. 2020).

The ducks were counted by aerial survey, using a high-winged aircraft and pre-determined
transect lines. Only when time was short, or in presumed low density areas where the ducks
usually occurred in a few large concentrations, a transect parallel to the coastline was flown
until a concentration of ducks was detected, which was then circumnavigated, and counted.
All teams consisted of two counters (left and right side of the aircraft), a pilot and a navigator.
Each count normally lasted 2-3 days due to the numbers of transects flown and the extent of
the area to be counted. Transect lines were set so far apart that the counters could see all
ducks, presumably without overlap between neighboring transects, i.e., the counts are total
counts. Altitudes flown were circa 150 m (500 ft), and ground speeds were between 140 and
190 km/hour, depending on head- and tailwinds.
3.4.3

Sample processing
Care was taken to examine the GPS tracks of all counts, from the various reports on these
counts. Sub-areas that were incompletely covered, or not covered at all were identified, and
given the label “not data”. Sub-areas that were fully covered but devoid of ducks (of a given
species) were given the count value 0 (zero).

3.5

Wadden Sea Birds – used for shelduck, red knot, northern pintail and
bar-tailed godwit.
Data on the abundance of Common Shelduck, Northern Pintail, Red Knot and Bar-tailed
Godwit in the Dutch Wadden Sea originate from systematic waterbird counts which have
been carried out since the 1970s. Today they are part of the Network Ecological Monitoring
(NEM), the Dutch government's system of nature monitoring schemes.
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The waterbird monitoring network is a partnership between Sovon Bird Research
Netherlands, Statistics Netherlands (CBS) and several Dutch government agencies. The
‘midwinter’ counts in January, which go back furthest in time, also contribute to the
International Waterbird Census (IWC) coordinated by Wetlands International.
Since 2002, the monitoring scheme consists of a combination of monthly counts in a number
of sample areas, and five integral counts per year in which the entire Wadden Sea area is
counted in one weekend (largely on the same day). Four of these integral counts take place
in fixed months (September, November, January, May), the fifth in a rotating scheme so that
all months are covered at least once in every eight years. See (van Roomen et al. 2002) for a
rationale and validation of this setup. The counts are organized and coordinated by Sovon,
and almost fully carried out by volunteers, of which approximately 150 are involved during an
integral count of the Dutch Wadden Sea (e.g. Hornman et al. 2012, 2020).
All waterbirds that forage on the intertidal mudflats and in saltmarshes are counted in fixed
areas visited around the time of high tide, when they are concentrated on a limited number of
‘high tide roosts’ (HVP’s). Most roosts are located on salt marshes and in polders of the
mainland coasts and the Wadden Islands. Some important roosts are located on elevated
sand bars that are not completely submerged during most high tides; these are visited by
ship. Counts are usually carried out by one or two experienced observers per site, using
tripod-mounted telescopes. Birds are counted individually or, in lager flocks, by determining
the number of subunits of e.g. 10, 50 or 100 birds making up the flock. Methodological
studies indicate that the random error in estimates of roosting wader flocks is about 37%,
largely independent of flock size, but errors decease across larger areas by averaging out
over multiple flocks (Rappoldt et al. 1985).
Because most sites are not counted in every month and there are occasional missing site
counts also during the integral months (with the share of 'gaps' in the data increasing further
back in time), a procedure has been developed to augment (‘impute’) data for the missing
counts so that trends are always based on the same counting areas. This procedure uses the
ratios between the average numbers in (a) the counting area to be imputed and the other
areas, (b) the missing month and the other months of the year, and (c) the missing year and
the other years in the series. The procedure is carried out with the computer package U-index
(Bell 1995).

3.6

Overview of species and data sets used in the analysis
Table 3.1 summarizes the list of species, the data sets used for the analysis and the time
period covered by the analysis. The backward extent of the data set is limited to that period
for which a methodologically uniform time series could be obtained. Whether or not 2020 is
included in the analysis depends on the working up of the samples. This was done for the
bird counting series and for the WOT shellfish survey in the Wadden Sea, but not for the
other two data sets. It is presently not known when the SIBES and North Sea shellfish
samples of 2020 will be available, as sample processing has been hampered considerably by
Covid restrictions on laboratory work.
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Table 3.1 Overview of species, the data set analyzed and the time period used in the analysis
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Species

Data set

Start year

End year

Arenicola marina

SIBES

2009

2019

Cerastoderma edule

SIBES

2009

2019

Limecola balthica

SIBES

2009

2019

Mytilus edulis

WOT shellfish WS

2012

2020

Ensis leei

WOT shellfish NS

2010

2019

Spisula subtruncata

WOT shellfish NS

2010

2019

Melanitta nigra

RWS / WMR sea ducks

1993

2020

Somateria mollisima

RWS / WMR sea ducks

1993

2020

Tadorna tadorna

SOVON water birds

1976

2020

Calidris canuta

SOVON water birds

1976

2020

Anas acuta

SOVON water birds

1976

2020

Limosa lapponica

SOVON water birds

1976

2020
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4

Statistical analysis: general set-up of the
analysis and workflow

4.1

Basic structure of the analysis.
The aim of the statistical analysis is to determine whether there is a significant influence of
the MSC Zoe incident on the abundance (number per counting area), or biomass (gram per
m2) of each species, causing an offset from the values in previous (baseline) years. However,
it is not possible to make a reliable quantitative prediction about how the plastic has been
dispersed in the environment of the species (Chapter 2). The uncertainty on the fate of the
plastic materials differs between the two types of material (HDPE and PS) lost. For neither of
the two is it possible to apply a regression-like approach to estimate the relationship between
a population statistic (a dependent variable) and the intensity of the disturbance (an
independent variable). For that reason, the approach used is data exploration. A statistical
model is carefully constructed to estimate the distribution of the species in space and time,
allowing for spatial and temporal correlation. Subsequently the model is investigated by
looking for a pattern in 2019 (and for some species also 2020) that is deviant from what can
be expected based on the previous years. Such deviations can be suspected to be caused by
the MSC Zoe incident and deserve closer examination should they be found.
All statistical models are constructed and analyzed by species. No species interaction has
been taken into account.
The statistical model prescribes that the observation Yt,s at point s and time t is a randomly
drawn variate from a statistical probability distribution. The probability distribution is specified
by its type (e.g. a normal distribution, Poisson distribution etc.) and by its parameters. For
example, a normal distribution is characterized by the parameters µ, the mean, and σ, the
standard deviation. The statistical model attempts to predict the expected value E[Y ts]s at time
t and spatial position s as a function of external information available for the model building.
The external information available to estimate the statistical model consists of control
parameters (e.g. the year and month of sampling, the organization that took the sample, the
surface of the sample) and environmental information. We expect more lugworms in silty
sand than in very coarse sand or in pure mud. Therefore, the median grainsize at a sampling
point contains information that is useful to predict the abundance of the lugworm. Several
cofactors are available for the Wadden Sea and coastal area. Details are given in Herman &
van Weerdenburg (2020).
The procedure for fitting a statistical model can be explained with the simple example of a
linear regression as a starting point. When applying a regression analysis, the following
model is fitted to the data:
𝑌𝑖 ~𝑁(𝜇𝑖 , 𝜎2 )
𝐸(𝑌𝑖 ) = 𝜇𝑖 = 𝛼 + 𝛽 × 𝑋𝑖

The model states that every observation Yi is drawn randomly and independently from a
normal distribution with mean µi and variance σ2 that is common to all observation points.
The expected value E(Yi) is defined as a linear function of an independent variable X; the i-th
expected value of observation Yi is calculated from the i-th value of the independent variable
X. The linear relation has two parameters α and β that are estimated during the model fitting.
For a standard linear regression this estimation is done through linear least-squares
estimation.
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In the statistical analyses used in this report, the basic model building as exemplified by the
simple regression approach is extended in different ways. These extensions are summarized
as specified below.
4.1.1

Use of non-linear smoothers (GAMs)
Following the class of models known as General Additive Models (GAMs), the simple linear
function of an independent variable X is replaced by a generic function of several variables
Xj :
F= α + β * Xi

=>

F = α + f1(X1) + f2(X2) + … + fm(Xm)

Here, the functions fj belong to a broad class of smooth functions. They can represent the
influence of a categorical factor on the observations (e.g. which observer has made the
counting?), or the (possibly non-linear) influence of a continuous variable on the counts (e.g.
the lugworm abundance is a unimodal, roughly Gaussian response curve on median grain
size). The smoother functions follow the patterns present in the data, without imposing a fixed
functional form. However, they are constrained not to show discontinuities. How ‘flexible’ they
are in following small wiggles in the data depends on the choice of smoother function type
and parameters determining the flexibility. Appropriate fitting of GAM smoothers requires
choosing functions that are following the real structure in the data without overfitting every
small wiggle. Figure 4.1 demonstrates the difference with linear regression. A linear
regression model has a fixed shape (straight line). If the data do not follow this shape, as is
the case in the example, a pattern will appear in the residuals (the difference between
observations and fitted values). A GAM is flexible in following the pattern in the data, and its
residuals do no longer show a clear pattern.

Figure 4.1. A dataset fitted with a linear regression model (A). Residuals versus fitted values show clear
patterns (B). After fitting the same dataset with a non-linear GAM smoother (C), the residuals do no longer
show a pattern when plotted versus the fitted values (D). Figures from
http://environmentalcomputing.net/intro-to-gams/
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4.1.2

The use of a link function
The expected value of the response variable E(Yi) itself does not need to be a linear function
of the smoothers. It can be linked to the smoothers via a link function. In general, equation (2)
becomes:
g(E(Y)) = α + f1(X1) + f2(X2) + … + fm(Xm)
where g() is the link function. If the link function is a log link, we have by using the fact that
logarithms are the inverse of exponentiation:
E(Y) = exp(α + f1(X1) + f2(X2) + … + fm(Xm)) = exp(α) * exp(f1(X1)) * …

4.1.3

The use of different statistical distributions
The distribution in eq.(1) does not need to be a normal distribution. Other distributions used
are Poisson, negative binomial and gamma distributions. The choice of a link function is codetermined by the choice of distribution, in order to operate within the class of generalized
linear models.

4.1.4

Accounting for spatial and/or temporal autocorrelation
The observations do not need to be independent of one another. Observations in space and
time often have spatial and/or temporal autocorrelation. Nearby observations (in space or
time) can be more similar to one another than observations far apart. They can, inversely,
also be more dissimilar the closer they are, but in any case, distance influences the similarity
of pairs of observations. This can be a consequence of the underlying process (e.g. highly
mobile populations will spread out over space and generate higher than expected values in
an area around a population hotspot) or a consequence of an incomplete description of the
environment. As an example, it is possible to summarize the environment of the lugworm by
grain size and current velocity, but neglect bathymetry. Yet lugworms have a preferred zone
in the intertidal window. Neighboring points on tidal flats tend to have similar height in the
intertidal, hence their residuals will be spatially correlated if we had not incorporated height in
the model. Where observations are known to be correlated (this feature can be tested), the
procedure is to add a term to the deterministic part of the model. This term is called a spatiotemporal field. It contains an additional element to be added to the model for every point in
space and time, representing whatever spatio-temporally correlated information that was not
yet incorporated into the model. It can be considered as a ‘latent variable’. By mapping the
spatio-temporal field for every moment in time it is possible to infer which environmental
factor could be behind the pattern. However, sometimes this remains unknown.

4.1.5

Use of a Bayesian approach
A Bayesian approach is used for model fitting. The essence of the approach is that
information available prior to the estimation of the statistical model is incorporated into the
model building and fitting process. Apart from the technical and computational
consequences, this has also effects on how the model is evaluated. Instead of calculating the
‘statistical significance’ the emphasis is on optimizing the model fit, with a premium on a
parsimonious model. Once fitted, the relevance of the model terms is evaluated by checking
their posterior probability distribution. This is the probability distribution of the fitted
parameter, after taking the prior information as well as the data into account. In this report,
the posterior probability distribution of parameters is usually summarized as the 95 %
credible intervals, i.e. the interval expected to contain the true parameter in 95 % of the
cases. If 0 is included in the credible interval, i.e. is considered as one of the likely values for
the term, the term is considered not to contribute to explaining the variation in the data.
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4.2

Model building
In the model fitting, a gradual build-up of complexity has been used as a general strategy.
Starting from a relatively simple model assuming no autocorrelation in the error terms and
simple GAM functions, the model complexity is increased through several cycles of fitting,
testing residuals, increasing model complexity etc., until a model is found that represents the
data well without apparent anomalies in the residuals. Anomalies that were checked are:
relations between residuals and predicted values, autocorrelation in space and/or time
between residuals, non-conformity to the assumed error distribution (e.g. excessive number
of zeroes).
As an example, the following sequence of checks, model specifications, fits and renewed
checks was performed to model the abundance (count data) of the lugworm Arenicola marina
(chapter 5):

4.2.1

General data exploration
Check for outliers, errors in the data file and other abnormalities

4.2.2

Fit of a Poisson General Linear Mixed Model GLMM
The model assumes independent Poisson-distributed observations and a linear function of
categorical and continuous variables for the deterministic part of the model. The model is
specified as follows:
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠

∼

𝑃𝑜𝑖𝑠𝑠𝑜𝑛 (𝜇𝑖𝑠 )

𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

log(𝜇𝑖𝑠 )

=

𝛽1 + 𝐶𝑜𝑣𝑎𝑟𝑖𝑎𝑡𝑒𝑠𝑠 + 𝑢𝑖

𝑢𝑖

~

𝑁(0, σ2𝑢 )

In this and the following equations, the subscript i refers to points in space, the subscript s to
time. Poisson denotes the Poisson distribution with one parameter, the mean and variance µ.
The operator E[] expresses the expected value, the operator var[] the variance. µis, the
expected value, is linked through a log-link function to a predictive equation that contains an
overall intercept, a linear function of covariates and a place-specific intercept ui, modelled as
independent (spatially and temporally uncorrelated) variates from a normal distribution.
4.2.3
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Check of the residuals
It was found that the linear nature of the relationship of the residuals with the environmental
variables was not adequate, by the tests specified earlier (no relation of residuals with fitted
values, no overdispersion, no excessive number of zero values). Moreover, spatial correlation
in the random terms was detected and the model did not correctly predict the large number of
zero observations. In the next step the first problem (linear nature of the response) was
tackled, while the other points remained as points of attention.
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4.2.4

Fit of a Poisson General additive mixed model.
Similar to the model in 4.2.2, but the simple linear function of the environmental variables is
replaced by GAM smoothers.
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠

∼ 𝑃𝑜𝑖𝑠𝑠𝑜𝑛 (𝜇𝑖𝑠 )

𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

log(𝜇𝑖𝑠 )

=

𝛽1 + 𝑓𝑌𝑒𝑎𝑟𝑠 + 𝑓𝑀𝑜𝑛𝑡ℎ𝑠 + 𝑓𝑇𝑜𝑡𝑆𝑢𝑟𝑓𝑖𝑠 +
𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑆𝑖𝑧𝑒𝑖 ) + 𝑢𝑖

𝑢𝑖

~

𝑁(0, σ2𝑢 )

Where all terms are as in the previous model, except for the functions of the environmental
variables, that are now GAM smoothers.
4.2.5

Check of the Poisson GAM residuals
Although the non-linear nature of the relation with environmental factors is much better
represented by the GAM smoothers, this does not resolve the problem of spatial correlation
in the residuals.

4.2.6

Fit of a Poisson GAM with spatial correlation
Similar to the model in 4.2.4, but an additional spatial field is added to represent the
autocorrelation.
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠

∼ 𝑃𝑜𝑖𝑠𝑠𝑜𝑛 (𝜇𝑖𝑠 )

𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

log(𝜇𝑖𝑠 )

=

𝛽1 + 𝑓𝑌𝑒𝑎𝑟𝑠 + 𝑓𝑀𝑜𝑛𝑡ℎ𝑠 + 𝑓𝑇𝑜𝑡𝑆𝑢𝑟𝑓𝑖𝑠 +
𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑆𝑖𝑧𝑒𝑖 ) + 𝑢𝑖

𝑢𝑖

~

𝑁(0, Ω)

Where the only difference with the model in 4.2.4 is that the random intercepts for the points
are no longer considered to be drawn independently, but are now modelled to have a spatial
covariance structure specified by the covariance matrix Ω.
4.2.7

Check of the residuals of the spatial Poisson GAM
It was found that the model cannot cope with the excessive number of zero counts and that
the model was over-dispersed. Therefore, other models than the Poisson model were tried.

4.2.8

Fit of different GAM models with spatial correlation
Apart from the Poisson model in step 4.2.6, also a Zero-inflated Poisson model, a negative
binomial model and a zero-inflated negative binomial were tried. All were combined with GAM
smoothers and spatial correlation. A DIC comparison (Deviance information criterion, the
Bayesian equivalent to the well-known Akaike Information Criterion) was used to select the
best model. The negative binomial GAM with spatial correlation turned out to be the best
fitting model. This model is specified as follows:
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𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠

∼

𝑁𝐵(𝜇𝑖𝑠 , 𝜃)

𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠 +

log(𝜇𝑖𝑠 )

=

2
𝜇𝑖𝑠
𝜃
𝛽1 + 𝑓𝑌𝑒𝑎𝑟𝑠 + 𝑓𝑀𝑜𝑛𝑡ℎ𝑠 + 𝑓𝑇𝑜𝑡𝑆𝑢𝑟𝑓𝑖𝑠 +

𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑆𝑖𝑧𝑒𝑖 ) + 𝑢𝑖
𝑢𝑖

~

𝑁(0, Ω)

Here the negative binomial (NB) distribution has replaced the Poisson distribution. It has two
parameters, the mean µ and dispersion parameter θ. All other terms are identical to the
model in 4.2.6.
4.2.9

Check the residuals of the selected model
No problems were found. For a GAM model with spatial dependency, the binomial distribution
is the optimal choice.

4.2.10

Fit a model that includes temporal dependency
The model as specified in 4.2.8 calculates a single spatial random field, that is assumed to
remain the same over time. In such a model, changes due to the Zoe incident would not be
visible. It is therefore needed to allow the random field to change from year to year. This can
be done in several ways. One generic method is to include an autoregressive process in the
sequence of random fields. A random field in year t is assumed to be composed of two parts:
the random field of year t-1, plus a new part of spatially correlated variation that is unrelated
to last year’s field. A parameter ρ expresses how strong the correlation with last year was. By
putting ρ=0 in an extreme case, the model assumes no temporal correlation. The random
fields are called replicate fields. Such independent fields have the ‘freedom’ to reflect a
pattern due to the Zoe incident, should that be present in the data. Therefore, this is the
model of choice in this case. A. marina, however, is a long-lived species and some serial
correlation of the random fields is likely. In fact, the data corroborate that this is the case. It
was nevertheless omitted from the model to maximize the chance of detecting a possible Zoe
effect. The model then becomes:
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠

∼ 𝑁𝐵(𝜇𝑖𝑠 , 𝜃)

𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠 +

log(𝜇𝑖𝑠 )

=

2
𝜇𝑖𝑠
𝜃
𝛽1 + 𝑓𝑌𝑒𝑎𝑟𝑠 + 𝑓𝑀𝑜𝑛𝑡ℎ𝑠 + 𝑓𝑇𝑜𝑡𝑆𝑢𝑟𝑓𝑖𝑠 +

𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑆𝑖𝑧𝑒𝑖 ) + 𝑣𝑖𝑠
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=

0

𝑢𝑖,𝑠

~

𝑁(0, Ω)
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This model differs from the model in 4.2.8 because instead of a purely spatial random field, a
spatio-temporal random field has been defined. This field takes different values in each of the
years. The spatio-temporal field is expressed (in principle) as an autoregressive process in
time and a spatially correlated process in space. In this special case, in order to be able to
investigate a possible Zoe effect, the autoregressive parameter ρ is set to zero, so that a
replicate model in time is used that can reveal sudden changes.
4.2.11

Checks of the residuals of the model
The fitting proved that incorporating temporal correlation of the spatial fields for the different
years, technically by specifying an autoregressive component in time, was a better (more
parsimonious) model than the model with replicate spatial fields. However, the latter was
used for further analysis because it is the only model that provides answers to the scientific
question. If an effect of the MSC Zoe incident is available, this will be an effect that is
uncorrelated to any signal in the previous year. A statistical model assuming autocorrelation
will not show the signal – a sudden disturbance – to the full extent, as it will be constrained to
show the part of variation that is linked through autocorrelation with variation in the
surrounding years.

4.3

Results of the model fitting and detection of MSC Zoe effect
The final model has GAM smoothers with respect to environmental factors, and spatial
random fields for the different years. We refer to the chapters on the different species for the
form of the smoothers representing the relation with environmental factors. We give an
example of a random field (A. marina in 2019) to explain how these maps should be
interpreted (Figure 4.2).

Figure 4.2. Spatial random field of A. marina in 2019, as an example. See text for interpretation of
this map.

In the red areas the observed counts were higher than expected based on the environmental
parameters, and these consistently high observations were correlated in space. For the blue
areas the reverse is true. Using the scale, the darkest red area has a multiplication factor of
approximately exp(1.5)=4.5. For the darkest purple-blue areas it is approximately exp(1)=0.4.
The other model terms describe the prediction well in the white areas. However, the red
areas require an additional multiplicative term that can go up to a factor 4-5 in order to arrive
at the correct prediction. In the dark blue areas, the prediction needs to be corrected by a
factor of 0.4.
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A possible Zoe effect is detected by comparing the random fields for the year 2019, with the
random field of 2018 and, if available, of 2020. Any deviation is examined for its possible
relation with the incident. Where such a relation cannot be excluded, closer examination of
the data is called for.

4.4

Adaptation of workflow for variables measured on a continuous scale
Some of the variables studied are not counts (which are measured on a discrete scale, i.e.
only assume integer values) but measurements on a continuous scale. This is the case for all
biomass values of benthic species, but also for some abundance values. In the WOT data,
abundance values are calculated to numbers per m 2, based on subsampling protocols and
calculations of the length of the sampling path. The result is a decimal number that cannot be
reduced to an integer.
The ‘natural’ distribution to use for these variables is the Gamma distribution, but this cannot
cope with the often very large proportion of zero observations in the data sets. For this
reason, a zero-altered Gamma (ZAG) distribution is used. This distribution is composed of
two parts. A Bernouilli distribution models the probability of presence (non-zero) values and a
gamma distribution models the value of the variable at places where the species is present.
The ZAG distribution thus has three parameters: the parameter π of the Bernouilli part,
representing the probability of being present, and the parameters µ and r of the gamma part,
where µ is the mean of the gamma distribution and r is its shape parameter. The ZAG is
represented as follows:
𝑂𝑏𝑠𝑖
~
𝑍𝐴𝐺(𝜇𝑖 , 𝜋𝑖 , 𝑟)
𝐸[𝑂𝑏𝑠𝑖 ]
=
𝜋𝑖 × 𝜇𝑖
𝜋𝑖 × 𝑟 + 𝜋𝑖 − 𝜋𝑖 2 × 𝑟
𝑉𝑎𝑟[𝑂𝑏𝑠𝑖 ] =
+ 𝜇𝑖2
𝑟
In accordance with the two-step structure of the model, also the fitting procedure to the data
set is done in two steps. First, the Bernouilli model is fitted to the data, using a logit link
function and formulating a model that contains an intercept, smoothers of the physical
cofactors and a spatial random field per year. Only afterwards can the gamma model be fitted
to the subset of the data where the species was present. This fitting uses a log-link. Besides
separate smoothers of the physical cofactors, it also yields a spatially random field per year,
which in principle is different from the spatial field obtained by fitting the Bernouilli model.
However, fitting two spatial fields per year is problematic because it is not guaranteed that
enough relevant data will be available for both, and also because it is reasonable to assume
that the latent variable described by the random field will affect both presence/absence and
numerical abundance or biomass. For these two reasons, it was decided to fit a single spatial
random field per year that is shared by both parts of the model. The detailed explanation is
given in an appendix of the Highland Statistics report. For this end report, the most important
aspect to consider is that the ZAG can be fitted yielding one spatial random field per year.
Besides, the analysis yields two sets of smoothers for the cofactors, one set expressing the
influence of the cofactors on presence/absence and one set describing the influence on the
numerical value where the species has been found.
With this adjustment, the full model fitted is given as:
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𝑂𝑏𝑠𝑖𝑠
𝐸[𝑂𝑏𝑠𝑖𝑠 ]

~
=

𝑉𝑎𝑟[𝑂𝑏𝑠𝑖𝑠 ]

=

𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑠 )

=

𝑙𝑜𝑔(𝜇𝑖𝑠 )

=

𝑢𝑖𝑠

~

𝑍𝐴𝐺(𝜇𝑖𝑠 , 𝜋𝑖𝑠 , 𝑟)
𝜋𝑖𝑠 × 𝜇𝑖𝑠
𝜋𝑖𝑠 × 𝑟 + 𝜋𝑖𝑠 − 𝜋𝑖𝑠 2 × 𝑟
2
+ 𝜇𝑖𝑠
𝑟
𝛾1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑏 × 𝑢𝑖
𝛽1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑢𝑖𝑠
𝑁(0, Ω)

Where the subscript i denotes space and the subscript s time and all symbols are as used
before. One new symbol in this formulation is the proportionality factor b between the spatial
random fields of the Bernouilli and gamma parts of the model. This factor is needed because
the two different link functions result in a scaling difference between the two parts of the
model fitting.
As was done in the other analyses, the possible effect of the MSC Zoe effect was
investigated by comparing the spatial random field of 2019 with that of 2018.

4.5

Adaptation of workflow for bird species
The analysis steps followed for A. marina are an example of the workflow generally applied to
the benthic species. Not all species have been modelled with exactly the same model.
Variations are discussed in the chapters of the species. The most common cause for
changing the model was an excessive number of zero observations, beyond what is probable
given a negative binomial distribution. In those cases, a zero-inflated negative binomial
(ZINB) distribution is used. Comparable to the ZAG, also this distribution is characterized by
a third parameter, π, expressing the fraction of observations that were zero, but were not
expected to be zero based on the negative binomial. The other fraction (1- π) of the
observations is distributed according to a negative binomial distribution with mean and
dispersion parameter specified by the other two parameters (µ and θ) of the ZINB.
For the bird species much less spatial resolution is available, as the birds are counted in
large plots. However, whereas benthic species only had one observation per year, the bird
species have a higher resolution in time. For these cases the workflow is adapted by
emphasizing the time series analysis. Instead of treating ‘year’ as a categorical control
variable, a smoother for the effect of time is used and allowance is made for temporal
autocorrelation.
The time trend is modelled as a special smoother of the time of observation. This smoother, a
special case of the group of autoregressive processes, is termed a Random Walk trend. It
specifies that a trend value at time s is equal to the trend value one time step before, plus a
new random noise term that is drawn from a normal distribution:
Trend𝑖𝑠 = 𝑇𝑟𝑒𝑛𝑑𝑖,𝑠−1 + 𝑣𝑖𝑠
Where the subscript i denotes space (areas) and the subscript s time. The random noise term
𝑣𝑖𝑠 ~𝑁(0, σ2 ) is characterized by the variance σ2 that is estimated during the fitting procedure
and determines the flexibility of the trend. The higher the random noise added at each time
step, the lower the influence of the previous time step and the more flexible the trend term will
appear.
In some species the trends of neighboring areas show strong correlation. Analyzing spatial
correlation with just 10 to 13 series is not easy, but it proved useful to improve the fit
sometimes. The spatial correlation between the random intercepts of neighboring areas was
modelled as a CAR (conditional auto-regressive correlation) model. In this formulation, the
random intercept of an area is constrained to be a weighted average of the random intercepts
of the neighboring areas.
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For the detection of an MSC Zoe effect, the smoother trend values of 2019 are compared to
the smoother trend values of 2018 and 2020. To do so, the posterior distribution of the
difference between 2019 and 2018, and between 2020 and 2019, is obtained from the fitting
procedures. If the 95 % credible interval of the difference does not encompass zero, the
trends are examined closer to see if the Zoe incident could cause the pattern. The ‘credible
interval’ is, loosely speaking, the Bayesian equivalent of a confidence interval. It depicts the
range where 95 % of the cases in the posterior distribution has been found by the analysis.

4.6

Data archiving
The data used for this analysis are maintained in dynamic web-connected databases. In
order to guarantee full replicability of the analyses reported here, a frozen data set has been
archived at the 4TU repository under the following permanent url:
https://doi.org/10.4121/14364194.v1.
The frozen data set contains the following elements:
• Data files as delivered by the research institutes to the statistical expert of Highland
Statistics
• Data files as worked up in preliminary analysis by Highland Statistics, and used in
this form as input for the statistical analysis
• Documented analysis scripts, one per species. These are R Markdown documents
that contain all code used for the statistical analysis and are fully self-documenting.
The detailed descriptions of the analysis (reports of Highland Statistics) are directly
generated from these files
• Files containing the output of the statistical analyses, if different from the graphs and
tables contained in the R Markdown documents
Access to the data files and analyses is restricted for the sole purpose of controlling,
replicating or improving the analyses presented in this report. Access will be granted to
everybody upon sending a motivated request. Use of the data files for any other scientific or
other purpose will not be allowed. It remains the sole privilege of the data owner to grant
access outside the context of the present analysis.
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5

The Lugworm (Arenicola marina)

5.1

Biology and ecology
Arenicola marina (Eng: Lugworm, Ned: Wadpier) is a polychaete worm that can attain a body
length of maximally 20 cm and an age of about 6 years. The body is relatively thick and bears
bristles and gills, the thinner tail lacks both bristles and gills. The animals live buried into the
sediments of estuarine waters, predominantly in intertidal areas, although low densities may
be found in shallow subtidal sediments. They are generally found in areas with salinities of
10-35 ‰ S. They prefer mixed to sandy sediments, where densities up to 70 adults per m²
can be attained. The animals make a typically J-shaped burrow, and normally live in the
deepest part, down to a depth of about 40 cm in large adults.

5.1.1

Feeding
Arenicola marina feeds, during periods the sediment is covered by seawater, by collecting
sediment with accumulated organic matter by protruding the papillate proboscis. The
ingested sediment passes the alimentary tract and the digestible organic matter from it is
retained in the gut. The undigestible parts leave the body via the anus at the tail end and are
defecated on top of the sediment. For this purpose, the animal moves up in its burrow, tail
upward, to the surface. There the gut is emptied in a few seconds, leaving a characteristic
faecal cast, and the animal moves downward as rapid as possible to resume feeding and to
minimize predation. While feeding and defecating, above the head of the active animal the
sediment forms a depression as a result of sediment removal near the head, and in this
depression diatoms and organic matter accumulates. In this sinking enriched sediment
bacteria live on the accumulated organic matter, and both diatoms and bacteria form the
main digestible fraction of the ingested sediment. The animals pump oxygen-rich seawater
into their burrow via the tail-end downward. At the head-end the water flows into the
organically enriched sediment, which is oxygenated and by this the bacterial growth on
downward moving organic matter is promoted. This process is sometimes called ‘gardening’.
This results in an increased amount of easily digestible bacteria near the head. Feeding
activity and thus defecation frequency is temperature dependent. In summer, this frequency
can go up to once per 30 minutes, in winter this frequency is much lower. In a relatively
dense population the total amount of reworked sediment, i.e. sediment ingested in deeper
layers and put on top of the sediment, can be 30 cm per year. As the size of the papillae of
the proboscis increases with the size of the animal, the largest animals can live in coarser
sediments than small animals.

5.1.2

Reproduction
In the Wadden Sea Arenicola marina reproduces in late summer and early autumn,
September to November. The females lay their eggs in their tube, and these are fertilized by
the sperm of the males that is present in the oxygen-rich water which is pumped into the
burrows by the females. Fertilization takes place in the burrows of the females; the fertilized
eggs develop in the burrows into so-called trochophore larvae. After around 4 weeks the
larvae leave the female burrow. During the presence of eggs and larvae in the burrow the
females do not feed, and thus do not emerge to the sediment surface to produce faecal
casts. After leaving the female burrow, the larvae expose themselves to tidal currents to be
transported to sheltered sites where they over-winter. In early spring they migrate for a
second time to move to areas with fine-grained nearshore sediments. After the summer, at a
length of around 6 cm, they move again to courser sediments.
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5.1.3

Population in the Wadden Sea
The populations of Arenicola marina in the Wadden Sea are, compared with other
macrobenthos species, very stable, especially in terms of biomass. At Balgzand, during a 50y monitoring program, the mean winter biomass is 4.7 ± 0.2 (s.e.) g.m -2 ash-free dry mass
without clear temporal trends, although during recent years (2015-2019) the highest biomass
values in the entire study period are found. This is partly the result of the relatively long
lifespan and their deep-living habit, which makes that the species suffers predation only from
very few specialized predators. Bar-tailed godwits have a strong preference for Arenicola
marina, and juvenile plaice preys upon their tail-ends.

5.2

Interaction with plastics
Arenicola marina is found to accumulate micropollutants that can be taken up from the water
via the skin and the gills, and from the food and sediment via the gut. Copper is found to
inhibit oxygen uptake in juveniles. Accumulation of poly-aromatic carbohydrates is relatively
strong, although there is little known of the effects of these chemicals. A. marina are able to
take up particles up to 500 µm (Gebhardt and Forster, 2018).
Microplastics are found to influence Arenicola marina in two ways: reduction of microalgae in
the sediment, and thus reduction of food, while metabolic activity increased, but faecal cast
production, and thus total feeding activity, decreased with increasing concentrations (up to
2% of wet sediment weight) of microplastics in outdoor mesocosm experiments. Not all
microplastics gave the same level of effect (Green et al., 2016). A field study along the
Belgian coast (Van Cauwenberghe et al., 2015) showed a presence of microplastics in
natural Arenicola marina populations. Laboratory experiments with high concentrations of
polystyrene microspheres did not result in adverse effect on the energy budget. A laboratory
study (Besseling et al., 2013) on the effect of polystyrene microparticles on Arenicola marina
showed increased microplastic intake and increased weight loss with increasing polystyrene
concentrations. Moreover, increased polystyrene levels increased the accumulation of
polychlorinated biphenyls. Note that this study used smaller particles than the ones coming
from the MSC Zoe.
Foekema et al. (2021) found up to 30 microplastic granules in the lugworms added to the
experimental mesocosms with the highest microplastic concentrations. No effect on their
physiological conditions was detected.
It can be concluded that experimental high levels of microplastics in a size range that can
easily be taken up will negatively influence both behavior and condition of Arenicola marina.
The present low ambient levels found in Northwest European coastal waters are thought not
to be harmful for Arenicola marina populations.

5.3

Data collection and analysis
Data were collected within the SIBES sampling program (Chapter 3.1). The analysis is
documented in the R Markdown file 02SIBESData1.Rmd. From this markdown file the report
of Highland Statistics (chapter 2, Arenicola marina) was automatically generated.
The data set comprises 6882 samples in the years 2009 to 2019. The species was found in
appr. 35 % of the samples. The counts per sample ranged from 0 to 20, corresponding to
densities of 0-1500 ind. m -2, but high counts were very rare. The biomass was in the range 01 gram AFDW per sample, or 0-80 g.m-2.
The covariates provided as environmental factors had a high degree of collinearity.
Therefore, a limited set of variables was selected that represent the condition of the sediment
(median grain size), the current (maximum bottom shear stress during flood), effects of
waves (median bottom shear stress due to waves), and salinity.
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5.3.1

Analysis of Numerical Abundance
A series of statistical models with increasing complexity was fitted to the data. These models
have already been discussed as part of the general introduction to the statistical analysis.
The final model fitted to the data is a negative binomial GAM with spatial and temporal
correlation fields.
The model is specified as follows:
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ∼ 𝑁𝐵(𝜇𝑖𝑠 , 𝜃)
𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠 +

log(𝜇𝑖𝑠 )

=

2
𝜇𝑖𝑠
𝜃
𝛽1 + 𝑓𝑌𝑒𝑎𝑟𝑠 + 𝑓𝑀𝑜𝑛𝑡ℎ𝑠 + 𝑓𝑇𝑜𝑡𝑆𝑢𝑟𝑓𝑖𝑠 +

𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑆𝑖𝑧𝑒𝑖 ) + 𝑣𝑖𝑠
𝑣𝑖𝑠

=

𝜌 × 𝑣𝑖,𝑠−1 + 𝑢𝑖,𝑠

𝜌

=

0

𝑢𝑖,𝑠 ~ 𝑁(0, Ω)
In this equation, the subscript i refers to points in space, the subscript s to time. NB denotes
the negative binomial distribution with two parameters, the mean µ and the dispersion
parameter θ. The operator E[] expresses the expected value, var[] the variance. Expressions
for expected value and variance are the standard formulations for the negative binomial
distribution. The expected value at a particular time and place µis is linked through a log-link
function to a predictive equation that contains a number of factors (year, month, surface
sampled) that vary in time and/or in space. Further the linear term contains smoothing
functions for the environmental factors median bottom shear stress during flood, median
wave bottom shear stress, salinity and grainsize, which all vary in space. Finally, the linear
term contains a spatio-temporal random field that represents the correlation in space and
time of the variable. The spatio-temporal field is expressed (in principle) as an autoregressive
process in time and a spatially correlated process in space. In this special case, in order to be
able to investigate a possible Zoe effect, the autoregressive parameter ρ is set to zero, so
that a replicate model in time is used that can reveal sudden changes.
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The categorical factors year, month and sampled surface allow for spatially averaged effects
of the year and month of sampling, as well as for a methodological compensation for the

Figure 5.1. Posterior mean values and 95 % credible intervals for the smoothers obtained by the negative
binomial GAM with spatial correlation applied on the A. marina count data. Each smoother is an
unpenalized cubic regression spline with 5 df.

unequal size of the samples. They are control variables and compensations for year effects
that are not very interesting in the present analysis. In fact, we do not expect the MSC Zoe
effect, if it occurs, to be entirely homogeneous across the entire Wadden Sea.
The smoothers of the environmental factors describe clear effects for three out of the four
variables, as shown in Figure 5.1.
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Figure 5.2. Spatial random fields for each year obtained by the negative binomial GAM with the spatial-temporal
replicate correlation applied on the A. marina count data.
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The spatial fields of all years for this species are shown in Figure 5.2, from which we
concluded that there was a slow change of hotspots for the species from the Eastern to the
Western Wadden Sea in the course of the decade that was sampled.
The effect of the MSC Zoe incident was estimated by comparing two statistical models that
differ in the specification of the random fields. In the first model, every year has a separate
spatial correlation field. In the second model, only a single spatial field was used for both the
years 2018 and 2019. Based on DIC, the latter model was clearly to be preferred. (Table 5.1).
Table 5.1. DIC values of two NB GAM models with spatial-temporal replicate correlation. The full model in the
first row contains a spatial random field for each year. The sub-model in the second row also contains a
spatial random field for each year, except for the 2018 and 2019 data. These are modelled by 1 spatial
random field.

Model

DIC

NB GAM + replicate SRF (2018 and 2019 separate)
NB GAM + replicate SRF (one field for 2018 and 2019)

13735.84
13682.68

This implies that there was very little information in the data that justified the use of extra
parameters to separate the fields of 2018 and 2019, or more generally put, that there was no
reason to conclude that the spatial pattern of the species in 2019 was different from the
pattern in 2018.
The year effect, which is one of the categorical factors included in the statistical model,
shows that 2018 was quite an exceptional year for the species, with the highest counts found
during the decade. This may be related to the exceptional weather conditions during 2018.
However, this difference between years is not interpreted as a possible effect of the MSC Zoe
incident, as it is homogeneously present over the entire Wadden Sea and cannot be found
back in an exceptional pattern in the spatial field.
The conclusion based on the comparison of the model with and without a common field for
the two years 2018 and 2019, was further corroborated by analyzing the posterior probability
distribution of the differences δi between the spatial fields of 2018 and 2019 for each of the
sampling locations that were sampled in both years. This can be done because the Bayesian
estimation procedure not only finds the expected value for the spatial field, but also calculates
its probability distribution, called the ‘posterior’ distribution because it is obtained after fitting.
With an additional targeted run of the program, the credibility interval (comparable to the
confidence interval in more traditional statistics) for the difference of the spatial fields of 2018
and 2019 can be calculated and plotted. Of the more than 1000 comparisons, only 6 had a
95% credibility interval that did not include 0.
5.3.2
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Analysis of Biomass
Biomass (g AFDW per sample) is a variable measured on a continuous scale. A Zero-altered
Gamma (ZAG) model was used to model the data. A ZAG is composed of two parts: a
Bernouilli part for presence/absence and Gamma part for numerical value when present.
Both parts are brought together, with a common spatio-temporal random field, in the full ZAG
model. Computationally, several steps are involved. The Bernouilli part of the model is fitted
first, with its own spatiotemporal field. Subsequently, the Gamma part is fitting to the non-zero
observations. Finally, a model with a common spatio-temporal random field is fitted to the
data. The latter is a computationally very demanding task. It was omitted in this case, as both
the Bernouilli and Gamma parts of the model showed the total absence of a possible MSC
Zoe effect on the dataset, and moreover such an absence of effect was also concluded from
the analysis of abundance.
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The Bernouilli part of the model is formulated as:
𝑂𝑏𝑠𝑖𝑠
~ 𝐵𝑒𝑟𝑛𝑜𝑢𝑖𝑙𝑙𝑖(𝜋𝑖𝑠 )
𝐸[𝑂𝑏𝑠𝑖𝑠 ]
= 𝜋𝑖𝑠
𝑉𝑎𝑟[𝑂𝑏𝑠𝑖𝑠 ] = 𝜋𝑖𝑠 × (1 − 𝜋𝑖𝑠 )
𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑠 ) = 𝛾1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑢𝑖𝑠
𝑢𝑖𝑠
~ 𝑁(0, Ω)
The Gamma part of the model is formulated as:
𝑂𝑏𝑠𝑖𝑠
𝐸[𝑂𝑏𝑠𝑖𝑠 ]

~
=

𝑉𝑎𝑟[𝑂𝑏𝑠𝑖𝑠 ]

=

𝑙𝑜𝑔(𝜇𝑖𝑠 )

=

𝑣𝑖𝑠

~

𝑍𝐴𝐺(𝜇𝑖𝑠 , 𝑟)
𝜋𝑖𝑠
2
𝜇𝑖𝑠
𝑟
𝛽1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑣𝑖𝑠
𝑁(0, Ω)

In this equation, the subscript i refers to points in space, the subscript s to time. Bernouilli
denotes the Bernouilli distribution with parameter π, ZAG is the Zero-adjusted Gamma
distribution with parameters µ and r. The expected value at a particular time and place µ is is
linked through a logit link in the case of the Bernouilli part of the model, and through a log-link
for the ZAG part. The linear predictive equation contains the factor year and smoothing
functions for the environmental factors median bottom shear stress during flood, median
wave bottom shear stress, salinity and grainsize. Finally, the linear term contains a spatiotemporal random field that is a replicate model in time.
For both parts, it was tested whether a model with separate spatial fields for 2018 and 2019
performed better (according to DIC criterion) than a model with a joint spatial field for these
two years. The results are summarized in Table 5.2. In both cases, the results show that a
model with a joint spatial field for the years 2018 and 2019 is performing better than a model
with separate fields for the two years. This leads to the conclusion that no effect of the MSC
Zoe can be detected in the data.
Table 5.2. DIC values of two models comparing 2018 and 2019 spatiotemporal fields, both for the Bernouilli
and for the Gamma part of the model. The full model contains a spatial random field for each year. The submodel also contains a spatial random field for each year, except for the 2018 and 2019 data. These are
modelled by 1 spatial random field. Note that comparison of DIC values is only meaningful within the parts
(Bernouilli or Gamma) of the model.

Model

Bernouilli part
Bernoulli GAM + replicate SRF (full model
Bernoulli GAM + replicate SRF (sub model)
Gamma part
Gamma GAM + replicate SRF (full model) 13709.32
Gamma GAM + replicate SRF (sub model)
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DIC

13736.54
13682.69
13736.54
13682.69

5.4

Discussion
The relationships with environmental variables found here correspond closely to the patterns
found in earlier studies summarizing sampling in the S.W. Netherlands (Ysebaert et al., 2002;
Cozzoli et al., 2013).
Arenicola marina is known from field studies to have a preference for a median grainsize of
around 150 µm (compare the distribution in Oosterschelde and Westerschelde, reported by
Cozzoli et al., 2013, in Figure 5.3) The species reacts positively to a moderate bottom shear
stress (tauFlood) but negatively to excess current – as was also seen by Ysebaert et al. 2002
(in that study current velocity was used. Bottom shear stress is roughly proportional to
velocity squared). The species distribution is restricted to salinity values above 15, as also
reported by Ysebaert et al. 2002. It has little reaction to wave stress, as the multiplication
factor is around 1 overall. In Ysebaert et al., 2002 and Cozzoli et al, 2013, wave stress was
not considered as an environmental predictor.
The conclusions of the statistical model with respect to the influence of environmental factors
is thus corroborated by other studies and appears to be quite robustly estimated in this
analysis, even across systems.

Figure 5.3 Comparison material from the literature on response of A. marina to environmental variation. A:
probability of occurrence in the Westerschelde as a function of current velocity. B. Probability of occurrence in
the Westerschelde as a function of salinity. C. Expected 95 th percentile of biomass (based on quantile
regression) for the Westerschelde (white bars) and Oosterschelde (black bars) as a function of sediment
median grain size. A and B based on Ysebaert et al., 2002. C based on Cozzoli et al, 2013.
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The sediment selected and subsequently ingested by Arenicola marina during feeding is
dependent on its size. Smaller animals have smaller papillae on the proboscis than large
adults, hence large animals can process coarser sediments. In general, particles larger than
500 µm are rejected and accumulate in the sediment at depths where the worms forage
(Cadée, 1976; Gebhardt & Forster, 2018). Experimental studies showed, that microplastics in
the size range ingested by A. marina may be harmful at elevated concentrations. In the MSC
Zoe case the spilled microplastics had size ranges of 2-5 mm (HDPE-pellets (high-density
polyethene)), and possibly polystyrene pellets (PS) in the size range 0.5 – 1 mm. Both kinds
of spilled microplastics are of sizes that exceed the reported maximum ingested size-range of
A. marina, and are therefore not supposed to directly influence metabolism, growth rate and
survival of A. marina. However, in the mesocosm experiments by Foekema et al. (2021)
some uptake of PS granules in this size range was reported when the particle concentration
in the experiments was high, suggesting that either the size limit is not absolute, or that the
particle size was variable and contained smaller particles in an ingestible range. No negative
effect of this particle ingestion on the physiology of the species was reported from these
experiments.
The densities of A. marina in the Wadden Sea in the summer of 2019, about half a year after
the MSC-Zoe accident, appear to be very comparable to the densities in 2018. This
underlines the probable absence of any direct effect of the spilled microplastics on the A.
marina populations in the Wadden Sea.
Arenicola marina is a long living species. As the reproduction period of A. marina is in late
summer and early autumn, i.e. after the summer 2019 SIBES sampling campaign, possible
effects on reproduction cannot be seen in this analysis. The time series of abundance is too
short, after the incident, to completely rule out the occurrence of long-term effects.
Arenicola marina is a species actively modifying its environment. The feeding activity of the
species causes mixing of the upper 20 cm of the sediment. Microplastics that are not taken
up by the worms as a result of their selective feeding behavior, may end up in deeper parts of
the Wadden Sea sediments. The possible effects of this process of long-term burial of larger
microplastic particles in deeper layers of estuarine sediments, are poorly known (Van
Cauwenberghe et al., 2015). The present study does not document any such possible
effects.

5.5

Conclusion
No evidence has been found for effects of the MSC Zoe incident on the population
abundance or biomass of Arenicola marina in the Wadden Sea. The time series of
abundances is too short to completely rule out possible effects on longer term, but the
probability of such effects is considered small, particularly as A. marina is unable to ingest the
HDPE particles and most PS granules are unlikely to be ingested due to their size.
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6

The Cockle (Cerastoderma edule)

6.1

Biology and ecology
Description: the inequilateral, solid and thick shell is slightly longer than high and can be up to
50mm long (Tebble, 1966) (Figure 6.1). The outer shell surface is off-white, yellowish or
brownish and has 22-28 conspicuous ribs with short, flat spines on top. Growth lines, due to
reduced or negligible winter growth, are clearly distinguishable. The inner surface is white, with
two adductor muscle scars (Tyler-Walters, 2007).

Figure 6.1. Cerastoderma edule (Common cockle). Photographer: Oscar Bos

Distribution and habitat: found from the western Barents Sea and northern Norway to the
Iberian Peninsula, and south along the coast of west Africa to Senegal (Tyler-Walters, 2007).
C. edule occur from the intertidal to the shallow subtidal areas in estuaries and coastal zones
(Cardoso, 2007). They live totally burrowed (infaunal) in muddy to sandy sediments, up to a
depth of 5cm (Tyler-Walters, 2007).
Feeding: cockles are filter-feeders (suspension-feeders), collecting their food by filtering and
sorting particles from the water column (Gosling, 2003). The ciliated gills create a water current
which flows into the inhalant siphon, between the gills. The inhalant and exhalant siphons
extend several millimeters beyond the margin of the shell (Gosling, 2003
Predators: during all benthic stages, bivalves are vulnerable to benthic predators (Troost,
2009). In early stages they are preyed upon by small crabs and shrimps (Hiddink, 2002; Jensen
& Jensen, 1985; van der Veer et al., 2006) and in later stages by crabs, starfish and birds
(Leonard et al., 1999; Meire, 1993). Predation pressure decreases with cockle growth.
European flounder (Platichthys flesus) predates on cockle seed and also shore crab (Carcinus
maenas) prefers cockles < 15 mm in length (Sanchez-Salazar et al., 1987). Higher on shore
oystercatchers (Haematopus ostralegus) are present in winter and prefer cockles of at least 20
mm in length (Sanchez-Salazar et al., 1987).
Reproduction and development: Sexual maturity in cockles is generally reached during their
second summer, when they are about 18 months old and 15-20 mm in length. Reproduction
can occur sooner in big cockles (Seed & Brown, 1977). C. edule is a broadcast-spawning
bivalve with separate sexes. Males may release about 15 million sperm per second and
females about 1900 eggs per second in the water through the exhalant syphon (Tyler-Walters,
2007). Fertilization occurs in the water column and depends on sperm concentration.
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At high water flow rates, fertilization is only likely between close individuals. This might be
compensated for by synchronous spawning of a large proportion of the dense populations
(André et al., 1993). Fertilized eggs (50-60μm) will develop to form a veliger larva which lives
in the water column and feeds on algae with its velum. After about 3-4 weeks the foot develops
and the veliger metamorphoses into a juvenile cockle (pediveliger), which will settle in the
sediment after 3-5 weeks (Creek, 1960). Settlement and recruitment success have a significant
impact on the dynamics of cockle populations. Adult suspension feeders may reduce
settlement of larvae by ingestion of settling larvae (André & Rosenberg, 1991). Post-settlement
mortalities of 60-96% have been reported, resulting from intra- and interspecific mortality and
predation (De Montaudouin & Bachelet, 1997; Guillou & Tartu, 1994; Sanchez-Salazar et al.,
1987). In the Dutch Wadden Sea, a big spat fall events occurs roughly every seven years, after
which the population ages and declines (van Asch, 2019). Natural mortality is high, annually
about 59% of cockles dies, where 28% dies during summer (Kamermans et al., 2004).
However, in summer 2018 until 2020, extremely high mortalities were observed during
summer, probably due to heat waves (Suykerbuyk et al., In prep.; Troost & Van Asch, 2018).
C. edule usually lives 2-4 years but may live up to 9 years (Tyler-Walters, 2007).
Abiotic tolerances: C. edule is sensitive to low winter temperatures (Beukema, 1990; Hancock
& Urquhart, 1964; Kristensen, 1958). The lower thermal tolerance limit was determined
between -2.4 ºC after 24 hours (Kristensen, 1958) and -6.2 ºC (Compton et al., 2007). Upper
tolerance limits are described by assessing median lethal temperatures. Ansell et al. (1981)
reported such temperatures to be 37 ºC for short exposure (6h). Compton et al. (2007)
observed median lethal temperatures between 32 and 34 ºC and Verdelhos et al. (2015) found
such temperatures to be about 32 ºC for 52h of exposure. C. edule usually lives at salinities
between 10-35 psu (Brock, 1980; Kater et al., 2006; Tyler-Walters, 2007). Larvae prefer
salinities between 30 and 35 psu but can survive at salinities of 5 psu (Kingston, 1974). Current
velocity effects larval settlement and growth of adult bivalves (Kater et al., 2006). Cockles get
easily dislodged by storms, inhabiting the surface of sediments to a depth of 5 cm (Smaal et
al., 2013).

Historical trends Wadden Sea
Cockles are harvested on the mud flats in the tidal regions using a hand-rake to which a net is
attached. The cockle stock varies greatly from year to year, both in the western and eastern
part of the Wadden Sea (Troost et al., 2012). There is no significant upward or downward trend.
The big fluctuations in cockle density are mainly caused by incidental big spat fall events, which
occur roughly every seven years (van Asch, 2019), as was the case in 1997, 2003 and 2011.
The spat fall of 1997 did not extend to Balgzand, which illustrates that recruitment can vary not
only in time, but also in space (Troost et al., 2012). After harsh winters or warm summers, the
stock declines due to extreme temperatures often in combination with parasitic infections
(Thieltges et al., 2013). This was the case in 2018 and 2019, when extreme cockle mortalities
were observed during heat waves (Suykerbuyk et al., In prep.; Troost & Van Asch, 2018). In
the Wadden Sea, mortality was estimated to be around 60% in 2018 and around 70% in 2019
(Troost & Van Asch, 2018). During summer 2020, there were no indications of extreme
mortality in the Wadden Sea (Troost et al., 2021). This will be assessed during the annual
shellfish survey in 2021.

6.2

Data collection and analysis
Data were collected within the SIBES sampling program (Chapter 3.1). The analysis is
documented in the R Markdown file 03SIBESData2.Rmd. From this markdown file the report
of Highland Statistics (chapter 3, Cerastoderma edule) was automatically generated.
The data set comprises 6882 samples in the years 2009 to 2019. The species was found in
appr. 29 % of the samples. The counts per sample ranged from 0 to 200, but high counts
were rare (25 counts were over 50).
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The covariates provided as environmental factors had a high degree of collinearity.
Therefore, a limited set of variables was selected that represent the condition of the sediment
(median grain size), the current (maximum bottom shear stress during flood), effects of
waves (median bottom shear stress due to waves), and salinity.
6.2.1

Analysis of Numerical Abundance
A series of statistical models with increasing complexity was fitted to the data, including
Poisson, zero-inflated Poisson, negative binomial and zero-inflated negative binomial.
The final model fitted to the data is a zero-inflated negative binomial GAM with spatial and
temporal correlation fields.
The model is specified as follows:
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ∼ 𝑍𝐼𝑁𝐵(𝜇𝑖𝑠 , 𝜃, 𝜋)
𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

(1 − 𝜋) × 𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

(1 − 𝜋) × 𝜇𝑖𝑠 × (1 + 𝜋 × 𝜇𝑖𝑠 +

log(𝜇𝑖𝑠 )

=

𝜇𝑖𝑠
)
𝜃
𝛽1 + 𝑓𝑌𝑒𝑎𝑟𝑠 + 𝑓𝑀𝑜𝑛𝑡ℎ𝑠 + 𝑓𝑇𝑜𝑡𝑆𝑢𝑟𝑓𝑖𝑠 +
𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑆𝑖𝑧𝑒𝑖 ) + 𝑣𝑖𝑠

𝑣𝑖𝑠

=

𝜌 × 𝑣𝑖,𝑠−1 + 𝑢𝑖,𝑠

𝜌

=

0

𝑢𝑖,𝑠 ~ 𝑁(0, Ω)
In this equation, the subscript i refers to points in space, the subscript s to time. ZINB denotes
the zero-inflated negative binomial distribution with three parameters, the mean µ and the
dispersion parameter θ of the negative binomial part, and the parameter π that is used to
model the zeroes that cannot be explained with the covariates in the count part of the model.
The operator E[] expresses the expected value. µis, the expected value conditional on not
being an excess zero value, is linked through a log-link function to a predictive equation that
contains a number of factors (year, month, surface sampled) that vary in time and/or in
space. Further the linear term contains smoothing functions for the environmental factors
median bottom shear stress during flood, median wave bottom shear stress, salinity and
grainsize, which all vary in space. Finally, the linear term contains a spatio-temporal random
field that represents the correlation in space and time of the variable. The spatio-temporal
field is expressed (in principle) as an autoregressive process in time and a spatially
correlated process in space. In this special case, in order to be able to investigate a possible
Zoe effect, the autoregressive parameter ρ is set to zero, so that a replicate model in time is
used that can reveal sudden changes.
The categorical factors year, month and sampled surface allow for spatially averaged effects
of the year and month of sampling, as well as for a methodological compensation for the
unequal size of the samples.
The smoothers of the environmental factors describe clear effects for three out of the four
variables, as shown in Figure 6.2. The effect of waves is not very clear.
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Figure 6.2. Posterior mean values and 95 % credible intervals for the smoothers obtained by the ZINB GAM
with spatial correlation applied on the C. edule count data. Each smoother is an unpenalized cubic regression
spline with 5 df.

The spatial fields of all years for this species are shown in Figure 6.3. Over the years, we see
some variability in the hotspots and coldspots for the species, but the pattern remains
relatively stable. Good recruitment years (in this series especially 2011 and 2018) see
hotspots developing in the area between the Vlie, Marsdiep and Eijerlandse Gat basins.
These disappear gradually in subsequent years. Balgzand is a consistent hotspot throughout
the years, as are some areas along the Groningen coast and south-east of Ameland.
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Figure 6.3. Spatial random fields for each year obtained by the ZINB GAM with the spatial-temporal replicate
correlation applied to the C. edule count data.

The effect of the MSC Zoe incident was estimated by comparing two statistical models that
differ in the specification of the random fields. In the first model, every year has a separate
spatial correlation field. In the second model, only a single spatial field was used for both the
years 2018 and 2019. Based on DIC, the latter model was clearly to be preferred. (Table 6.1).
Table 6.1. DIC values of two ZINB GAMs with spatial-temporal replicate correlation. The full model in the first
row contains a spatial random field for each year. The sub-model in the second row also contains a spatial
random field for each year, except for the 2018 and 2019 data. These are modelled by 1 spatial random field.

Model

DIC

ZINB GAM + replicate SRF (2018 and 2019 separate)
ZINB GAM + replicate SRF (one field for 2018 and 2019)

17732.41
17689.50

This implies that there was very little information in the data that justified the use of extra
parameters to separate the fields of 2018 and 2019, or more generally put that there was no
reason to conclude that the spatial pattern of the species in 2019 was different from the
pattern in 2018.
The conclusion based on the comparison of the model with and without a common field for
the two years 2018 and 2019, was further corroborated by analyzing the posterior probability
distribution of the differences δi between the spatial fields of 2018 and 2019 for each of the
sampling locations that were sampled in both years. Differences are deemed ‘important’ if 0
is not included in the 95 % credible interval for the difference.
There were 34 stations with an important difference between the spatial random fields of
2019 and 2018. The total number of stations compared is 1047, of which 3.25 % fall outside
the 95 % credible intervals, which have not been corrected for multiple testing. It is very likely
that such a pattern arises due to chance, so it should not be the basis for far-reaching
conclusions.
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The stations with large differences between the spatial fields are highlighted in Figure 6.4.
They are spatially clustered in four groups, three of which saw a decrease between 2018 and
2019. These are most likely places that saw peaks in counts during the high-spatfall year
2018, but rapid subsequent decrease of the numbers because the locations are too exposed
to maintain high numbers of cockles in the sediment.

Figure 6.4. Posterior mean values of 𝛿𝑖 = 𝑤𝑖,2019 − 𝑤𝑖,2018 for all stations 𝑖 that were sampled in 2019 and 2018.
Green and red circles represent positive and negative values of the posterior mean of 𝛿𝑖, respectively. The
size of a circle is proportional to the posterior mean value of 𝛿𝑖. The circles in purple are 𝛿𝑖s for which the 95%
credible interval does not contain 0 (no correction for multiple testing has been applied).

6.2.2

Analysis of Biomass
Biomass data of C. edule were modelled with a ZAG distribution (chapter 4.4). This model is
composed of a Bernouilli part and Gamma part, that share common spatio-temporal fields, up
to a constant. The model is specified as:
𝑂𝑏𝑠𝑖𝑠
~ 𝑍𝐴𝐺(𝜇𝑖𝑠 , 𝜋𝑖𝑠 , 𝑟)
𝐸[𝑂𝑏𝑠𝑖𝑠 ]
= 𝜋𝑖𝑠 × 𝜇𝑖𝑠
𝜋𝑖𝑠 × 𝑟 + 𝜋𝑖𝑠 − 𝜋𝑖𝑠 2 × 𝑟
2
𝑉𝑎𝑟[𝑂𝑏𝑠𝑖𝑠 ] =
+ 𝜇𝑖𝑠
𝑟
𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑠 ) = 𝛾1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑏 × 𝑢𝑖
𝑙𝑜𝑔(𝜇𝑖𝑠 )
= 𝛽1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑢𝑖𝑠
𝑢𝑖𝑠
~ 𝑁(0, Ω)
Where ZAG stands for Zero-adjusted Gamma model with three parameters. Subscript i
denotes space and subscript s denotes time. The expected value at a particular time and
place is linked through a logit link in the case of the Bernouilli part of the model, and through
a log-link for the Gamma part.
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The linear predictive equation contains the factor year and smoothing functions for the
environmental factors median bottom shear stress during flood, median wave bottom shear
stress, salinity and grainsize. Finally, the linear term contains a spatio-temporal random field
that is a replicate model in time and that is shared (up to a constant) between the two parts of
the model.
The smoothers for the environmental variables are derived separately for the Bernouilli and
Gamma parts of the model. The strongest effect, both on presence/absence and on
numerical value when present, is shown by TauFlood, the maximum bottom shear stress
caused by the tidal current during flood. Especially for the numerical values, the form of the
response is an optimum curve at intermediate to relatively high values of bottom shear stress.
Presence/absence is also influenced by grain size, with an optimum in slightly muddy fine
sand (median grain size around 100 µm). Once established, grain size has no notable
influence on biomass values. The contrary is true for salinity, that does not seem to influence
presence/absence, but has a positive influence on the numerical values where the species is
present.
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Figure 6.5. Posterior mean values and 95% credible intervals for all smoothers obtained by the ZAG model
with a shared spatial-temporal replicate correlation. The figures on the left are for the binary part and the
figures on the right are for the Gamma part of the ZAG model applied to the C. edule biomass data.

The year effects (results not shown) show that the probability of presence was very high in
the year 2018, which was a year with a strong spatfall. However, the average biomass when
present was especially low in 2018. A very similar pattern was observed in 2011, also a very
good spatfall year. In 2019 the fraction present declined again, but the numerical values
increased in places where the species was present.
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Figure 6.6. Posterior mean values of the shared spatial-temporal random fields obtained by the ZAG model
applied on the C. edule biomass data.

Also, in the spatio-temporal random fields (Figure 6.6), a similarity can be seen between the
years 2018 and 2011, both years with a high spatfall. Compared with other years the northeastern part of the Wadden Sea is a relative hotspot, whereas the western central part of the
Wadden Sea is a coldspot. In both cases, the pattern disappears in the subsequent year: the
hotspot in the north-east disappears, and the values in the central-western part increase.
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Presumably, survival and/or growth differences between the different subregions of the
Wadden Sea are responsible for these patterns.
A comparison between a model with a separate spatial-temporal random field for every year,
and a model with a common field for the years 2018 and 2019, shows that the latter model is
better (Table 6.2). This contrasts with the result of the analysis of numerical abundance. It
highlights the differences between the spatial fields of 2018 and 2019.
Table 6.2. DIC values of two ZAG GAMs with spatial-temporal replicate correlation. The full model in the first
row contains a spatial random field for each year. The sub-model in the second row also contains a spatial
random field for each year, except for the 2018 and 2019 data. These are modelled by 1 spatial random field.

Model

DIC

ZAG GAM + replicate SRF (2018 and 2019 separate)
ZAG GAM + replicate SRF (one field for 2018 and 2019)

4386
4479

When examining the posterior mean values of the difference in the spatial random field
between 2018 and 2019, there are 125 stations where the difference 𝛿𝑖 = 𝑢𝑖,2019 − 𝑢𝑖,2018 is
important (i.e. 0 is not included in the 95 % credible interval). This represents 21.82% of the
stations. From these 125 changes, 50 changes are an increase, and 75 (13.1 % of all
stations) are a decrease from 2018 to 2019.

Figure 6.7. Posterior mean values of 𝛿𝑖 = u𝑖,2019 − u𝑖,2018 for stations 𝑖 that were sampled in 2019 and 2018,
and for which the 95% credible interval does not contain 0 (no correction for multiple testing has been
applied). Red symbols are increases from 2018 towards 2019, purple symbols are decreases.

The areas of important increase and decrease are spatially clustered. Decreases are mainly
observed in the north-eastern part of the Wadden Sea, whereas increases are observed in
the central-western part. This corresponds to the pattern that was noted earlier, and that was
also found back in 2011.

6.3

Discussion
The positive response to salinity, intermediate response to currents, and broad preference for
relatively fine sediment, correspond to published responses of the species in Westerschelde
and Oosterschelde. The response to bottom shear stress from currents in Figure 6.2 and
Figure 6.5 suggests a bimodal form. There is no immediate explanation for this pattern.
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Figure 6.8. Comparison material from the literature on response of C. edule to environmental variation. A:
probability of occurrence in the Westerschelde as a function of current velocity. B. Probability of occurrence in
the Westerschelde as a function of salinity. C. Expected 95th percentile of biomass (based on quantile
regression) for the Westerschelde (white bars) and Oosterschelde (black bars) as a function of sediment
median grain size. A and B based on Ysebaert et al., 2002. C based on Cozzoli et al, 2013.

The spatial and temporal development of the cockle population is strongly influenced by the
large recruitment events, that occur roughly every seven years but are not strictly periodic
(van Asch, 2019). Successful recruitment depends negatively on adult population strength. It
can be triggered after harsh winters or warm summers, when the stock declines due to
extreme temperatures often in combination with parasitic infections (Thieltges et al., 2013). In
the years of study, a strong recruitment event occurred in 2018, and moreover the hot
summers of 2018 and 2019 caused very high cockle mortality during heat waves (Troost and
Van Asch, 2018). These events can be found back in the density and biomass data analyzed
here. The strong recruitment of 2018 has led to a spatiotemporal field that was very similar to
the field in 2011, when recruitment was also high. Hotspots and coldspots in high-recruitment
years are in different locations, compared to other years.
Whereas no large difference between the spatial random fields of 2018 and 2019 were found
in numerical abundance, such difference was present for biomass. A relatively large number
of sampling points showed an important difference between the two years (Figure 6.7). We
recognize here the pattern described in the spatial random fields for high-recruitment years.
Hotspots are found in the eastern Wadden Sea, and coldspots in the central-western part
during the year of peak recruitment. However, in subsequent years the eastern hotspot and
the central-western coldspot disappear, presumably due to differential survival or growth in
these areas. Because of the recurrence of this pattern, especially in the comparison 20112012 that is similar to the comparison 2018-2019, it is difficult to ascribe the observed
differences to an effect of the MSC Zoe incident. Of the changes illustrated in Figure 6.7, only
the change in the east is a decrease. In contrast, the change in the central-western part is an
increase.
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As we are only looking for decreases as possible MSC Zoe effects, only one out of two
changes could in principle qualify. Linking both phenomena to strong recruitment and
differential growth and survival afterwards, as has been observed earlier in the time series, is
a more straightforward explanation for the observation that does encompass both the
decrease in the east and the increase in the center.

6.4

Conclusion
The dataset on the cockle Cerastoderma edule in the Wadden Sea shows that for
abundance, no great year-to-year changes have been observed and the spatial pattern in
2018 was very similar to the pattern in 2019. In contrast to the abundance data, the biomass
showed stronger changes, also in the comparison of 2018 and 2019. Some decreases were
observed in the eastern Wadden Sea, but strong changes in the central-western part were
increases. Both phenomena have already been observed earlier in 2011-2012, after the
successful recruitment in 2011. We conclude that the shifts in patterns between 2018 and
2019 in biomass of the cockle are linked to the high recruitment in 2018, and that a causal
link with the MSC Zoe incident is very unlikely.
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7

The Baltic Tellin (Limecola balthica)

7.1

Biology and ecology
Appearance of the shell
Description: The shell of the L. balthica (previously referred to as Macoma balthica) the shell
is almost circular and can be up to 25mm long (Figure 7.1). The posterior of the shell may be
slightly tapered roughly in the middle. Color varies from yellow-white to pink and can be
uniform or in concentric bands. Outer surface may be blackened in sulfide-rich sediments. It
has a strong external hinge (Bruyne et al., 2013; Budd & Rayment, 2001).

Figure 7.1. Limecola balthica (Baltic tellin). Photographer: Oscar Bos.

Distribution and habitat: L. balthica occurs from temperate to arctic coastal waters in both the
North Atlantic and North Pacific oceans. It lives buried in the sediment, at a depth of a few
centimeters. The Baltic tellin occurs particularly on tidal flats and in estuaries and occupies a
variety of sediment types, from soft mud to muddy gravel (Bruyne et al., 2013; Budd &
Rayment, 2001). It can be found from the upper regions of the intertidal zone into the
sublittoral, up to 35m. Juveniles are mainly found on the high intertidal flats, while adults are
also found in the subtidal area of the Wadden Sea and North Sea (Beukema, 1993).
Feeding: all Macoma species (formerly the genus name of Limecola balthica) were by Yonge
(1949) classified as deposit feeders. However, a variability in feeding behavior within this
group has been observed since then and L. balthica is now considered a facultative
deposit/suspension feeder (Brafield & Newell, 1961; Bubnova, 1972; Hummel, 1985b;
Olafsson, 1986; Skilleter & Peterson, 1994). Deposit-feeding behavior can be recognized by
the extended inhalant siphon sucking in material on the sediment surface and the burrow
entrance (Yonge, 1949). When filter-feeding, L. balthica collects its food by filtering and
sorting particles from the water column (Gosling, 2003). The ciliated gills create a water
current which flows into the inhalant siphon, between the gills.
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Predators: like for the cockle, predators of the Baltic tellin include crabs, flat fish and birds
(Costil et al., 2006). Juvenile Baltic tellins are under high predation pressure in the low
intertidal by shrimps, crabs and small fish and spend their first juvenile stage in the higher
intertidal where they outgrow these predators (see next paragraph) (Beukema, 1993; Hiddink
& Wolff, 2002). L. balthica is an important food source for oystercatchers and red knot, but
they only take individuals bigger than 11 mm (Hulscher, 1982; Piersma et al., 1994; Zwarts et
al., 1996). The common shrimp preys on L. balthica smaller than 5 mm but prefers individuals
of 1-2 mm (Keus, 1986).
Reproduction and development: L. balthica is a broadcast-spawning bivalve with separate
sexes (Costil et al., 2006). There are two spawning periods: the first (primarily) in spring and
the second (to a lesser extent) in autumn (Budd & Rayment, 2001). Females produce 0.020.07 million eggs per spawning (Honkoop & Van der Meer, 1998). Fertilization occurs in the
water column. Fertilized eggs will develop to form a veliger larva which lives in the water
column and feeds on algae with its ciliated velum. Veligers continue to develop into the
pediveliger stage, in which the larvae develop a foot and the velum degenerates (Gosling,
2003). After about 3-4 weeks the veliger metamorphoses and is ready to settle (Drent, 2004).
Juveniles settle in spring in the low intertidal and migrate to the high intertidal in June, where
they stay until winter. In winter, they migrate back again to the low intertidal and the North
Sea (Armonies & Hellwig-Armonies, 1992). They migrate by byssus drifting, which decreases
the sinking rate (Sörlin, 1988). This migration may be seen as an adaptation to avoid
epibenthic predation in the low intertidal zone (Hiddink & Wolff, 2002). The results from a
laboratory experiment indicate that timing of metamorphoses is depending on food
availability; larvae offered high food levels grew significantly faster (6.9 µm/day), and
metamorphosed earlier (16.5 days) and at greater length (264 µm) than larvae subjected to
low food level (4.4 µm/d, 19.3 days and 244 µm, respectively) (Bos et al., 2006). Settlement
and recruitment success have a significant impact on the dynamics of populations. Larval
mortality is very high mainly due to predation or unsuccessful settlement of spat. The life
expectancy of the Baltic tellin is 6 to 7 years (Costil et al., 2006).
Abiotic tolerances: L. balthica tolerates wide variations in temperature and salinity (Costil et
al., 2006). Baltic tellin can tolerate temperatures up to 49˚C (Oertzen (1969) in Budd &
Rayment (2001)). Ratcliffe et al. (1981) showed that juveniles could survive at temperatures
up to 39°C (6 hours), while 30% of the adults died at the same temperature. L. balthica is
found in brackish and in fully saline waters, but is more common in brackish waters (Clay
(1967) in Budd & Rayment (2001)).

Historical trends Wadden Sea
The Baltic tellin stock shows great variability in time. The stock in the Western Wadden Sea
increased until the end of the 1980s and then decreased again. The biomass decreased to
significantly lower numbers than at the beginning of the series in the 1970s. In the Eastern
Wadden Sea, the stock has also been declining since the mid-1980s but increased again
around 2000. After this short increase, the stock declined again and reached the lowest
biomass in 2011. This development is in accordance with spat fall, which has been very low
since 2000. After this, the stock size has been more or less constant, with some higher
numbers from 2012 to 2017 (Schelpdiermonitor, 2021). Analysis based on growth rings also
shows that the adult survival has decreased. This in combination with low spat fall, leads to
small stocks (Troost et al., 2012). No good explanations exist for the long-term variations in
the population strength.
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7.2

Data collection and analysis
Data were collected within the SIBES sampling program (Chapter 3.1). The analysis is
documented in the R Markdown file 04SIBESData3.Rmd. From this markdown file the report
of Highland Statistics (chapter 4, Limecola balthica) was automatically generated.

The data set comprises 6882 samples in the years 2009 to 2019. The species was found in
appr. 47 % of the samples. The counts per sample ranged from 0 to 800, but high counts
were rare and most counts were well below 100.
The covariates provided as environmental factors had a high degree of collinearity.
Therefore, a limited set of variables was selected that represent the condition of the sediment
(median grain size), the current (maximum bottom shear stress during flood), effects of
waves (median bottom shear stress due to waves), and salinity.
7.2.1

Analysis of Numerical Abundance
A series of statistical models with increasing complexity was fitted to the data, including
Poisson, zero-inflated Poisson, negative binomial and zero-inflated negative binomial.
The final model fitted to the data is a zero-inflated negative binomial GAM with spatial and
temporal correlation fields.
The model is specified as follows:
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ∼ 𝑍𝐼𝑁𝐵(𝜇𝑖𝑠 , 𝜃, 𝜋)
𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

(1 − 𝜋) × 𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

(1 − 𝜋) × 𝜇𝑖𝑠 × (1 + 𝜋 × 𝜇𝑖𝑠 +

log(𝜇𝑖𝑠 )

=

𝜇𝑖𝑠
)
𝜃
𝛽1 + 𝑓𝑌𝑒𝑎𝑟𝑠 + 𝑓𝑀𝑜𝑛𝑡ℎ𝑠 + 𝑓𝑇𝑜𝑡𝑆𝑢𝑟𝑓𝑖𝑠 +
𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑆𝑖𝑧𝑒𝑖 ) + 𝑣𝑖𝑠

𝑣𝑖𝑠

=

𝜌 × 𝑣𝑖,𝑠−1 + 𝑢𝑖,𝑠

𝜌

=

0

𝑢𝑖,𝑠 ~ 𝑁(0, Ω)
In this equation, the subscript i refers to points in space, the subscript s to time. ZINB denotes
the zero-inflated negative binomial distribution with three parameters, the mean µ and the
dispersion parameter θ of the negative binomial part, and the parameter π that is used to
model the zeroes that cannot be explained with the covariates in the count part of the model.
The operator E[] expresses the expected value. µis, the expected value conditional on not
being an excess zero value, is linked through a log-link function to a predictive equation that
contains a number of factors (year, month, surface sampled) that vary in time and/or in
space. Further the linear term contains smoothing functions for the environmental factors
median bottom shear stress during flood, median wave bottom shear stress, salinity and
grainsize, which all vary in space. Finally, the linear term contains a spatio-temporal random
field that represents the correlation in space and time of the variable. The spatio-temporal
field is expressed (in principle) as an autoregressive process in time and a spatially
correlated process in space. In this special case, in order to be able to investigate a possible
Zoe effect, the autoregressive parameter ρ is set to zero, so that a replicate model in time is
used that can reveal sudden changes.
The categorical factors year, month and sampled surface allow for spatially averaged effects
of the year and month of sampling, as well as for a methodological compensation for the
unequal size of the samples.
The smoothers of the environmental factors (Figure 7.2) describe clear effects of bottom
shear stress by tidal currents (tauFlood) and of grain size. The effect of salinity and of waves
is not important.
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Figure 7.2. Posterior mean values and 95 % credible intervals for the smoothers obtained by the ZINB GAM
with spatial correlation applied on the L. balthica count data. Each smoother is an unpenalized cubic
regression spline with 5 df.

The spatial fields of all years for this species are shown in Figure 7.3. Over the years, we see
variability in the hotspots and coldspots for the species. Although patterns are sometimes
carried over from one year to the next, no recurrent pattern is present. The spatial variability
of hotspots and coldspots is dominating the visual image. Good recruitment years (2018 and
2014 stand out from the other years) do not have similar spatial fields.
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Figure 7.3. Spatial random fields for each year obtained by the ZINB GAM with the spatial-temporal replicate
correlation applied to the L. balthica count data.

The effect of the MSC Zoe incident was estimated by comparing two statistical models that
differ in the specification of the random fields. In the first model, every year has a separate
spatial correlation field. In the second model, only a single spatial field was used for both the
years 2018 and 2019 (
Table 7.1). Based on DIC, no differences between the two models were found. If no difference
in DIC is found, it is advisable to select the simpler model, which in this case is the model
with a common spatial field. In any case, no strong evidence for an effect of the MSC Zoe
incident has been found.
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Table 7.1. DIC values of two ZINB GAMs with spatial-temporal replicate correlation. The full model in the first
row contains a spatial random field for each year. The sub-model in the second row also contains a spatial
random field for each year, except for the 2018 and 2019 data. These are modelled by 1 spatial random field.

Model

DIC

ZINB GAM + replicate SRF (2018 and 2019 separate)
ZINB GAM + replicate SRF (one field for 2018 and 2019)

24288
24285

The conclusion based on the comparison of the model with and without a common field for
the two years 2018 and 2019, was further corroborated by analyzing the posterior probability
distribution of the differences δi between the spatial fields of 2018 and 2019 for each of the
sampling locations that were sampled in both years. Differences are deemed ‘important’ if 0
is not included in the 95 % credible interval for the difference.
Out of 573 stations for which the comparison could be made, there were 16 stations with an
important difference between the spatial random fields of 2019 and 2018 (Figure 7.4). All
important differences found were decreases between 2018 and 2019. They occurred in three
small spatial clusters.

Figure 7.4. Posterior mean values of 𝛿𝑖 = 𝑤𝑖,2019 − 𝑤𝑖,2018 for all stations 𝑖 that were sampled in 2019 and 2018.
Only stations with important differences are shown. The size of a circle is proportional to the posterior mean
value of 𝛿𝑖. The circles in purple are decreases, in red (not occurring in this figure) increases between 2018
and 2019. No correction for multiple testing has been applied.
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7.2.2

Analysis of Biomass
Biomass data of L. balthica were modelled with a ZAG distribution. This model is composed
of a Bernouilli part and Gamma part, that share common spatio-temporal fields, up to a
constant. The model is specified as:
𝑂𝑏𝑠𝑖𝑠
𝐸[𝑂𝑏𝑠𝑖𝑠 ]

~
=

𝑉𝑎𝑟[𝑂𝑏𝑠𝑖𝑠 ]

=

𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑠 )

=

𝑙𝑜𝑔(𝜇𝑖𝑠 )

=

𝑢𝑖𝑠

~

𝑍𝐴𝐺(𝜇𝑖𝑠 , 𝜋𝑖𝑠 , 𝑟)
𝜋𝑖𝑠 × 𝜇𝑖𝑠
𝜋𝑖𝑠 × 𝑟 + 𝜋𝑖𝑠 − 𝜋𝑖𝑠 2 × 𝑟
2
+ 𝜇𝑖𝑠
𝑟
𝛾1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑏 × 𝑢𝑖
𝛽1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑢𝑖𝑠
𝑁(0, Ω)

Where ZAG stands for Zero-adjusted Gamma model with three parameters. Subscript i
denotes space and subscript s denotes time. The expected value at a particular time and
place is linked through a logit link in the case of the Bernouilli part of the model, and through
a log-link for the Gamma part. The linear predictive equation contains the factor year and
smoothing functions for the environmental factors median bottom shear stress during flood,
median wave bottom shear stress, salinity and grainsize. Finally, the linear term contains a
spatio-temporal random field that is a replicate model in time and that is shared (up to a
constant) between the two parts of the model.
The smoothers for the environmental variables are derived separately for the Bernouilli and
Gamma parts of the model (Figure 7.5). Presence/absence is influenced by currents
(tauFlood), waves (tauWave) and median grain size. Numerical values of biomass,
conditional on presence, are only influenced by waves, as the response curves for the other
variables are very flat or the credible intervals very wide.
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Figure 7.5. Posterior mean values and 95% credible intervals for all smoothers obtained by the ZAG model
with a shared spatial-temporal replicate correlation. The figures on the left are for the binary part and the
figures on the right are for the Gamma part of the ZAG model applied to the L.balthica biomass data.

The year effects (results not shown) indicate that the probability of presence was highest in
the years 2012-2014 and in 2018. The average biomass when present showed variability
within each year, but little differences between the years.
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Figure 7.6. Posterior mean values of the shared spatial-temporal random fields obtained by the ZAG model
applied on the L. balthica biomass data.

The spatio-temporal random fields (Figure 7.6) show relatively little variation. Note that the
range of the scale is considerably smaller than for other species. It is also much lower than
the range for the fields of numerical abundance of this species. As was the case for
abundance, no clear patterns that are sustained over several years emerge.
A comparison between a model with a separate spatial-temporal random field for every year,
and a model with a common field for the years 2018 and 2019, shows that the latter model is
better (Table 7.2). An important difference between the spatial random fields of 2018 and
2019 has been found.
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Table 7.2. DIC values of two ZAG GAMs with spatial-temporal replicate correlation. The full model in the first
row contains a spatial random field for each year. The sub-model in the second row also contains a spatial
random field for each year, except for the 2018 and 2019 data. These are modelled by 1 spatial random field.

Model

DIC

ZAG GAM + replicate SRF (2018 and 2019 separate)
ZAG GAM + replicate SRF (one field for 2018 and 2019)

-6925
-6903

When examining the posterior mean values of the difference in the spatial random field
between 2018 and 2019, there are 16 stations where the difference 𝛿𝑖 = 𝑢𝑖,2019 − 𝑢𝑖,2018 is
important. This represents 2.79% of the stations. From these 16 changes, 7 changes are an
increase, and 9 are a decrease from 2018 to 2019.

Figure 7.7. Posterior mean values of 𝛿𝑖 = u𝑖,2019 − u𝑖,2018 for stations 𝑖 that were sampled in 2019 and 2018,
and for which the 95% credible interval does not contain 0 (no correction for multiple testing has been
applied). Red symbols are increases from 2018 towards 2019, purple symbols are decreases.

The areas of important increase and decrease are spatially clustered. Decreases are mainly
observed in the north-eastern part of the Wadden Sea, whereas increases are observed in
the central part. The three locations with strong changes correspond to features that are
unusually sharply expressed in the random field of 2018: two strong and relatively small
hotspots in the north-eastern Wadden Sea, and one strong coldspot in the central part. In
2019 the spatial field is much more homogeneous and close to zero everywhere. Strong
changes as illustrated in Figure 7.7, correspond to the loss of well-expressed features of
2018, rather than to the acquisition of particular features in 2019.
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7.3

Discussion
The environmental preferences of Limecola balthica generally show an indifferent response
to salinity over quite a broad range, a preference for relatively low currents and bottom shear
stress, and a preference for a range of rather fine sediments with an optimum median grain
size between 100 and 150 µm. In comparison with earlier studies in Westerschelde and
Oosterschelde, the present analysis from the Wadden Sea confirms most aspects. However,
in the Wadden Sea a stronger preference for very small current velocity conditions was
found.

Figure 7.8. Comparison material from the literature on response of Limecola balthica (note: previously called
Macoma balthica) to environmental variation. A: probability of occurrence in the Westerschelde as a function
of current velocity. B. Probability of occurrence in the Westerschelde as a function of salinity. C. Expected 95 th
percentile of biomass (based on quantile regression) for the Westerschelde (white bars) and Oosterschelde
(black bars) as a function of sediment median grain size. A and B based on Ysebaert et al., 2002. C based on
Cozzoli et al, 2013.

Within the period 2009-2019 covered by this data set, no clear temporal trend can be found
back in the numbers or biomass of L. batlhica in the Wadden Sea. There is some year-toyear variation in numbers, with 2014 and 2018 standing out as years of high recruitment, but
variation in biomass is much more restricted. As shown by the random spatio-temporal fields,
spatial patterns are generally well explained by the covariables (especially bottom shear
stress and grain size) and the spatial random fields show small, local and non-persistent
highs and lows.
The analysis found no difference between the spatial random fields of abundance in 2018
and 2019, but for biomass important differences were found. These differences are linked to
the fact that, in contrast to the general picture, the year 2018 showed relatively strong
hotspots and coldspots.
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Where these patterns were lost again in the transition to 2019, important local differences
have been detected. It is unlikely that these differences are linked to effects of the MSC Zoe
incident. The changes are not only losses, but also gains, which would be difficult to explain if
they were caused by the MSC Zoe incident. Moreover, the spatial field of 2019 is quite
homogeneous compared to that of 2018, which is the inverse of what would be expected if
the MSC Zoe incident had caused significant, but spatially inhomogeneous, changes in 2019.

7.4

Conclusion
Abundance and biomass of Limecola balthica in the Wadden Sea are fluctuating during the
study period, without a strong temporal trend. Two years of strong recruitment are found in
2014 and 2018. Spatial patterns are mostly well explained by environmental cofactors. There
is limited spatio-temporally autocorrelated variation around the average values. A limited
number of statistically important changes were found in the spatial fields of biomass between
2018 and 2019. These correspond to the loss of well-expressed features in the highrecruitment year 2018, rather than to the acquisition of unusual patterns in 2019. Influence of
the MSC Zoe incident on this population is very unlikely.
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8

The Atlantic razor clam (Ensis leei)1

8.1

Biology and ecology
Appearance of the shell
Description: the Atlantic razor clam has an elongate, curved and fragile shell with a length up
to 19cm (Bruyne et al., 2013; Hill, 2006) (Figure 8.1). The shell is smooth on the outside,
whitish in color with horizontal and vertical purplish-brown markings separated by a diagonal
line. The periostracum is olive-green and the inner surface is white with a purple tinge and
the foot is pale red-brown (Hill, 2006).

Figure 8.1. Ensis leei (Atlantic razor clam). Photographer: Oscar Bos.

Distribution and habitat: the Atlantic razor clam is an invasive species and originates from the
Eastern American coast (Richards (1938) in Houziaux et al. (2011)) with the first confirmed
record from the German Bight in 1979 (Von Cosel et al., 1982). Now widely distributed along
Europe, from Norway to the Atlantic coast of Spain (Gollasch et al., 2015). In the Netherlands
it was first observed in the Dutch coastal zone in 1982 (De Boer & De Bruyne, 1983) and is
now widely spread among the Dutch coast (De Mesel et al., 2011; Troost & Van Asch, 2018).
Ensis leei occurs both in the intertidal zone and in the subtidal zone, up to 15m (Bruyne et al.,
2013). It occurs in fine to coarse sand and silty areas and can thus be independent of
sediment characteristics (Dauvin et al., 2007). It lives in deep, vertical, permanent burrows
several centimeters deep (Bruyne et al., 2013).

——————————————
1

In the WOT surveys not all razor clam – like organisms are identified with certainty to species level.

Reflecting this uncertainty, they are indicated as “Ensis sp.”. The vast majority of these individuals belong to
the species Ensis leei. Therefore, we give here the ecological description of that species. Even if occasionally,
an observed individual may belong to other, autochtonous Ensis species, the spatial and temporal patterns
found in the statistical analysis can fully be ascribed to Ensis leei.
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The presence of razor shells in sand is indicated by keyhole-shaped openings made by the
short, united siphons which extend just above the sediment surface when the animal is
feeding (Hill, 2006). When disturbed, pressure in the cavity produces powerful jets of water
which assist quick downward movement of the shell by loosening the adjacent sand
(Trueman, 1967). It can dig rapidly in the sediment down to about 50cm (Richards (1938) in
Houziaux et al. (2011)). According to Holland & Dean (1977) razor clams (Tagelus plebeius)
can dig to 70 cm.
Feeding: Atlantic razor clams are filter-feeders (suspension-feeders), collecting their food by
filtering and sorting particles from the water column (Gosling, 2003). In the intertidal, it will
move to the surface during high tide to expose its siphon to filter the water (Tulp et al., 2010).
In deeper waters, it mainly filters at the surface at night, avoiding predation from predators
relying on vision (Gollasch et al. (1999) in Tulp et al. (2010)).
Predators: fish such as sole, plaice and flounder in the Voordelta are found to predate
especially on small razor clams (Wijsman et al., 2006). Eiders and common scoters have
been noted to eat Ensis, however, adult specimens are often too big or have been buried too
deep in the sediment (Leopold et al., 2001; Swennen et al., 1985; Tulp et al., 2010). Juvenile
specimens or individuals that have emerged from the sediment can be predated more easily
by eiders (Leopold et al., 2001). Small Atlantic razor clams are also preyed on by
oystercatchers and (Muir, 2003; Swennen et al., 1985) seagulls (Cadée, 2001).
Reproduction and development: Ensis leei is a broadcast-spawning bivalve with separate
sexes. Spawning occurs in May or June and fertilization occurs in the water column after
release of sperm and eggs (Kenchington et al., 1998). It was shown that a second spawning
may occur in the Wadden Sea in July/August (Wijsman et al., 2006). Fertilized eggs will
develop to form a veliger larva which lives in the water column and feeds on algae with their
velum. The earliest larvae of the Atlantic razor clams measure 92 x 78 µm, the umbo appears
in larvae of 115 µm in length and is well developed in larvae 135 µm long (Loosanoff & Davis
(1963) in Von Cosel (2009)). Loosanoff & Davis observed a duration of free-swimming larval
phase of 10-27 days (10 days at 24˚C). They settle at a length of 210-270 µm, depending on
environmental conditions. After settlement, they grow fast (depending on food availability and
temperature), reaching a length of on average 3.5cm in their first year (Wijsman et al., 2006).
Especially during the first years of life, mortality is high due to predation by fish, birds and
crustaceans (Wijsman et al., 2006). They live on average 3-4 years (Bruyne et al., 2013).
Abiotic tolerances: Ensis leei shows large temperature tolerances, but low winter
temperatures seem to limit its development (Essink, 1994). High mortality rates were
observed during cold winters, suggesting that the clams lose the ability to burrow at low
temperatures (Crisp, 1964). Its salinity tolerance is 7–32 psu (Maurer et al., 1974), which
means that it occurs in both marine and estuarine areas (Beukema & Dekker, 1995). E. leei
shows a limited tolerance to reduced oxygen conditions (Schiedek and Zebe, 1987).

Historical trends Wadden Sea
At the start of the annual shellfish survey, Spisula subtruncata was an abundant species
(Perdon et al., 2019). However, the S. subtruncata stock collapsed in 2002 and the fishery
switched to the Atlantic razor clam. Ensis is an invasive species, which rapidly increased in
number since 2002. The Ensis stock varies greatly from year to year but shows a long-term
gradual increase (Schelpdiermonitor, 2021; Troost et al., 2021). The number of Ensis sharply
increased in 2019 compared to the year before and has never been that high since the start
of the surveys (1995). The stock almost tripled compared to the stock size in 2018. This
increase is caused by a big spat fall event in 2018 (Perdon et al., 2019).
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8.2

Data collection and analysis
The data have been collected in the WOT shellfish survey (chapter 3.3). They are available
as abundance data (‘density’, N.m -2) and biomass data (‘biomass’, g WW m-2), where WW
stands for ‘wet weight’. Because of subsampling and different sample size per haul,
abundance data cannot be recalculated to integer numbers. Both abundance and biomass
are therefore modelled with statistical distributions for continuous-scale variables.
Physical co-factors are derived from the same source as the cofactors for the SIBES data in
the Wadden Sea. The available co-factors in the dataset show a high degree of collinearity.
Therefore, only a subsample of a few, relatively independent, cofactors can be used. For the
sake of consistency, the same variables as used in the Wadden Sea analysis (SIBES data)
have been used for the WOT data in the coastal zone. Note, however, that a different set of
(highly correlated) independent physical variables would have yielded more or less the same
result. The degree of collinearity within the set of cofactors used is limited.

8.2.1

Analysis of numerical abundance
A ZAG (Zero-altered Gamma) distribution was used to model the data. As explained in
Chapter 4.4, such distribution is composed of two parts, a Bernouilli distribution modelling the
presence/absence of the species, and a gamma distribution modelling the value of the
abundance provided the species is present. Both model parts share a common spatial
random field, up to a constant b that is needed because both parts use different link
functions: logit for the Bernouilli part and log for the gamma part. The smoothers of the
cofactors are kept separate between the Bernouilli and gamma parts.
The model fitted is specified as follows:
𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖𝑠
𝐸[𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖𝑠 ]

~
=

𝑉𝑎𝑟[𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖𝑠 ]

=

𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑠 )

=

𝑙𝑜𝑔(𝜇𝑖𝑠 )

=

𝑢𝑖𝑠

~

𝑍𝐴𝐺(𝜇𝑖𝑠 , 𝜋𝑖𝑠 , 𝑟)
𝜋𝑖𝑠 × 𝜇𝑖𝑠
𝜋𝑖𝑠 × 𝑟 + 𝜋𝑖𝑠 − 𝜋𝑖𝑠 2 × 𝑟
2
+ 𝜇𝑖𝑠
𝑟
𝛾1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑏 × 𝑢𝑖
𝛽1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑢𝑖𝑠
𝑁(0, Ω)

Where ZAG stands for Zero-adjusted Gamma model with three parameters. Subscript i
denotes space and subscript s denotes time. The expected value at a particular time and
place is linked through a logit link in the case of the Bernouilli part of the model, and through
a log-link for the Gamma part. The linear predictive equation contains the factor year and
smoothing functions for the environmental factors median bottom shear stress during flood,
median wave bottom shear stress, salinity and grainsize. Finally, the linear term contains a
spatio-temporal random field that is a replicate model in time and that is shared (up to a
constant) between the two parts of the model.
The results of the model fitting consist of the relation with the cofactors, and the spatial
random fields for all years of observation.
The relation with the cofactors is very similar, per cofactor, between the Bernouilli part and
the gamma part of the model (Figure 8.2). Presence and abundance peak at a value of
bottom shear stress from flow of appr. 0.6 Pa, are only little influenced by waves, are
restricted to nearshore areas with slightly depressed salinity (< 31.5) and have some
preference for grain size around 250 µm.
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Presence/absence did not differ much between years, but the value of the year factor was
much higher (approximately a factor 3) in 2019 than in the other years. Indeed, 2019 was a
year when an exceptional spatfall of Ensis, that happened during the hot and dry summer of
2018, was first recorded in the samples of the WOT, which are taken in Spring before the
recruits of the year are retained on the sieve. Even though these recruits had already
survived their first winter, with all the mortality involved, they still outnumbered normal
abundance factors at an exceptionally high level.
The spatial random field of 2019 reflects this very high recruitment peak with the presence of
very strong hotspots in the near-coastal zone (Figure 8.3). Hotspots in other years
occasionally are shared by consecutive years, e.g. between 2017 and 2018, but in general
have little similarity from one year to another. Hotspots of abundance are mostly determined
by spatfall, which is a spatially heterogeneous process that leads to extremely high
abundances in some areas, but very low numbers in other areas where the cloud of settling
larvae has not hit the bottom.

76 van 165

Statistical analysis of effects of MSC Zoe incident on populations of protected species in
Wadden Sea and North Sea.
11206109-000-ZKS-0004, Versie 1.0, 10 mei 2021

Figure 8.2. Posterior mean values and 95 % credible intervals for all smoothers and the year effect obtained
by the ZAG model with a shared spatial-temporal replicate correlation. The figures on the left are for the
binary part and the figures on the right are for the Gamma part of the ZAG model applied to the Ensis
abundance data.
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Figure 8.3. Posterior mean values of the shared spatial-temporal random fields obtained by the ZAG model
applied to the Ensis abundance data.

The presence of an MSC Zoe effect is investigated by comparing two models, one with a
shared random field for 2018 and 2019, and one with separate random fields for both these
years. A DIC comparison of both models (Table 8.1) shows that a model with separate spatial
random fields for 2018 and 2019 is clearly better than the model with a shared field. This
means that the random fields of 2018 and 2019 substantially differ from one another.
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Table 8.1. DIC values of two ZAG GAMs with spatial-temporal replicate correlation. The full model in the first
row contains a spatial random field for each year. The sub-model in the second row also contains a spatial
random field for each year, except for the 2018 and 2019 data, which are modelled by 1 common spatial
random field.

Model

DIC

ZAG GAM + replicate SRF (2018 and 2019 separate)
ZAG GAM + replicate SRF (one field for 2018 and 2019)

16162.60
16364.69

When the differences between the spatial random fields of 2018 and 2019 are analyzed per
station, there were relatively many stations where the 95 % credible intervals of the posterior
distribution did not contain 0. Although this large number may have been influenced by the
fact that no correction for multiple testing has been applied, it corroborates the previous
conclusion that the spatial random fields of both years are substantially different. The spatial
location of the sites with large differences shows the correspondence with the hotspots of
recruitment in the year 2019. All large (‘credible’) differences were actually increases, with the
2019 value substantially higher than the 2018 value.

Figure 8.4. Posterior mean values of δi = ui,2019 – ui,2018 for stations I that were sampled in 2019 and 2018, and
for which the 95 % credible interval does not contain 0 (no correction for multiple testing has applied).

8.2.2
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Analysis of Biomass
The same model as for the abundance data was used. The response to the cofactors (Figure
8.5) was qualitatively similar to the response of the abundance data, but in general patterns
were quantitatively less expressed: less variation in space and time was present in the
biomass data, leading to lower coefficients for the regression on cofactors. The strong year
effect of 2019 was also seen in biomass, but also here the relative strength of the year 2019
is less expressed than in the abundance data: a factor 1.5-2 difference, instead of 3-4.
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Figure 8.5. Posterior mean values and 95 % credible intervals for all smoothers and the year effect obtained
by the ZAG model with a shared spatial-temporal replicate correlation. The figures on the left are for the
binary part and the figures on the right are for the Gamma part of the ZAG model applied to the Ensis
biomass data.

The spatially random fields for biomass differ with respect to the fields for abundance (Figure
8.6).In the model building for abundance, it was concluded that a model with separate spatial
random fields for each year was substantially better than a model with one common spatial
random field. The reverse is true for biomass. The spatial random fields of the different years
are quite similar in the position of hotspots and coldspots. A formal DIC test shows that a
model with a common spatial field is better than a model with spatial-temporal random fields.
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Figure 8.6. Posterior mean values of the shared spatial-temporal random fields obtained by the ZAG model
applied to the Ensis biomass data.

The comparison between abundance and biomass data shows that abundance is very much
influenced by the spatial and temporal vagaries of recruitment, where high numbers of
recruits are found in different places from year to year. However, biomass is much more
influenced by the heavy older animals. In order to be present as an older individual, animals
have to survive and grow for several years. Biomass is therefore much more influenced by
the factors that correlate to growth and survival. These factors are much more constant in
space and time. Much of the information has been ‘absorbed’ by the cofactors. The spatial
field is mostly a latent variable showing spatially organized information not covered by the
available cofactors but persistent in time.
In contrast to the abundance data, A DIC comparison (Table 8.2) shows that a model with
separate spatial random fields for 2018 and 2019 is worse than a model with a shared field.
This means that the random fields of 2018 and 2019 are essentially the same and no Zoe
effect can be seen.

81 van 165

Statistical analysis of effects of MSC Zoe incident on populations of protected species in
Wadden Sea and North Sea.
11206109-000-ZKS-0004, Versie 1.0, 10 mei 2021

Table 8.2. DIC values of two ZAG GAMs with spatial-temporal replicate correlation. The full model in the first
row contains a spatial random field for each year. The sub-model in the second row also contains a spatial
random field for each year, except for the 2018 and 2019 data, which are modelled by 1 common spatial
random field.

Model

DIC

ZAG GAM + replicate SRF (2018 and 2019 separate)
ZAG GAM + replicate SRF (one field for 2018 and 2019)

28937.77
28830.64

When analyzed by station, only three stations show a substantial difference (with a credible
interval not encompassing 0). All three concern increases in 2019, compared to 2018.

8.3

Discussion
Ensis leei has a high reproductive capacity, short generation time, rapid growth and, thus,
has all characteristics of a successful “r” strategist invader (Gollasch et al 2015). Pelagic
larvae of E. leei are present almost year-round (Witbaard et al 2015). It further has little
requirements regarding its environment (Houziaux et al 2011). Thus, the Dutch coastal area
is very suitable for this species. This is in agreement with habitat suitability mapping of the
WOT data from the period 1995-2009 (De Mesel et al 2011). Only some areas in the southwest and north-west of Texel and Vlieland appeared less suitable (Figure 8.7).
In the study of De Mesel et al (2011), the most important environmental variables explaining
the presence/absence were mean salinity, minimum salinity, depth, median grainsize,
maximum current velocity and the bathymetric position index. The response curves show a
preference for higher salinities (>22 psu) with a slight decrease at 32 psu. The lower limit is in
agreement with Skov et al (2008) who did not find razor clams at salinities below 20 psu.
Maximum velocities should not be too high: < 0.4 m/s. There is a positive response for
sediments with median grain sizes up to 200 µm, a negative response above 400 µm.
Variables reflecting impact of waves were not available at that time. Thus, the present results
are in line with the results of De Mesel et al (2011), except for median grain size. The range
in the present study is smaller.
Variability in recruitment is a striking feature of the life histories of most marine invertebrates
with a major impact on the population dynamics. Recruitment dynamics of E. leei is not
regular and shows strong year-to-year variability (Armonies and Reise, 1999; Beukema and
Dekker, 1995). In most years there seems to be a rather low recruitment, and from time to
time a strong one (Perdon et al 2019). The year 2018 was such a year. The stock of razor
shells showed an increase in numbers with a factor 3 due to a relatively large amount of
small specimens, mostly between 3 and 5 cm length (Perdon et al 2019). More than 80% of
the stock was found north of the Wadden islands, of which 98% were small specimens. But
also in other parts of the Dutch coastal zone the stocks were dominated by small individuals,
about 80%. Houziaux et al (2011) noticed that largest abundance patches of juveniles occur
just next to larger abundance patches of adults. The authors suggest that the distribution of
juveniles near the adult patches would then mirror optimum habitat for post-settlement
survival, pointing at areas suitable and available for colonization. The larvae likely find a
suitable ground to grow as older specimens die and are expelled.
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Figure 8.7. Probability of occurrence of Ensis sp.in the Dutch coastal zone as predicted by the BRT-model
(De Mesel et al 2011).

However, yearly changes of areas with high recruitment might also be related to other
factors. In the Voordelta (south-west Netherlands) successful recruitment was often restricted
to different subareas, independent of presence of older specimen (Craeymeersch et al 2015).
This might be environmentally driven but could also be human activity related. Tulp et al
(2020 report an increase in E. leei after an experimental fishery in the Wadden Sea. This
apparently is a response of this species to relocate and quickly colonize space, that became
vacant because the original inhabitants were disturbed, removed or died. Thus, recruitment
might be enhanced due to disturbance of the sediment or removal of competitors or predators
(Prins et al 2020).

8.4

Conclusions
In conclusion, the results from the statistical analyses indeed reflect spatial and temporal
differences in recruitment success, resulting from very heterogeneous processes. And the
differences between 2018 and 2019 are most likely due to natural phenomena and not a Zoe
effect.
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9

The Cut Through shell, Spisula subtruncata.

9.1

Biology and ecology
Description: the asymmetrical triangular (more rounded on one side) and thick shell can be
up to 35mm long (Figure 9.1). The outer shell surface is off-white with a grey-yellowish
epidermis and growth lines are clearly distinguishable. Hinge mainly internal (Bruyne et al.,
2013).

Figure 9.1. Shell of Spisula subtruncata. Source: Wikimedia.

Distribution and habitat: S. subtruncata is a common species occurring in shallow coastal
waters from Norway to Western Africa, the Canary Islands and the Mediterranean (Hayward
& Ryland, 2017). It occurs mainly between 2 and 20m depth (Rueda & Smaal, 2004). It can
be found along the entire Dutch coast (De Mesel et al., 2011; Troost et al., 2021) and lives
buried in shallow soft bottoms (Cardoso et al., 2007), from fine to coarse sand and mud
(Degraer et al., 2006). It can burrow quickly using a thick pointed foot (Yonge, 1948).
Feeding: S. subtruncata is a filter-feeding bivalve (suspension-feeder) (Rueda & Smaal,
2004). No information has been found about the specific mechanism of filter-feeding by S.
subtruncata, but it will be similar to other filter-feeding bivalves. Filter-feeding bivalves collect
their food by filtering and sorting particles from the water column (Gosling, 2003; Troost,
2009). The siphons extend to a maximum length of 8mm and when burrowed, only the tips
can be visible above the surface (Yonge, 1948). The inner lobe of the inhalant siphon is
represented by a ring of large, with intermingled small, tentacles around the opening. The
tentacles prevent large particles from entering with the inhalant current (Yonge, 1948). The
ciliated gills create a water current which flows into the inhalant siphon, between the gills
(Gosling, 2003).
Predators: S. subtruncata is an important food source for shrimps (Pihl & Rosenberg, 1984),
demersal fishes (Braber & De Groot, 1973) and diving sea ducks like the common scoter
(Christensen et al., 1993; Leopold et al., 1995).
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Reproduction and development: S. subtruncata is a broadcast-spawning bivalve with
separate sexes. Spawning of S. subtruncata in Dutch coastal waters occurs in June or July at
a water temperature of about 15-17˚C (Cardoso et al., subm. ms in Cardoso et al., 2007),
which is in accordance with observations of Rueda and Smaal (2004), who found active
gonads from April to June. All individuals of S. subtruncata above 12mm shell length
(corresponding to the end of first year of life) developed gonads, suggesting that sexual
maturity is a function of size and not of age (Cardoso et al., 2007). Fertilization occurs in the
water column. Fertilized eggs (oocyte diameter 57.43μm (Cardoso et al., 2007)) will develop
to form a veliger larva which lives in the water column and feeds on algae with its velum. It
takes about one month after spawning for larvae to settle on the seafloor (Cardoso et al.,
2007). Settlement and recruitment success have a significant impact on the dynamics of S.
subtruncata populations. Adult suspension feeders may reduce settlement of larvae by
ingestion of settling larvae (André & Rosenberg, 1991). Unsuccessful settlement of spat or
predation during the first months might lead to a decline in population size (Cardoso et al.,
2007). S. subtruncata is a very fast-growing species (reaching 8-10 mm during the first 4-5
months, Kiorboe & Mohlenberg, 1981) with a life span of 1 to a maximum 5 years (Bruyne et
al., 2013; Kiorboe & Mohlenberg, 1981).
Abiotic tolerances: little is known about the abiotic tolerances of S. subtruncata. Salinity
should not be too low, which is probably related to the preferred depth of > 5m (De Mesel et
al., 2011). S. subtruncata seems to be sensitive to freezing temperatures (1998). Flow rates
are preferably lower than 0.45m/s (Craeymeersch et al., 2007).

Historical trends coastal zone
The S. subtruncata stock in the Dutch coastal zone has been assessed since 1995. The large
stock in the coastal zones in 1996 declined until 1999. In 2000 there was a short-lived peak
but after 2001 there was hardly any stock left. Fisheries switched in this period from S.
subtruncata to the invasive species Ensis leei, which was first introduced in the Dutch coastal
zone in 1982 (De Boer & De Bruyne, 1983). In spring 2017 the stock of S. subtruncata had
sharply increased due to an extremely large spatfall in the summer of 2016. The estimated
biomass of 2017 has never been higher since the beginning of the time series. The reason
for this sudden increase after such a long period of virtual absence is not known (Perdon et
al., 2019).

9.2

Data collection and analysis
The data have been collected in the WOT shellfish survey (chapter 3.3). They are available
as abundance data (‘density’, N.m -2) and biomass data (‘biomass’, g WW m-2), where WW
stands for ‘wet weight’. Because of subsampling and different sample size per haul,
abundance data cannot be recalculated to integer numbers. Both abundance and biomass
are therefore modelled with statistical distributions for continuous-scale variables.
Physical co-factors are derived from the same source as the cofactors for the SIBES data in
the Wadden Sea. The available co-factors in the dataset show a high degree of collinearity.
Therefore, only a subsample of a few, relatively independent, cofactors can be used. For the
sake of consistency, the same variables as used in the Wadden Sea analysis (SIBES data)
have been used for the WOT data in the coastal zone. Note, however, that a different set of
(highly correlated) independent physical variables would have yielded a similar result. The
degree of collinearity within the set of cofactors used is limited.
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9.2.1

Analysis of Numerical Abundance
The raw data show that there are many stations with zero observations. The species is only
present in a limited subset of the stations. From year to year, the absolute values of the
abundance in the stations where the species is present can vary substantially. However,
spatially the presence of the species is very predictable from year to year. The zone north of
the island of Ameland is the core area for the presence of the species. To a lesser degree,
also the zone north of Terschelling often has stations with presence of the species.

Figure 9.2. Abundance of Spisula subtruncata in the coastal zone. Spatial locations of the absence-presence
and presence-only abundance data. Red dots are stations with zero abundance. The size of the blue dots is
proportional to the abundance values.
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A ZAG (Zero-altered Gamma) distribution was used to model the data. As explained in
Chapter 4.4, such distribution is composed of two parts, a Bernouilli distribution modelling the
presence/absence of the species, and a gamma distribution modelling the value of the
abundance provided the species is present. Both model parts share a common spatial
random field, up to a constant b that is needed because both parts use different link
functions: logit for the Bernouilli part and log for the gamma part. The smoothers of the
cofactors are kept separate between the Bernouilli and gamma parts.
The model fitted is specified as follows:
𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖𝑠
𝐸[𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖𝑠 ]

~
=

𝑉𝑎𝑟[𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖𝑠 ]

=

𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑠 )

=

𝑙𝑜𝑔(𝜇𝑖𝑠 )

=

𝑢𝑖𝑠

~

𝑍𝐴𝐺(𝜇𝑖𝑠 , 𝜋𝑖𝑠 , 𝑟)
𝜋𝑖𝑠 × 𝜇𝑖𝑠
𝜋𝑖𝑠 × 𝑟 + 𝜋𝑖𝑠 − 𝜋𝑖𝑠 2 × 𝑟
2
+ 𝜇𝑖𝑠
𝑟
𝛾1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑏 × 𝑢𝑖
𝛽1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑢𝑖𝑠
𝑁(0, Ω)

Where ZAG stands for Zero-adjusted Gamma model with three parameters. Subscript i
denotes space and subscript s denotes time. The expected value at a particular time and
place is linked through a logit link in the case of the Bernouilli part of the model, and through
a log-link for the Gamma part. The linear predictive equation contains the factor year and
smoothing functions for the environmental factors median bottom shear stress during flood,
median wave bottom shear stress, salinity and grainsize. Finally, the linear term contains a
spatio-temporal random field that is a replicate model in time and that is shared (up to a
constant) between the two parts of the model.
In contrast to what was the case for Ensis in these same samples, the effect of the cofactors
on the presence and abundance of Spisula subtruncata shows clear differences for the
Bernouilli part and the gamma part of the model (Figure 9.3). Waves have little impact on
either of the two parts. Bottom shear stress and sediment grain size are important factors
determining presence/absence of the species, but once present have little or no influence on
the numerical abundance. Salinity, in contrast, has a sharper influence on the numerical
abundance than on presence/absence. Provided the species is present, it will only show high
values of abundance in offshore, relatively saline waters. This pattern can also be seen in
Figure 9.2.
There are year-to-year variations in the probability of presence of the species, but much
wider variability between the years in the actual values of abundance. High abundance is
found in the years 2012, 2017, 2018 and 2019, with by far the highest peak in 2017. As was
the case for Ensis in 2019, this marks an exceptional spatfall year. However, in contrast to
the situation for Ensis, the places where this spatfall was mostly recorded, are the places
characterized with semi-permanent presence of the species, although some nichebroadening may have taken place during the exceptional spatfall.
The spatial-temporal random fields mostly show hotspots of abundance during the four highabundance years in the zones where the peaks of abundance occurred (Figure 9.4). These
zones then turn into coldspots during the low-abundance years.
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Figure 9.3. Posterior mean values and 95 % credible intervals for all smoothers and the year effect obtained
by the ZAG model with a shared spatial-temporal replicate correlation. The figures on the left are for the
binary part and the figures on the right are for the Gamma part of the ZAG model applied to the Spisula
subtruncata abundance data.
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Figure 9.4. Posterior mean values of the shared spatial-temporal random fields obtained by the ZAG model
applied to the Spisula subtruncata abundance data.

The presence of a Zoe effect is investigated by comparing two models, one with a shared
random field for 2018 and 2019, and one with separate random fields for both these years. A
DIC comparison of both models (Table 9.1) shows that a model with a common spatial
random field for 2018 and 2019 is clearly better than the model with separate fields. This
means that no difference is detected between the random fields of 2018 and 2019.
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Table 9.1. DIC values of two ZAG GAMs with spatial-temporal replicate correlation. The full model in the first
row contains a spatial random field for each year. The sub-model in the second row also contains a spatial
random field for each year, except for the 2018 and 2019 data, which are modelled by 1 common spatial
random field.

Model

DIC

ZAG GAM + replicate SRF (2018 and 2019 separate)
ZAG GAM + replicate SRF (one field for 2018 and 2019)

8218.4
8115.5

An evaluation by station shows that only three stations have a credible posterior interval for
the difference that does not encompass 0, thus confirming this conclusion. There is no
statistical evidence for a possible Zoe effect.
9.2.2

Analysis of Biomass
In contrast to what was the case for Ensis, biomass and abundance data of Spisula
subtruncata are highly correlated. A Pearson correlation coefficient of 0.9 between the two
data sets was found. As a consequence, the results of the analysis of the biomass data were
very similar to the results of the abundance data. We will not repeat the results on the
cofactors and the spatial random fields but concentrate only on the detection of a possible
Zoe effect.
Table 9.2 shows that a model with separate spatial random fields for 2018 and 2019 is worse
than a model with a shared field. This means that the random fields of 2018 and 2019 are
essentially the same and no Zoe effect can be seen. This result is the same as that for
abundance of Spisula subtruncata.
Table 9.2. DIC values of two ZAG GAMs with spatial-temporal replicate correlation. The full model in the first
row contains a spatial random field for each year. The sub-model in the second row also contains a spatial
random field for each year, except for the 2018 and 2019 data, which are modelled by 1 common spatial
random field.

Model

DIC

ZAG GAM + replicate SRF (2018 and 2019 separate)
ZAG GAM + replicate SRF (one field for 2018 and 2019)

10174
10056

When analyzed by station, only two stations show a substantial difference (with a credible
interval not encompassing 0).

9.3

Discussion
As with many other benthic species in the marine environment, the spatial and temporal
distribution and abundance of Spisula subtruncata is highly variable (Craeymeersch et al
2001, Degraer et al., 2007, Baptist & Leopold 2009). Spisula was very abundant along large
parts of the Dutch coast in the 1990s, but during the period 2000–2005 numbers declined
(Craeymeersch et al 2001, Baptist & Leopold 2009). Only recently a new successful
recruitment was reported, in 2016 (Troost et al 2017).
In 2017, the biomass stock was the highest since 1995 and further increased the years after,
up to 2019. In that year 70% of the biomass was found north of the Wadden islands. In 2020
the stock started decreasing again (Troost, pers. comm.).
In general, recruitment dynamics of S. subtruncata are much more stochastic than that of E.
leei. In the twentieth century, high densities of S. subtruncata were found in the 1930s, early
1960s, at the end of the 1970’s and early 1980s and the 1990s. Low population sizes might
result from unsuccessful settlement and/or severe predation by benthic predators during the
first months of life (Cardoso et al 2007).
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One of the factors that influences the settlement success is the wind direction and force
during the pelagic larval phase, which for Spisula lasts one month (Cardoso et al., 2007). The
resulting hydrographic patterns determine where the postlarval stage ends up, so where the
spatfall takes place. If spatfall takes place in a favorable environment, a new Spisula bed may
be formed (Belgrano et al., 1995; Armonies et al., 2001; Ellien et al., 2004; Baptist & Leopold,
2009). Craeymeersch and Perdon (2006) tried to link data on wind direction and wind force to
the reproduction success of North Sea S. subtruncata but did not find a good correlation.

Figure 9.5. Probability of occurrence of Spisula subtruncata in the Dutch coastal zone as predicted by the
BRT-model (De Mesel et al 2011)

In contrast to Ensis leei, high concentrations of S. subtruncata are only found in some areas.
This could also be seen in the habitat suitability map made on the basis of the WOT data
over the period 1995-2009 (De Mesel et al 2011) (Figure 9.5). In the study of De Mesel et al
(2011), the most important environmental variables explaining the presence/absence of S.
subtruncata were minimum current direction, mean salinity, median and maximum current
velocity, minimum salinity, bathymetric position index, slope, depth and median grain size.
The response curves show an optimum salinity between 20 and 28 psu. Maximum velocities
should not be too high: median values < 0.4 m/s and maximum values < 0.45 m/s. They do
not like sediments with a median grain size above 400 µm. Variables reflecting impact of
waves were not available at that time. Skov et al (2008) found a negative relation with median
grain size. Minimum current direction should be interpreted as a proxy for geographical
position: high north of the Wadden islands, low in the coastal areas of North and South
Holland. The species is mostly found at relatively flat seabed bottoms (BPI-zone 7, slope <
1%). Thus, the present results are in line with the results of De Mesel et al (2011).
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9.4

Conclusions
The recruitment dynamics of S. subtruncata are rather stochastic, resulting in only a few
years with high recruitment. Moreover, such successful recruitment is not always in the same
areas, although some zones are certainly more suitable than others. The last good
recruitment north of the Wadden islands was in 2016. Population structure and stock size are
determined by growth and mortality of that year class in the subsequent years. In line with
this trend, the population in 2019 was not really different from that in 2018, except that
biomass stock still increased. No Zoe effect could be detected in the data of this species.
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10

The Mussel (Mytilus edulis)

10.1

Biology and ecology
Description: the inequilateral and elongated triangular shell has a smooth surface with a
sculpturing of concentric lines, but no radiating ribs (Figure 10.1). The shell color varies from
blue or purple to brownish. Length varies usually between 50 – 100 mm (Tyler-Walters,
2008). On the inside is a small anterior adductor scar and a large posterior adductor muscle
scar (Bruyne et al., 2013).

Figure 10.1. Mytilus edulis (Blue mussel). Photographer: Oscar Bos.

Distribution and habitat: M. edulis is a widely distributed species in the boreal regions of the
northern hemisphere, from the western border of the Kara Sea, South to the Mediterranean.
Western coast of Canada South to Carolina, California, Japan and several regions in SouthAmerica (Tyler-Walters, 2008). It occurs from the high intertidal (to ca. 5 m) to the shallow
subtidal area. In Europe it can be found on all coasts with suitable substrate, where it is
attached by fibrous byssus threads to rocks and piers, within harbors and estuaries. It can
also occur on rocky shores of the open coast, where they can occur in dense beds (TylerWalters, 2008). Mussel beds provide refuge and habitat for a range of other species (Bouma
et al., 2009). As such, they contribute to biogenic reefs that are considered an essential
quality element of the protected habitats under Natura2000. In the Dutch Wadden sea
mussels mainly occur in mussel beds formed on the muddy to sandy bottoms in the intertidal
and subtidal (Dankers & Fey-Hofstede, 2015; Folmer et al., 2017).
Feeding: mussels are filter-feeders (suspension-feeders), collecting their food by filtering and
sorting particles from the water column (Gosling, 2003). The ciliated gills create a water
current which flows into the inhalant siphon, between the gills. The inhalant and exhalant
siphons extend several millimeters beyond the margin of the shell (Gosling, 2003). Mussel
larvae have maximum retention efficiencies for particles (algae) of 2-6 µm (Sprung, 1984)
and particles > 9 µm are not retained (Riisgard et al., 1980).
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A review study reported clearance rates for 1 g M. edulis varying from app. 1 to over 7 l/h
(Riisgård, 2001). Clearance rate of C. edule was found to be higher than M. edulis at
comparable body weight (Møhlenberg & Riisgård, 1979). Mussels feed on phytoplankton,
zooplankton, protists and dead particulate organic matter (Bayne, 1976, 1998). Particles
larger than 4 µm are filtered by the gills of mussels with 100 percent efficiency (Møhlenberg &
Riisgård, 1978), as long as they do not escape (Troost et al., 2008).
Predators: mussels are an important food source for a variety of predatory species. The
Wadden Sea intertidal mussels are preyed on by shore birds (e.g. oystercatchers, herring
gulls) and crabs, while subtidal mussels are a food source for mainly starfish, molluscivorous
ducks, and also crabs and different fish species (Agüera García, 2015; Cervencl et al., 2015;
Tyler-Walters, 2008).
Reproduction and development: M. edulis is a broadcast-spawning bivalve with separate
sexes. Females may produce about 5-12 million eggs per spawning (Helm, 2004). Spawning
occurs usually in early summer, when the water temperature exceeds 12˚C (Dankers & FeyHofstede, 2015). Fertilization occurs in the water column. Fertilized eggs (60-90 μm) will after
about 2 days develop into a veliger larva (Gosling, 2003). In this stage, the larvae obtain their
nutrition by active feeding using their ciliated velum (Widdows, 1991). Veligers continue to
develop into the pediveliger stage, in which the larvae develop a foot and the velum
degenerates (Gosling, 2003). The larvae will settle on a suitable substrate and
metamorphose into the benthic juvenile stage, app. 3 weeks after fertilization (Bayne, 1971).
Settlement and recruitment success have a significant impact on the dynamics of mussel
populations. Adult suspension feeders may reduce settlement of larvae by ingestion of
settling larvae (De Montaudouin & Bachelet, 1997). Adult edible cockles, blue mussels and
Pacific oysters filter and for a large part ingest M. edulis and C. gigas larvae (Troost, 2009).
High shore populations can be composed of numerous year classes (Seed, 1969).
Abiotic tolerances: M. edulis is well acclimated for temperatures between 5-20˚C, with an
upper thermal tolerance of about 29˚C (Read & Cumming, 1967). They can survive
occasional sharp freezing temperatures (Tyler-Walters, 2008). M. edulis is tolerant to a wide
range of salinities, varying from 5-40psu (Tyler-Walters, 2008). Survival of larvae at salinities
from 15 to 40 psu is good at temperatures between 5-20˚C; optimal growth occurs at 20˚C
and salinities between 25 and 30 psu (Brenko & Calabrese, 1969).

Historical trends Wadden Sea
In the early 1990s, almost no mussel beds remained on the tidal flats in the Wadden Sea
(Troost et al., 2012). In about 10 years’ time, the intertidal area of mussel beds had increased
again to about 2000 ha and remains about this size. The majority can be found in the Eastern
Wadden Sea (Troost et al., 2012). Around 2000, with the rise of the Pacific oyster
(Crassostrea gigas) major changes occurred because the oysters settled in mussel beds,
creating ‘mixed’ beds (Troost et al., 2021). The composition of intertidal mussel/oyster beds is
highly dependent on the amount of mussel spatfall. In the few years following a major spatfall
in 2016, the composition shifted toward more than half of the beds consisting of mussels
only. (Troost et al., 2021). The average life span of pure mussel beds is 3,43 years and
survival chances significantly increase when mixed with Pacific oysters (van der Meer et al.,
2018). In the Western Wadden Sea, an analysis of long-term recruitment from 1955–2002
showed that abundant recruitment occurs on average once every two years in the subtidal
and once every four years in the intertidal areas (Van Stralen, 2002).
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10.2

Data collection and analysis
The data have been collected in the framework of the WOT shellfish survey in the Wadden
Sea. Details of the field methods are given in Chapter 3.2.
The data set comprises 10972 samples in the years 2012 to 2020. Data prior to 2011 were
not considered, as the number of samples in 2011 was much lower than in the other years. A
subset of samples in 2011, mostly in the Western part of the Wadden Sea, was rejected on
quality grounds.
The species was found in appr. 25 % of the samples. Abundance data were given as
numbers per m 2 but were not reducible to counts as various methods of subsampling and
recalculating to a m 2 basis were used. This excluded the use of distributions (Poisson,
negative binomial) for discrete variables. Instead, Zero-adjusted Gamma distribution was
used for modelling of both abundance and biomass data.
The same covariates as for the SIBES data were used. Model-derived variables were
interpolated from the model grid to the sampling locations. No measured grain size
information was available. The mean median grain size of the SIBES campaigns between
2012 and 2020 were spatially interpolated to the mussel sampling locations.

10.2.1
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Analysis of Numerical Abundance
The numerical abundance was modelled with a ZAG model with spatio-temporal correlation
fields. The model used is specified as follows:
A series of statistical models with increasing complexity was fitted to the data, including
Poisson, zero-inflated Poisson, negative binomial and zero-inflated negative binomial.
The final model fitted to the data is a zero-inflated negative binomial GAM with spatial and
temporal correlation fields.
The model is specified as follows:
𝑂𝑏𝑠𝑖𝑠
~ 𝑍𝐴𝐺(𝜇𝑖𝑠 , 𝜋𝑖𝑠 , 𝑟)
𝐸[𝑂𝑏𝑠𝑖𝑠 ]
= 𝜋𝑖𝑠 × 𝜇𝑖𝑠
𝜋𝑖𝑠 × 𝑟 + 𝜋𝑖𝑠 − 𝜋𝑖𝑠 2 × 𝑟
2
𝑉𝑎𝑟[𝑂𝑏𝑠𝑖𝑠 ] =
+ 𝜇𝑖𝑠
𝑟
𝑙𝑜𝑔𝑖𝑡(𝜋𝑖𝑠 ) = 𝛾1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑏 × 𝑢𝑖
𝑙𝑜𝑔(𝜇𝑖𝑠 )
= 𝛽1 + 𝑓(𝑡𝑎𝑢𝐹𝑙𝑜𝑜𝑑𝑖𝑠 ) + 𝑓(𝑡𝑎𝑢𝑊𝑎𝑣𝑒𝑖𝑠 ) + 𝑓(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦𝑖𝑠 ) +
𝑓(𝐺𝑟𝑎𝑖𝑛𝑠𝑖𝑧𝑒𝑖𝑠 ) + 𝑌𝑒𝑎𝑟𝑠 + 𝑢𝑖𝑠
𝑢𝑖𝑠
~ 𝑁(0, Ω)
Where ZAG stands for Zero-adjusted Gamma model with three parameters. Subscript i
denotes space and subscript s denotes time. The expected value at a particular time and
place is linked through a logit link in the case of the Bernouilli part of the model, and through
a log-link for the Gamma part. The linear predictive equation contains the factor year and
smoothing functions for the environmental factors median bottom shear stress during flood,
median wave bottom shear stress, salinity and grainsize. Finally, the linear term contains a
spatio-temporal random field that is a replicate model in time and that is shared (up to a
constant) between the two parts of the model.
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Figure 10.2. Posterior mean values and 95% credible intervals for all smoothers and the year effect obtained
by the ZAG model with a shared spatial-temporal replicate correlation. The figures on the left are for the
binary part and the figures on the right are for the Gamma part of the ZAG model applied on the M. edulis
abundance data.

The smoothers of the environmental factors all affect the presence/absence of the species as
shown in the left-hand column of
Figure 10.2. However, only tauFlood affects the numerical value of the abundance in places
where the species is present.
The categorical factor year allows for spatially averaged effects of the year of sampling. It
shows high average probability to be present in the years 2017 and 2019. Where the species
was present, the average numerical abundance was highest in the years 2012 and 2017.
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Between 2018 and 2019, there was an increase in the average probability of occurrence, and
an increase in the average numerical abundance in places with presence.
The spatial fields of all years for this species are shown in Figure 10.3. These fields are
characterized by a patchy set of hotspots and coldspots with a limited spatial scale. From
year to year, the pattern is rather variable.

Figure 10.3. Posterior mean values of the shared spatial-temporal random fields obtained by the ZAG model
applied on the M. edulis abundance data.
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The effect of the MSC Zoe incident was estimated by comparing two statistical models that
differ in the specification of the random fields. In the first model, every year has a separate
spatial correlation field. In the second model, only a single spatial field was used for both the
years 2018 and 2019. Based on DIC, the latter model was clearly to be preferred. (Table
10.1).
Table 10.1. DIC values of two ZINB GAMs with spatial-temporal replicate correlation. The full model in the first
row contains a spatial random field for each year. The sub-model in the second row also contains a spatial
random field for each year, except for the 2018 and 2019 data. These are modelled by 1 spatial random field.

Model

DIC

ZAG GAM + replicate SRF (2018 and 2019 separate)
ZAG GAM + replicate SRF (one field for 2018 and 2019)

39362
39903

This implies that there was very little information in the data that justified the use of extra
parameters to separate the fields of 2018 and 2019, or more generally put that there was no
reason to conclude that the spatial pattern of the species in 2019 was different from the
pattern in 2018.
The conclusion based on the comparison of the model with and without a common field for
the two years 2018 and 2019, was further corroborated by analyzing the posterior probability
distribution of the differences δi between the spatial fields of 2018 and 2019 for each of the
sampling locations that were sampled in both years. Differences are deemed ‘important’ if 0
is not included in the 95 % credible interval for the difference.
There were 30 stations where the difference 𝛿𝑖 = u𝑖,2019 − u𝑖,2018 was important. This
represents 2.49% of the stations. From these 30 changes, 24 changes were an increase, and
6 were a decrease from 2018 to 2019.
The stations with large differences between the spatial fields are highlighted in Figure 10.4.
They are spatially clustered in four groups, three of which saw an increase between 2018 and
2019. Most important differences are spatially concentrated in the eastern Wadden Sea.

Figure 10.4. Mytilus edulis abundance: Posterior mean values of 𝛿𝑖 = u𝑖,2019 − u𝑖,2018 for stations 𝑖 that were
sampled in 2019 and 2018, and for which the 95% credible interval does not contain 0 (no correction for
multiple testing has been applied). Red symbols are increases from 2018 towards 2019, purple symbols are
decreases.
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10.2.2

Analysis of Biomass
Biomass data of M. edulis were also modelled with a ZAG distribution, with exactly the same
model formulation as used for abundance.
The smoothers for the environmental variables (Figure 10.5 )are very similar to the
smoothers of the abundance data (Figure 10.2). All factors affect presence/absence of
mussels, while only the bottom shear stress due to currents has a substantial influence on
the numerical value of the biomass in places where the species is present.
The year effects and the spatial-temporal random fields (Figure 10.6) are also similar to the
results obtained for abundance data.

Figure 10.5. Posterior mean values of all smoothers and the year effect obtained by the ZAG model with a
shared spatial random effect. The figures on the left are for the binary part, and the figures on the right are for
the Gamma part of the ZAG model applied on the biomass data of M. edulis.
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Figure 10.6. Posterior mean values of the shared spatial-temporal random fields obtained by the ZAG model
applied on the M. edulis biomass data.
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A comparison between a model with a separate spatial-temporal random field for every year,
and a model with a common field for the years 2018 and 2019, shows that the latter model is
a worse fit to the data ( Table 10.2). This contrasts with the result of the analysis of
abundance and highlights the differences between the spatial fields of 2018 and 2019.
Table 10.2. DIC values of two ZAG GAMs with spatial-temporal replicate correlation. The full model in the first
row contains a spatial random field for each year. The sub-model in the second row also contains a spatial
random field for each year, except for the 2018 and 2019 data. These are modelled by 1 spatial random field.

Model

DIC

ZAG GAM + replicate SRF (2018 and 2019 separate)
ZAG GAM + replicate SRF (one field for 2018 and 2019)

48042
48122

When examining the posterior mean values of the difference in the spatial random field
between 2018 and 2019, there are 12 stations where the difference 𝛿𝑖 = 𝑣𝑖,2019−𝑣𝑖,2018 is
important. This represents 0.99% of the stations. From these 12 changes, 7 changes are an
increase, and 5 are a decrease from 2018 to 2019.

Figure 10.7. Mytilus edulis biomass: posterior mean values of 𝛿𝑖 = u𝑖,2019 − u𝑖,2018 for stations 𝑖 that were
sampled in 2019 and 2018, and for which the 95% credible interval does not contain 0 (no correction for
multiple testing has been applied). Red symbols are increases from 2018 towards 2019, purple symbols are
decreases.

As for abundance, the areas of important increase and decrease are spatially clustered and
mainly observed in the north-eastern part of the Wadden Sea (Figure 10.7).
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10.3

Discussion
As is the case for most shellfish species, the population of mussels in the Wadden Sea is
strongly determined by the stochasticity of the recruitment process. The fact that recruitment
is unsuccessful in most years, especially in the intertidal (Van Stralen, 2002), and the low
survival of young, recently settled beds (van der Meer et al., 2018), was the cause for the
very long restoration time after the near-disappearance of intertidal mussel beds in the early
1990s. However, after the recovery, mussel populations have remained stable on the long
run, but strongly fluctuating at the year-to-year scale (Troost et al., 2021).
In the data set studied here, the highest recruitment was found in 2016. Judging from the
probability of presence and the average number when present in 2019, recruitment in 2018
was smaller than in 2016, but higher than in other years.
As mussels are gregarious animals, high density values are always spatially concentrated in
mussel beds. Locally, very high biomass values are attained. Many places in the Wadden
Sea are suitable for settlement of mussels (Brinkman et al., 2002), but as the total area of
mussel beds is restricted and relatively constant on the long run, only a fraction of these are
actually occupied with mussels. The spatial fields, that have relatively small hotspots and
coldspots, reflect this pattern.
The spatial fields of biomass showed some differences between 2018 and 2019. When
analyzed per sampling point, this appeared to be the case in only a very limited number of
points, but the local differences were sometimes large. In half the cases, the difference was
an increase, in the other half it was a decrease. Such a pattern is to be expected where the
population numbers and biomass are either high (within a mussel bed) or very low (outside
the beds) and the precise occurrence of the beds cannot be accurately predicted by the
cofactors. The spatial random fields then show the occurrence of beds. Comparison of the
fields show that hotspots tend to remain for a number of years before they disappear, in
accordance to the dynamics of the beds.
In the background of these dynamics, the small differences between the spatial random fields
of 2018 and 2019, cannot be interpreted as a consequence of the MSC Zoe incident, as
natural causes for the variability are much more likely.

10.4

Conclusion
The dynamics of the mussel population in the Wadden Sea are determined by the stochastic
nature of recruitment processes, and by the gregarious occurrence of mussels in organized
beds. Small differences found between the spatial random fields of 2018 and 2019 can well
be explained by these dynamics. It is very unlikely that any difference found was caused by
the MSC Zoe incident.
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11

The Eider Duck (Somateria mollissima)

11.1

Biology and ecology
Eiders are large, robust seaducks that live along rocky shores and sandy coastlines and
estuaries in the North Atlantic and North Pacific. There is probably very little, if any exchange
between these two separate populations (Voous 1960). Eiders do migrate, but over relatively
small distances. The Wadden Sea is nearly at the southern breeding range of the species,
with only small numbers breeding further south, in the Dutch Delta area (Smit 2018), Belgium
and France (Keller et al. 2020), only very few migrate further south than France and reach
the Mediterranean and the Black Sea: some have even bred here (Ardamatskaya 2001;
BirdLife International 2021). The European strongholds of the species are in the Baltic, along
the coasts of Norway and in the international Wadden Sea. Within the Netherlands, most
birds are found in the central and eastern Wadden Sea (Swennen et al. 1989; Smit 2018).
Birds breeding in northern Europe, e.g., in the Faroes, in Iceland and Svalbard have a slightly
different appearance and belong to a different subspecies than the nominate that breeds and
winters in the Netherlands (BirdLife International 2021). Although some of these northern
birds may reach the British Isles in winter, their occurrence in the Netherlands is, at best,
exceptional (Leopold 2005).
Eiders, being seabirds, have a long potential lifespan. From ringing records, the oldest known
bird was >36yrs (Fransson et al. 2017). Their potential for population growth is large for
seabirds, with their average clutch size of about 5 eggs (Bregnballe 2002). However, eiders
only started breeding in the Netherlands in 1906, on Vlieland (Swennen 1976) and their
numbers increased only slowly to a peak of 10800 breeding pairs around the year 2000 (Kats
2007), after which numbers declined again (Smit 2018). In the Netherlands eiders have
suffered several mass mortality events, from pollutants (Swennen & Spaans 1970) oil spills
(Swennen 1972) and food shortages (Camphuysen et al. 2002). The sizes of the wintering
population in the Netherlands is much larger than the breeding population, as large numbers
of birds from further north (mainly from the Baltic) come to the Wadden Sea to winter.
Numbers have increased greatly in the 20th century, probably aided by both nature
conservation (protection) and an ample food supply at mussel culture plots (Swennen 1976;
Swennen et al. 1989; Kats 2007). However, wintering numbers have decreased recently,
from ca. 100-150 000 birds in the years 1993-2005, to ca. 50-100 000 in 1996-2020 (Sluijter
et al. 2020). The conservation status in Europe of the eider has recently been uplisted to
Near Threatened because of the moderate declines seen in many parts of its range (BirdLife
International 2021); the current decline in the Netherlands is not just a local phenomenon.

11.2

Interaction with plastics and salvage operations after the MSC Zoe
incident
In the Netherlands, Eiders prefer marine, relatively sheltered and shallow waters, rich in
bivalves. Their principal habitats are in the Wadden Sea, where mussels (preferably the thinshelled ones on culture plots) and cockles are the preferred foods (Swennen 1976; Kats
2007). When these preferred foods are scarce, or other bivalves are abundantly present,
eiders may switch to e.g., through shells (Spisula) or razor clams (Ensis) (Leopold et al.
2001; Ens et al. 2006; Tulp et al. 2010). The diet is broad, however, and includes, besides
bivalves also gastropods, crustaceans, echinoderms, and even fish (Leopold et al. 2001). If
any of these prey animals contain contaminants, e.g. plastic particles from the Zoe spill,
eiders might ingest these. As eiders are used to foods that are hard-shelled, with lots of
indigestible material, they might also ingest plastic particles directly, if these cover shellfish
beds, or lie between shellfish on the sea floor.
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The large-scale, post-spill salvage operations, aimed at recovering as many lost containers
as possible, will have disturbed seaducks, including eiders, in the area of operation, and
hampered feeding in the North Sea coastal waters north of the Dutch Wadden isles.

11.3

Data collection and analysis
The data set consists of aerial counts of the species (see chapter 3.4) collected between
1993 and 2020 by the observers Rijkswaterstaat and WMR. In the observation years, not all
months are covered with countings. For the species, only the winter months are relevant. In
order to avoid an excessive number of unavailable observations, the analysis has been
restricted to the months December, January and February. In this series, there are also
missing observations.
The countings have been grouped in 10 areas, 4 in the Wadden Sea (A1 to A4) and 6 in the
North Sea coastal area (A5 to A10).
The raw time series in the different areas reveal that there are large differences between
areas in the average number of birds counted. Moreover, the trend in time seems to be very
different for North Sea areas (virtual disappearance of the species after 2005-2010) and the
Wadden Sea (much more steady presence in the long run, but large fluctuations between
years). Figure 11.1 illustrates the counting areas and the raw trends in the time series.
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Figure 11.1. Map of the counting areas (top) and raw time series of the counts in the 10 areas (bottom). Note
the different y-scales used in the graphs. Observation points have been connected with lines within each area
for clarity, but not all areas have been covered on all observation dates.

For the model building every observation point (count of birds) is associated with an area, a
moment in time and an observer (RWS or WMR). In all models fitted, it has been assumed
that the data follow a negative binomial distribution. The first model uses a common trend for
all areas. The areas can have a different intercept, which is modelled as a fixed factor, but
the time course is the same. As this model did not capture the essence of the data, it was
changed into a model where every area is allowed to have a different trend, with the trends
independently sampled from a statistical distribution. This model improved the fit, but the
assumption of (spatial) independence of the trends could not be maintained. Neighboring
areas have more similar trends than areas far apart. Therefore, a final model fitted trends in
the different areas that are spatially correlated. That provided a satisfactory model to the
data.
The time trend is modelled as a Random Walk trend. Spatial correlation between trends of
neighboring areas are modelled using CAR autocorrelation. (Chapter 4.5)
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The final model fitted to the data has a negative binomial distribution, separate trends fitted to
each area but with spatially correlated intercepts. The model is specified by the following
prescription:
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ∼ 𝑁𝐵(𝜇𝑖𝑠 , 𝜃)
𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠 +

log(𝜇𝑖𝑠 )

=

2
𝜇𝑖𝑠
𝜃
𝛽1 + 𝑓𝑖 (𝑇𝑖𝑚𝑒𝑖𝑠 ) + 𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑟𝑠 + 𝑢𝑖

𝑓𝑖 (𝑇𝑖𝑚𝑒𝑖𝑠 )

=

𝑅𝑊1

𝑢𝑖 ~ 𝐶𝐴𝑅
Where NB stands for negative binomial distribution with parameters mean and dispersion
parameter. E[Y] is the expected value of Y, given by the mean of the negative binomial. Var[]
is the variance operator. Its specification follows the definition of the negative binomial
distribution. The expected value is log-linked to a linear equation that contains an intercept, a
Random Walk Trend smoother of time, and a spatially correlated random intercept that is
specified according to CAR correlation.
The main result of the model is formed by the trends in the 10 counting areas (Figure 11.2).
The time smoother in the four Wadden areas is relatively flat. It has 0 in its 95 % credible
interval at all times. This indicates that in the longer run, there is little or no trend in the
numbers of eider ducks in the Wadden Sea. This is very different for the North Sea counting
areas. All of the time smoothers cross the y=0 line at some point, but the time is different for
the different areas. It happened latest (around 2010 only) in areas A5 and A6, and in area A5
numbers have started to go up again as of 2017. The other areas A7 – A10 lost their ducks
earlier (between 2005-2010), and no recovery is visible.

Figure 11.2. Posterior mean values and 95 % credible intervals for all smoothers in the negative binomial
GAM with CAR correlation. A vertical red line is drawn at January 2019 in each panel.

The random intercepts of the ten areas are correlated in space, as is shown in Figure 11.3.
The ‘hotspot’ for eider ducks is the western Wadden Sea and in particular the Vlie tidal basin.
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Figure 11.3. Posterior mean values of the random intercept ui. The NB GAM with CAR spatial correlation was
used.

Effects of the MSC Zoe incident are not apparent when inspecting the temporal smoothers in
Figure 11.2 around the red line. The comparison has formally been executed by calculating,
for each area, the posterior probability distribution of the difference between the trend in
January 2019 with January 2018 on the one hand (T2019-T2018), and with January 2020 on
the other hand (T2020-T2019). The results of this analysis are summarized in Figure 11.4.
Only for area 5, the credible interval for the comparison with 2020 does not encompass zero.
This area has an increasing trend since 2017 and that increasing trend is reflected in these
differences. It is impossible, however, that a change that has been ongoing since several
years before the Zoe incident, would be caused by the latter. For the other North Sea areas
we see that there is in general a slight decrease of the trend from year to year, but the values
of the comparisons with 2018 and 2020 are very similar and, again, do not point to any
disturbance of the time series. Moreover, in these cases zero is a very likely value for the
difference.
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Figure 11.4. Changes in the trend between 2019 and surrounding years. In blue the difference of the trend
with 2018 (value in 2019 minus value in 2018) is shown for the 10 areas. In red the difference with 2020
(value 2020 minus value 2019). Shown are the 95 % credible intervals of the posterior distribution of the
difference. Dots denote the mean difference.

11.4

Discussion
Eiders and common scoters traditionally show quite different distribution patterns in the
Netherlands, but these patterns have changed over time. Eiders are, largely, typical ducks of
the Wadden Sea. They breed on the islands, and winter, in large numbers, in the Wadden
Sea where their main prey species are mussels Mytilus edulis and cockles Cerastoderma
edule. The wintering numbers are much larger than those of the local breeding population, as
large numbers of migrants from the Baltic region come here in winter. Only very small
numbers of eiders winter south of the Wadden Sea. Numbers of eiders in the Wadden Sea
have probably increased significantly, in response of mussel culturing, which provided ample,
readily available, and good quality food for these diving ducks. Only when stocks of both
mussels and cockles were extremely low in the Wadden Sea in the early 1990’s, did the
eiders move to the North Sea, where they joined the large flocks of common scoters (Leopold
1993; Camphuysen et al. 2002).
Both species of sea duck swallow their prey whole, crush the shells in their muscular gizzard
(stomach), digest the contents and defecate the shell fragments. Their foraging takes a lot of
energy and they roughly consume a daily amount of shellfish, equal to their own body mass.
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As they must dive for their food, and must obtain their prey partly by underwater digging, they
are probably rather indiscriminatory while ingesting food. Therefore, small stones, sand, but
also human artefacts such as pellets lost by the MSC Zoe, might be gobbled up by these
diving ducks, when feeding at the seafloor. Both species are also easily disturbed by
shipping, and the salvage operations for the lost containers and their contents, might have
displaced the ducks. Therefore, it was conceivable that numbers of ducks might have
dropped after the MSC Zoe had lost part of her cargo, either through the associated
disturbance (North Sea coastal waters) or through detrimental effects of the lost cargo (North
Sea and Wadden Sea).
Counting methods of sea ducks have changed for the North Sea coastal area, but not for the
Wadden Sea, which is the most important area of eider ducks. The negative trend and
disappearance of the eider duck from the North Sea cannot be a consequence of
methodological changes, because the methods have improved over time and the possibility
to detect isolated birds is higher in recent years than before.
The reason for the declining trend in the North Sea is not well known. The trend may find its
cause in the Netherlands, but also in the summer staging areas of the species or in a change
in wintering migration.
Analysis of the time trend did not reveal any change that can be linked to the MSC Zoe
incident. In one area, there was an important difference between the trend value in 2019 and
the surrounding values. This was, however, part of a trend that had been ongoing since 2017
and that was not visually changed in 2019 compared to the years before and the year after.

11.5

Conclusion
The data reveal an ongoing pattern of change in the winter distribution of the eider duck
between the Wadden Sea and the coastal North Sea. In recent years, numbers are
concentrated in the Wadden Sea, although recently one of the North Sea areas saw a small
increase.
Trends were steady around the year 2019 when the MSC Zoe incident happened. In one
area, the trend value of 2019 is different from the year before and the year after, but this
difference is part of an ongoing trend that had started two years earlier.
We conclude that no effects of the MSC Zoe incident, caused by either the plastics lost or the
salvage operations, is visible in the data.
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12

The Common Scoter (Melanitta nigra)

12.1

Biology and ecology
Common scoters are medium-sized sea ducks that breed mostly in boreal and tundra
habitats, from Greenland to Russia, and south to the British Isles (Voous 1960; Keller et al.
2020; BirdLife International 2021). The species does not breed in the Netherlands but is a
common winter visitor here (Poot 2018). Common scoters are highly migratory. The largest
concentrations of wintering birds are found in the Baltic (Durinck et al. 1994; Skov et al.
1995). Numbers in the Baltic, including Skagerrak/Kattegat are nearly ten times higher (up to
1 million birds; Durinck et al. 1994) than those wintering in the Netherlands (up to 135 000;
Leopold et al. 1995) and in the UK (135 000; Robinson 2005). Wintering scoters may be
found all along the Atlantic seaboard, south to Mauritania (BirdLife International 2021) but the
largest numbers are found in the regions mentioned above.
In many parts of its ranges, particularly in the Baltic, the species appears to be declining
significantly. A decline in wintering numbers is also seen in the Netherlands, where numbers
peaked in the early 1990s (Leopold et al. 1995; Sluijter et al. 2020) but declined from then on.
In the past ten years, numbers of wintering common scoters in the Netherlands fluctuated
between 30 000 and 60 000 with most birds residing in a core area north of the eastern
Wadden Islands (Terschelling-Ameland-Schiermonnikoog). While large numbers have
incidentally also occurred elsewhere in Dutch coastal waters, such as off Texel (Leopold et
al. 2014) or off the North-Holland mainland coast (Fijn et al. 2017), numbers in two other
formerly important areas, Voordelta (28 000 in 1980; Leopold et al. 1995) and the western
Wadden Sea (40 000 in the early 1960s; Swennen 1985) have been decimated, to only a few
thousands at most in recent years in each of these two areas. Despite these declines, due to
its large range and (still) large population size, the conservation status of the species does
not approach the thresholds for Vulnerable and its status is kept as Least Concern. However,
BirdLife International (2021) concludes that: “if surveys do not locate the numbers that
appeared to be missing from the Baltic Sea in recent years (2007-2009), this species is likely
to qualify for uplisting” (i.e. being given a conservation status).
There is some evidence, that common scoters were once very numerous in the western
Wadden Sea (Swennen 1985) and blue mussels may have been the staple food here. Blue
mussels are also the likely food of common scoters in the Baltic (Durinck et al. 1994). In both
these areas, the scoters were usually found in slightly deeper waters (5-15 m) than the
eiders. This is also true for the North Sea coastal zone in the Netherlands and Denmark, but
here Spisula subtruncata is the most important food source (Durinck et al. 1993; Leopold et
al. 1995). However, when Spisula is scarce, razor clams (Ensis) are a good alternative (Skov
et al. 2008; Tulp et al. 2010; Leopold et al. 2010; 2014; Schwemmer et al. 2019).

12.2

Interaction with plastics and salvage operations
Common scoters take a large variety of food species and anything seems to be acceptable,
as long as the prey occur at large densities and in the right size range (Fox 2003). If their
prey contain contaminants, e.g. plastic particles from the Zoe spill, common scoters might
ingest these. As scoters are used to foods that are hard-shelled, with lots of indigestible
material, they might also ingest plastic particles directly, if these cover shellfish beds, or lie
between shellfish on the sea floor. The large-scale, post-spill salvage operations, aimed at
recovering as many lost containers as possible, will have disturbed the common scoters, the
most numerous sea ducks in the area of operation at the time of the clean-up, and hampered
feeding in the North Sea coastal waters north of the Dutch Wadden isles.
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12.3

Data collection and analysis
The data set consists of aerial counts of the species (see chapter 3.4) collected between
1993 and 2020 by the observers Rijkswaterstaat and WMR. In the observation years, not all
months are covered with countings. For the species, only the winter months are relevant. In
order to avoid an excessive number of unavailable observations, the analysis has been
restricted to the months December, January and February. In this series, there are also
missing observations.
The focus of counting common scoters in the Netherlands was on North Sea coastal waters.
In the Wadden Sea, the focus was on counting eiders, while common scoters were always
counted in the margin of these eider counts, but in reality, coverage for common scoters in
the Wadden Sea was often incomplete and these data are not used in the analyses for
common scoters. Total numbers of common scoters counted in the Wadden Sea never
exceeded a few thousand, while numbers in North Sea coastal waters were in the tens of
thousands, in some years even over 100,000, so numbers in the Dutch Wadden Sea were
relatively insignificant.
The countings have been grouped in 6 areas in the North Sea coastal area, which
correspond exactly with the areas used in the analysis of eider duck data (chapter 11).
The earliest countings of common scoters were countings from boats, but since 1993 most
countings were performed from airplanes. Since 2004 plane countings are the only source of
information. Because the counting method is colinear with time, and to avoid contamination of
the time trend with methodological aspects, only the plane countings were used in the
analysis. Because of this restriction, only one observer (Rijkswaterstaat) has produced the
data. No term for observer had to be included in the statistical model.
The raw time series in the different areas (Figure 12.1) reveal the strong variability of the
number of common scoters in the Wadden Sea coastal area. In some years, peak numbers
of more than 100,000 ducks have been counted, whereas in other years the numbers were
very low. This extreme variability makes it difficult to discern clear trends in the data.

Figure 12.1. Map of the counting areas (left) and raw time series of the counts of common scoters in the six
areas. Note the different y-scales used in the graphs. Observation points have been connected with lines
within each area for clarity, but not all areas have been covered on all observation dates.

For the model building every observation point (count of birds) is associated with an area and
a moment in time. In all models fitted, it has been assumed that the data follow a negative
binomial distribution. As was the case for the eider duck, a first model with a common trend
for all areas did not capture the dynamics very well. This model is not explicitly reported on. It
has been changed into a model with a different intercept and different time trend smoother for
each of the areas. There were no clear indications of spatial autocorrelation in the trends,
which was fortunate because the low number of areas (6) made the inclusion of a spatial
autocorrelation term in the model rather difficult.
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The final model has a negative binomial distribution, separate trends fitted to each area but
with spatially correlated intercepts. The model is specified by the following prescription:
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠

∼

𝑁𝐵(𝜇𝑖𝑠 , 𝜃)

𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠 +

log(𝜇𝑖𝑠 )

=

2
𝜇𝑖𝑠
𝜃
𝛽1 + 𝑓𝑖 (𝑇𝑖𝑚𝑒𝑖𝑠 ) + 𝐴𝑟𝑒𝑎𝑖

Where NB stands for negative binomial distribution with parameters mean and dispersion
parameter. E[Y] is the expected value of Y, given by the mean of the negative binomial. Var[]
is the variance operator. Its specification follows the definition of the negative binomial
distribution. The expected value is log-linked to a linear equation that contains an intercept, a
Random Walk Trend smoother of time, and a spatially uncorrelated random area intercept.
The main result of the model is formed by the trends in the 6 counting areas (Figure 12.2).
The most prominent feature of the time smoothers is the wide credibility interval. This is a
reflection of the large, apparently unstructured, year-to-year variation that was visible in the
raw data. The three areas in the north-east, which hold the highest numbers of birds, have no
trend or (in the case of area 7) a slight indication of a negative trend over time. The three
south-western areas, which hold fewer birds in general, have relatively high numbers around
2000 and in recent years, with a period of low countings around 2010 in between. However,
the credible intervals around the time smoothers contain 0 in almost all cases, indicating that
there is no real trend visible and that almost all variation is year-to-year variation which is no
part of a trend at a longer time scale.

Figure 12.2. Common scoter: posterior mean values and 95 % credible intervals for all smoothers in the
negative binomial GAM with independent area intercepts. A vertical red line is drawn at January 2019 in each
panel.
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Effects of the MSC Zoe incident are not apparent when inspecting the temporal smoothers in
Figure 11.2 around the red line. The comparison has formally been executed by calculating,
for each area, the posterior probability distribution of the difference between the trend in
2019, 2018 and 2020. As we have no January countings in 2018, and no February countings
in 2020, the comparisons are made between January 2019 and January 2020 on the one
hand, and between February 2019 and February 2018 on the other hand. The results of this
analysis are summarized in Figure 12.3. All of the credible intervals encompass zero. The
largest difference found is an increase from 2018 to 2019. There is no indication of a change
in the trend related to the MSC Zoe incident.

Figure 12.3. Changes in the trend between 2019 and surrounding years. In blue the difference of the trend
with 2018 (value in 2019 minus value in 2018) is shown for the 10 areas. In red the difference with 2020
(value 2020 minus value 2019). Shown are the 95 % credible intervals of the posterior distribution of the
difference. Dots denote the mean difference.

12.4

Discussion
In contrast to eider ducks, common scoters are (today) typical ducks of North Sea coastal
waters in the Netherlands and not from the Wadden Sea. Their range extends from the
Nordic countries all the way down to NW Africa. There is one (popular) publication that states
that some 40 000 common scoters wintered in the Western Wadden Sea in the early 1960’s
(Swennen 1985), but after this period, only a few thousand birds have ever been found here.
In the coastal waters of the North Sea just north of the Wadden Sea however, numbers >100
000 were found in the early 1990’s, but these more or less halved in later years.
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The likely staple food is Spisula subtruncata, but other shellfish, most notably American razor
clams Ensis leei (formerly: E. directus) are also taken (Tulp et al. 2010), particularly when
stocks of Spisula are low. The same applies to eiders (Ens et al. 2006): both species of sea
duck are opportunistic foragers (Leopold et al. 2001; Fox 2003) but do have preferred foods
in their wintering quarters in the Netherlands.
Due to their opportunistic feeding habits, the species may have swallowed plastic particles if
these were present at the feeding location. However, as the species is well adapted to
handling large quantities of undigestible material, such as shells and debris to which shells
are attached, it is unlikely that this would pose a major problem.
The species is known to be easily disturbed by shipping. For this reason, the intense shipping
activities involved in the salvage operation could have been a potential source of disturbance
of the species, with the possibilities that ducks would have moved away from the Wadden
area to elsewhere along the European coast. However, from the statistical analysis no such
change has been detected. The trend value in 2019 does not differ from the trend values in
2018 or 2019. In the one case where the difference was rather large, the value in 2019 was
higher than the value in 2018.

12.5

Conclusion
Numbers of common scoters in the Dutch coastal zone are variable from year to year, but
without a strong overall trend. No differences have been found between the trend value in
2019, after disturbance by the MSC Zoe incident, and trend values in the preceding and in
the following year. No evidence for negative effects of the incident has been found.
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13

The Common Shelduck (Tadorna tadorna)

13.1

Biology and ecology
The Common Shelduck is a large, somewhat goose-like duck. Its breeding range extends
across a wide band from Western Europe to China. The species is a partial migrant wintering
from our latitudes south to the Mediterranean basin. In summer the species performs moult
migration from breeding areas to wetlands up to 1000 km away to undergo a flightless period
of wing moult.
Feeding
Shelduck prefer to forage in shallow muddy water, in intertidal areas such as the Wadden
Sea but also in polder ditches and shallow pools and lakes elsewhere. Here they filter the
muddy top layer of the soil in search of snails, worms, insects and other edible benthos.
Usually they forage by walking on the mudflats or by upending in shallow water and making
swinging their beak sideways through the muddy sediment. They may also create pits by
trampling movements in shallow water to expose buried bivalves.
In NW European estuaries the most commonly reported prey are Mudsnails Peringia ulvae,
Baltic Tellin Limecola balthica, brood of Mussel Mytilus edulis and Cockle Cerastoderma
edule and other small bivalves, Ragworm Hediste diversicolor and the mud shrimp
Corophium volutator. In the Wadden Sea Corophium is an important prey during summer and
early autumn, probably also for the huge moult gatherings. In other situations, green algae,
diatoms, insect larvae and small worms such as Tubifex spp. are taken as well. Plant
materials generally make up only a small fraction of the diet.
Reproduction
In Europe, the main breeding populations of Shelduck are found in the United Kingdom,
Sweden and the Netherlands. Shelduck prefer to nest in burrows (often rabbit burrows) or
other covered sites. There is one clutch per year, comprising 8-10 eggs. The precocial young
are taken to shallow wetlands or onto the mudflats; chick mortality can be considerable.
Population in the Wadden Sea
The Dutch Wadden Sea is an important area for breeding, moulting and wintering Shelduck.
In July and August almost the entire W-European population congregates in the Wadden Sea
to moult. Since the turn of the century the largest moult concentrations have shifted from the
German to the Dutch part of the Wadden Sea, particularly off the Frisian mainland coast.
Numbers are highest in July-November (c. 100,000) after which many birds migrate to the
south and west for the winter. In recent years about 20,000-40,000 remain during winter
(Hornman et al. 2020).
On the long-term (since 1990), the trend in year-round abundance of the Shelduck in the
Dutch Wadden Sea has been moderately increasing; over the most recent 10 years it has
been stable (https://www.sovon.nl/nl/gebieden).

13.2

Interaction with plastic
The main pathway through which Shelduck may be exposed to the plastic particles is when
PS particles are ingested and perhaps accumulated by benthic organisms on which the
ducks feed, e.g. bivalves or (rag)worms. A second potential pathway occurs when Shelduck
filter these particles directly out from the sediment during foraging, but it is doubtful whether,
if encountered, these will be actively ingested. Their very small size is likely to render them
perceived by the birds as unprofitably small, and therefore rejected.
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The larger HDPE particles are unlikely to be ingested by Shelduck as these do not usually
skim the water’s surface during foraging, and also do not habitually feed along the tideline or
on seeds in saltmarshes where such particles may be concentrated.

13.3

Data collection and analysis
The data set consists of counts of the species (see chapter 3.5) collected between 1976 and
2020 by SOVON and volunteers. In the observation years, not all months are covered with
countings. In order to avoid an excessive number of unavailable observations, the analysis
has been restricted to the month of January in all years. Counts are available for all areas
and all years, although some of the values used have been partially imputed by SOVON.
These have been treated as if they were counts in the analysis.
The countings have been grouped in 13 areas covering the Wadden Sea. The raw time
series in the different areas reveal that there are large differences between areas in the
average number of birds counted. Figure 13.1 illustrates the counting areas and the raw
trends in the time series. Note the differences in y-scales of the figures for the different areas.

Figure 13.1. Map of the counting areas (left) and raw time series of the counts in the 13 areas. Note the
different y-scales used in the graphs. Observation points have been connected with lines within each area for
clarity.
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For the model building every observation point (count of birds) is associated with an area and
a moment in time. In all models fitted, it has been assumed that the data follow a negative
binomial distribution. The first model uses a common trend for all areas. The areas can have
a different intercept, which is modelled as a fixed factor, but the time course is the same. As
this model did not capture the essence of the data, it was changed into a model where every
area is allowed to have a different trend, with the trends independently sampled from a
statistical distribution. This model improved the fit, but the assumption of (spatial)
independence of the trends could not be maintained. Neighboring areas have more similar
trends than areas far apart. Therefore, a final model fitted trends in the different areas that
are spatially correlated. A CAR (conditional auto-regressive correlation) model was used.
That provided a satisfactory model to the data.
The final model has a negative binomial distribution, separate trends fitted to each area but
with spatially correlated intercepts. The model is specified by the following prescription:
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠

∼

𝑁𝐵(𝜇𝑖𝑠 , 𝜃)

𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

𝜇𝑖𝑠 +

log(𝜇𝑖𝑠 )

=

2
𝜇𝑖𝑠
𝜃
𝛽1 + 𝑓𝑖 (𝑇𝑖𝑚𝑒𝑠 ) + 𝑢𝑖

𝑓𝑖 (𝑇𝑖𝑚𝑒𝑠 )

=

𝑅𝑊1

𝑢𝑖

~

𝐶𝐴𝑅

Where NB stands for negative binomial distribution with parameters mean and dispersion
parameter. E[Y] is the expected value of Y, given by the mean of the negative binomial. Var[]
is the variance operator. Its specification follows the definition of the negative binomial
distribution. The expected value is log-linked to a linear equation that contains an intercept, a
Random Walk Trend smoother of time, and a spatially correlated random intercept that is
specified according to CAR correlation.
The main result of the model is formed by the trends in the 13 counting areas (Figure 6.2).
Trends in time are fluctuating, but there is not a real dominant pattern. Note that it is relatively
rare to find zero outside of the credible interval for the trend smoother in most series. Areas 6
(south of Ameland) and 13 (eastern Marsdiep basin), with normally relatively low numbers of
birds, have the strongest fluctuations in numbers.
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Figure 13.2. Posterior mean values and 95 % credible intervals for all smoothers in the negative binomial
GAM with CAR correlation. A vertical red line is drawn at January 2019 in each panel.

The random intercepts of the counting areas are correlated in space, as is shown in Figure
13.3. Hotspots for the species are the rather muddy coasts of Friesland and Groningen. Deep
areas with few tidal flats, such as the eastern part of the Marsdiep basin, have few birds.

Figure 13.3. Posterior mean values of the random intercept ui. The NB GAM with CAR spatial correlation was
used.

Effects of the MSC Zoe incident are not apparent when inspecting the temporal smoothers in
Figure 13.2 around the red line. The comparison has formally been executed by calculating,
for each area, the posterior probability distribution of the difference between the trend in
January 2019 with January 2018 on the one hand (T2019-T2018), and with January 2020 on
the other hand (T2020-T2019). The results of this analysis are summarized in Figure 13.4. All
credible intervals encompass zero. There are no indications of changes in the trend between
2019 and the surrounding years, for any of the counting areas.
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Figure 13.4. Shelduck in the Wadden Sea. Changes in the trend between 2019 and surrounding years. In
blue the difference of the trend with 2018 (value in 2019 minus value in 2018) is shown for the 10 areas. In
red the difference with 2020 (value 2020 minus value 2019). Shown are the 95 % credible intervals of the
posterior distribution of the difference. Dots denote the mean difference.

13.4

Discussion
In general, results of the statistical analysis are in agreement with what is known of this
species. The – in comparison to some of the other intertidal birds analyzed – fairly ‘decent
behavior’ of the data with respect to temporal and spatial variability is explained by the
Shelduck’s large size, striking plumage, generally moderate flock sizes (in winter) and
reasonably wide spacing between individuals enabling relatively accurate counts. In addition,
Shelduck typically show a rather predictable distribution and limited spatial movements. The
statistical analysis is therefore expected to capture existing patterns in Shelduck abundance
well, leading to good confidence in the results. Moreover, results for the 13 separate areas
show a consistent pattern of no discernible shift in the trend after the MS Zoe event. That no
apparent effect of this event on Shelduck numbers was found also is in line with a rather low
risk of exposure of the birds to MS Zoe plastic through the food chain.
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13.5

Conclusion
Plastic particles originating from the MS Zoe incident have no discernible effect on the
abundance and distribution of Common Shelduck.
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14

The red knot (Calidris canutus)

14.1

Biology and ecology
The Red Knot is a fairly small (c. 120 g) shorebird. It is a long-distance migrant, breeding in
the high arctic tundra and polar desert of Asia and North America and wintering in the world’s
larger intertidal areas, both temperate and tropical. Worldwide, five subspecies occur, two of
which visit the Wadden Sea. "Nearctic" knots breeding in Greenland and NE Canada (C. c.
islandica) winter along the coasts of NW Europe, with the Wadden Sea as one of the most
important areas. The "Afrosiberian" population (C. c. canutus) breeds in Northern Siberia,
winters along the coast of West Africa, and uses the Wadden Sea as a feeding station during
their migrations in July-August and in May. The Red Knots is one of the best-researched
shorebird species, with respect to aspects like feeding ecology, physiology and body reserve
dynamics, and migratory behavior (e.g. Piersma 1994, 2007).
In the non-breeding season Knots are very gregarious birds which gather in large and dense
groups, numbering up to thousands of individuals when foraging and up to tens of thousands
when roosting at high tide. Nearctic knots wintering in the Wadden Sea have large activity
areas (up to approximately 800 km 2), in which they exploit of spatial differences in the timing
of the tidal cycle to maximize their foraging time (van Gils et al. 2005).
Feeding
Outside the breeding season, The Red Knot is a specialized shellfish-eater, feeding mainly
on small bivalves, in the Wadden Sea mainly Baltic tellin Limecola balthica and small cockles
Cerastoderma edule and mussels Mytilus edulis, but also other species, if small enough to be
ingested. Buried bivalves are detected by probing the bill into the moist mudflat substrate,
where pressure sensors in the tip detect hard objects at some distance. The bivalves are
swallowed whole and their shells cracked in the muscular stomach. However, knots also eat
more easily digestible benthic animals, such as shrimps and small crabs, mainly available in
late summer. Worms do not feature extensively in the diet.
Reproduction
Red Knots breed in high arctic tundra and polar desert habitats and produce one clutch of
four eggs. The precocial young are insectivorous. Adults as well feed mainly on insects
during the breeding season, augmented by some plant material and leftover berries from
previous years.
Population in the Wadden Sea
For both the subspecies islandica and canutus, the Wadden Sea is an important wintering
and migratory staging area. In the autumn, birds from both populations are present and a
maximum of 100,000-200,000 birds stage in the Dutch part. In winter, only Neartic islandica
Knots are present; the 60,000-100,000 birds comprise roughly 15% of the total flyway
population (Hornman et al. 2020). The Nearctic Knots also undergo their annual moult of
flight feathers in the Wadden Sea. During the spring migration peak numbers are relatively
modest; both subspecies staging mainly in the German and Danish parts of the Wadden Sea.
On the long-term (since 1990), the trend in year-round abundance of red knot in the Dutch
Wadden Sea has been stable; over the most recent 10 years it is classified as uncertain
(https://www.sovon.nl/nl/gebieden).

14.2

Interaction with plastic
The one pathway through which red knot may be exposed to plastic particles lost by MS Zoe
is when PS particles are ingested and accumulated by bivalves on which the birds feed. The
larger HDPE particles are unlikely to be taken in by either bivalves or foraging red knots.
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14.3

Data collection and analysis
Data on the abundance of red knot in the Dutch Wadden Sea originate from systematic
waterbird counts which have been carried out since the 1970s by SOVON and volunteers
(see chapter 3.5).
The data set consists of counts of the species collected between 1976 and 2020. In the
observation years, not all months are covered with countings. In order to avoid an excessive
number of unavailable observations, the analysis has been restricted to the month of January
in all years. Counts are available for all areas and all years, although some of the values
used have been partially imputed by SOVON. These have been treated as if they were
counts in the analysis.
The countings have been grouped in 13 areas covering the Wadden Sea. The raw time
series in the different areas reveal that there are large differences between areas in the
average number of birds counted. Figure 14.1 illustrates the counting areas and the raw
trends in the time series. Note the differences in y-scales of the figures for the different areas.

Figure 14.1. Red knot in the Wadden Sea. Map of the counting areas (left) and raw time series of the counts
in the 13 areas. Note the different y-scales used in the graphs. Observation points have been connected with
lines within each area for clarity.
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For the model building every observation point (count of birds) is associated with an area and
a moment in time. The number of zero observations in the data set is relatively high (around
20%), and therefore not only the negative binomial distribution but also the zero-inflated
negative binomial have been considered. The first model fitted uses a common trend for all
areas. The areas can have a different intercept, which is modelled as a fixed factor, but the
time course is the same. As this model did not capture the essence of the data, it was
changed into a model where every area is allowed to have a different trend, with the trends
independently sampled from a statistical distribution. There were no indications of spatial
correlation in the trends. No model with CAR correlation was fitted, as was done in other bird
species. Instead, due to the high number of zero observations, a zero-inflated negative
binomial distribution was fitted and found to be superior to the NB model, based on DIC.
The final model has a zero-inflated negative binomial distribution, separate trends fitted to
each area with independent spatially uncorrelated intercepts. The model is specified by the
following prescription:
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠

∼

𝑍𝐼𝑁𝐵(𝜇𝑖𝑠 , 𝜃, 𝜋)

𝐸[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

(1 − 𝜋) × 𝜇𝑖𝑠

𝑣𝑎𝑟[𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠 ]

=

(1 − 𝜋) × 𝜇𝑖𝑠 × (1 + 𝜋 × 𝜇𝑖𝑠 +

log(𝜇𝑖𝑠 )

=

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 + 𝑓𝑖 (𝑌𝑒𝑎𝑟𝑠 ) + 𝑢𝑖

𝑙𝑜𝑔𝑖𝑡(𝜋)

=

𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝑓𝑖 (𝑌𝑒𝑎𝑟𝑠 )

=

𝑅𝑊1

𝑢𝑖

∼

𝑁(0, 𝜎𝑢2 )

𝜇𝑖𝑠
)
𝜃

Where ZINB stands for zero-inflated negative binomial distribution with parameters mean,
dispersion parameter and fraction excess zeroes π. E[Y] is the expected value of Y. Var[] is
the variance operator. The expected value is log-linked to a linear equation that contains an
intercept, a Random Walk Trend smoother of time, and independent area-specific random
intercepts.
The main result of the model is formed by the trends in the 13 counting areas (Figure 14.2).
Trends in time are fluctuating, but there is not a real dominant pattern. Note that it is relatively
rare to find zero outside of the credible interval for the trend smoother in most series. It
happens in the areas 9, 11, 12 and 13. All these areas have large numbers of zero
observations and only occasional peaks in counts, although area 13 seems to have
consistently higher numbers in the last years (see Figure 14.1).
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Figure 14.2. Red knot. Posterior mean values and 95 % credible intervals for all smoothers in the negative
binomial GAM with CAR correlation. A vertical red line is drawn at January 2019 in each panel.

The random intercepts of the counting areas were found to be uncorrelated in space, but
large differences are present, as is shown in Figure 14.3.

Figure 14.3. Red knot. Posterior mean values of the random intercept ui. The ZINB GAM without spatial
correlation was used.

Effects of the MSC Zoe incident are not apparent when inspecting the temporal smoothers in
Figure 14.3 around the red line. The comparison has formally been executed by calculating,
for each area, the posterior probability distribution of the difference between the trend in
January 2019 with January 2018 on the one hand (T2019-T2018), and with January 2020 on
the other hand (T2020-T2019). The results of this analysis are summarized in Figure 14.4. All
credible intervals encompass zero. There are no indications of changes in the trend between
2019 and the surrounding years, for any of the counting areas.

124 van 165

Statistical analysis of effects of MSC Zoe incident on populations of protected species in
Wadden Sea and North Sea.
11206109-000-ZKS-0004, Versie 1.0, 10 mei 2021

Figure 14.4.Red knot in the Wadden Sea. Changes in the trend between 2019 and surrounding years. In blue
the difference of the trend with 2018 (value in 2019 minus value in 2018) is shown for the 10 areas. In red the
difference with 2020 (value 2020 minus value 2019). Shown are the 95 % credible intervals of the posterior
distribution of the difference. Dots denote the mean difference.

14.4

Discussion
In general, results of the statistical analysis are in agreement with what is known of this
species. The large and seemingly random variability in the count data (similar to white noise)
is explained by the red knots gregariousness leading to huge, densely packed flocks on the
high tide roosts, which are difficult to count and lead to large random errors. In addition,
wintering red knots roam widely over large areas in the Wadden Sea, often exceeding the
average size of the counting areas used in the analysis even within a tidal cycle. Of the four
intertidal bird species analyzed in this study, the red knot was therefore expected to show the
largest spatiotemporal variability in the counts, and the analysis confirmed this. The variability
will have reduced the power to discern effects of the MS Zoe event, but the results for the 13
separate areas were consistent in showing no statistically important shift in the trend after this
event. The risk of exposure of the birds to MS Zoe plastics through the food chain must also
have been rather low.
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14.5

Conclusion
Plastic particles originating from the MS Zoe incident have no discernible effect on the
abundance and distribution of red knot.
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15

The Northern Pintail (Anas acuta)

15.1

Biology and ecology
The Northern Pintail is a dabbling, duck breeding in the boreal regions of Eurasia and North
America. Situated on the southern edge of the breeding range, only a few pairs breed in the
Netherlands. The species is mainly a migrant here; from August onwards large numbers of
Pintails from Finland and Western Russia stage in the Wadden Sea. Some of the birds then
migrate to more southern wintering areas (S to Mediterranean and N-Africa), while another
part remains to winter here.
Feeding
Pintails eat both vegetable and animal matter that they extract from shallow water, water
bottoms and mudflats, but also forage on harvest remains on arable fields. In coastal
wetlands mainly seeds of water and salt marsh plants are eaten and parts of aquatic plants,
including rhizomes and tubers. Animal food here includes amphipods and isopods, clams,
gastropods and insects including larvae. Animal foods usually seems to represent a minority
of the diet by mass, although it may be underestimated as remains are less easily detectable
in faeces and stomach samples than plant material.
After the Shelduck, Northern Pintail is the duck species most often found foraging on the
open mudflats of the Wadden Sea during low tide. Here they feed by slowly walking and
filtering the muddy top layer, or by upending in shallow water. Food taken here includes mud
shrimp Corophium, mudsnails Peringia ulvae and small bivalves. They also feed at sites with
a well-developed layer of diatoms on the mud surface. On the rising tide Pintails concentrate
at the edges and in shallowly submerged parts of saltmarshes, where they feed on saltmarsh
plants (e.g. glasswort, Salicornia europaea) but probably mostly on seeds which are
concentrated in the shallow water near the tide line. In stomachs of Pintails shot on
Terschelling between December and February, seeds of 33 different plant species were
found, including grasses, sedges Carex, glasswort, arrowgrass Trichlogin, sea-blite Suaeda,
spike-rush Eleocharis and sheep’s sorrel Rumex acetosella (de Vries 1939). Pintail also often
leave the wetlands at night to forage in inland agricultural areas, where they consume harvest
remains such as cereal grains. Opportunities for this are greater along the mainland shores of
the Wadden Sea than on the islands.
Reproduction
Pintail breed in bogs, marshes and along lakes in the boreal and temperate zones. Also, in
the breeding season, the diet is mixed with both plant and animal foods consumed. There is
one brood per year numbering 6-12 eggs. Chicks are precocial and mainly insectivorous at
first.
Population in the Wadden Sea
The Dutch Wadden Sea harbors 10,000-25,000 Pintail in October, increasing to 15,00030,000 in January (Hornman et al. 2020). This amounts to 25-45% of the total flyway
population wintering in NW Europe. Highest numbers are found along parts of the mainland
coast of Friesland and Groningen and on the islands of Terschelling and Schiermonnikoog.
At all these sites, extensive saltmarshes are present.
On the long-term (since 1990), the trend in year-round abundance of Northern Pintail in the
Dutch Wadden Sea has been moderately increasing; over the most recent 10 years it is
uncertain (https://www.sovon.nl/nl/gebieden).
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15.2

Interaction with plastic
Northern Pintail in the Wadden Sea may be exposed to PS particles from MS Zoe
accumulated by small bivalves eaten by the ducks, or if ingested accidentally when filtering
for diatoms. Given the small contributions of these sources to the ducks’ diet, this pathway
does not seem to entail a high risk. The larger and floating HDPE particles may however be
ingested by Pintail skimming the water’s surface for plant seeds, particularly as they are likely
to become concentrated along the tideline and in parts of saltmarshes in a similar way to
those seeds. Of the four bird species of the intertidal considered in this study, the Northern
Pintail may therefore well be the one most at risk to exposure to MS Zoe plastics.

15.3

Data collection and analysis
Data on the abundance of Northern Pintail in the Dutch Wadden Sea originate from
systematic waterbird counts which have been carried out since the 1970s by SOVON and
volunteers (see chapter 3.5).
The data set consists of counts of the species collected between 1976 and 2020. In the
observation years, not all months are covered with countings. In order to avoid an excessive
number of unavailable observations, the analysis has been restricted to the month of January
in all years. Counts are available for all areas and all years, although some of the values
used have been partially imputed by SOVON. These have been treated as if they were
counts in the analysis.
The countings have been grouped in 13 areas covering the Wadden Sea. The raw time
series in the different areas reveal that there are large differences between areas in the
average number of birds counted. Figure 5.1 Figure 14.1 illustrates the counting areas and
the raw trends in the time series. Note the differences in y-scales of the figures for the
different areas.
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Figure 15.1. Northern Pintail in the Wadden Sea. Map of the counting areas (left) and raw time series of the
counts in the 13 areas. Note the different y-scales used in the graphs. Observation points have been
connected with lines within each area for clarity.

For the model building every observation point (count of birds) is associated with an area and
a moment in time. The number of zero observations in the data set is relatively low (around
9%). It differs by area and is only elevated in area 13. The first model fitted uses a common
trend for all areas. The areas can have a different intercept, which is modelled as a fixed
factor, but the time course is the same. As this model did not capture the essence of the data,
it was changed into a model where every area is allowed to have a different trend, with the
trends independently sampled from a statistical distribution. There were no indications of
spatial correlation in the trends. No model with CAR correlation was fitted.
The final model has a negative binomial distribution, separate trends fitted to each area with
spatially uncorrelated intercepts. The model is specified by the following prescription:
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𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠

∼
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𝑅𝑊1

𝑢𝑖

~

𝑁(0, 𝜎𝑢2 )

Where NB stands for negative binomial distribution with parameters mean and dispersion
parameter. E[Y] is the expected value of Y. Var[] is the variance operator. The expected
value is log-linked to a linear equation that contains an intercept, a Random Walk Trend
smoother of time, and independent area-specific random intercepts.
The main result of the model is formed by the trends in the 13 counting areas (Figure 15.2).
Trends in time are fluctuating, but in general an increase is seen since 2000.

Figure 15.2. Northern Pintail. Posterior mean values and 95 % credible intervals for all smoothers in the
negative binomial GAM with CAR correlation. A vertical red line is drawn at January 2019 in each panel.

The random intercepts of the counting areas are shown in Figure 15.3.

130 van 165

Statistical analysis of effects of MSC Zoe incident on populations of protected species in
Wadden Sea and North Sea.
11206109-000-ZKS-0004, Versie 1.0, 10 mei 2021

Figure 15.3. Northern Pintail. Posterior mean values of the random intercept u i. The ZINB GAM without spatial
correlation was used.

Effects of the MSC Zoe incident are not apparent when inspecting the temporal smoothers in
Figure 14.3 around the red line. The comparison has formally been executed by calculating,
for each area, the posterior probability distribution of the difference between the trend in
January 2019 with January 2018 on the one hand (T2019-T2018), and with January 2020 on
the other hand (T2020-T2019). The results of this analysis are summarized in Figure 14.4. All
credible intervals encompass zero. There are no indications of changes in the trend between
2019 and the surrounding years, for any of the counting areas.

Figure 15.4. Northern Pintail in the Wadden Sea. Changes in the trend between 2019 and surrounding years.
In blue the difference of the trend with 2018 (value in 2019 minus value in 2018) is shown for the 10 areas. In
red the difference with 2020 (value 2020 minus value 2019). Shown are the 95 % credible intervals of the
posterior distribution of the difference. Dots denote the mean difference.
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15.4

Discussion
In general, results of the statistical analysis are in agreement with what is known of this
species. The increasing trend since the start of this century has also been noted elsewhere
(Hornman et al. 2020). Although counting numbers of Pintails can sometimes be difficult
when they are partly hidden in saltmarsh vegetation, Pintail typically shows a predictable
distribution and limited spatial movements. However, there are relatively many of the 13
areas analyzed have fairly low numbers, which will reduce the power to discern effects of the
MS Zoe event, but the results for the 13 separate areas were consistent in this respect and
showed no statistically important shift in the trend after this event.

15.5

Conclusion
Plastic particles originating from the MS Zoe incident have no discernible effect on the
abundance and distribution of Northern Pintail in the Dutch Wadden Sea.
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16

The Bar-tailed Godwit (Limosa lapponica)

16.1

Biology and ecology
The Bar-tailed godwit is a fairly large (300-500 g) long-distance migratory wader. Two
subspecies occur along the East Atlantic flyway (Duijns et al. 2012). The "European"
subspecies L. l. lapponica breeds in northern Scandinavia and adjacent north-western Russia
and winters along the coasts of W-Europe, including the Wadden Sea. The "Afro-Siberian"
population of L. l. taimyrensis breeds in Northern Siberia and overwinters in West Africa,
using the Wadden Sea during migration in autumn and spring.
Feeding
The bar-tailed godwit's diet consists mainly of different types of worms and shellfish that are
extracted from the mudflats with the long beak. Bristle worms make up the bulk of the food in
most areas; in the Wadden Sea, for example, 80% of the winter diet consists of ragworms
Hediste diversicolor, armed bristleworm Scoloplos armiger, catworm Nephtyis hombergi and
lugworm Arenicola marina and are also often taken. Smaller worms, bivalves, shrimp and
crabs are less important in the diet (Scheiffarth 2001, Duijns et al. 2013). Lugworms are less
important in winter when most are buried too deep to be reached by the godwits but seem to
be a critical prey for spring-staging for the Afrosiberian Godwits; variation in lugworm
abundance is correlated with the rate of body mass gain and with survival (Rakhimberdiev et
al. 2018).
Reproduction
Bar-tailed godwits breed on forest tundra bogs and in arctic tundra, where they lay a single
clutch of four eggs annually. While adults feed partly on soil invertebrates and berries during
the breeding season, the precocial chicks are insectivorous.
Population in the Wadden Sea
The taimyrensis subspecies uses the Dutch Wadden Sea as a migratory staging site in late
summer (August) and spring (May), on their way to and from African wintering sites. For L. l.
lapponica, the Wadden Sea is also an important moulting and wintering area, holding some
40,000-70,000 birds in midwinter, 25-45% of the entire population. During late summer and
spring migration the occurrence of both subspecies overlaps, leading to larger numbers
reaching on average to c. 100,000 in September and 150,000 in May.
The long-term (since 1990) trend in year-round abundance of the Bar-tailed Godwit in the
Dutch Wadden Sea is a moderate increase; over the most recent 10 years it has been stable
(https://www.sovon.nl/nl/gebieden).

16.2

Interaction with plastic
The one pathway through which Bar-tailed Godwits may become exposed to plastic particles
lost by MS Zoe occurs when PS particles are ingested and accumulated by benthic
organisms on which the birds feed, particularly Ragworms and Lugworms. The larger HDPE
particles are unlikely to be taken in by either species, or directly by foraging godwits.

16.3

Data collection and analysis
Data on the abundance of Bar-tailed Godwit in the Dutch Wadden Sea originate from
systematic waterbird counts which have been carried out since the 1970s by SOVON and
volunteers (see chapter 3.5).
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The data set consists of counts of the species collected between 1976 and 2020. In the
observation years, not all months are covered with countings. In order to avoid an excessive
number of unavailable observations, the analysis has been restricted to the month of January
in all years. Counts are available for all areas and all years, although some of the values
used have been partially imputed by SOVON. These have been treated as if they were
counts in the analysis.
The countings have been grouped in 13 areas covering the Wadden Sea. The raw time
series in the different areas reveal that there are large differences between areas in the
average number of birds counted. Figure 16.1 illustrates the counting areas and the raw
trends in the time series. Note the differences in y-scales of the figures for the different areas.

Figure 16.1. Bar-tailed Godwit in the Wadden Sea. Map of the counting areas (left) and raw time series of the
counts in the 13 areas. Note the different y-scales used in the graphs. Observation points have been
connected with lines within each area for clarity.
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For the model building every observation point (count of birds) is associated with an area and
a moment in time. The number of zero observations in the data set is relatively low (around
27%). It is highest in area 13. In area 13 only 6 non-zero observations are available, and
none of the observations is higher than 12 birds. For that reason, the area has been dropped
from the analysis. For the remainder of this chapter, only the 12 other areas will be
discussed. The number of zero observations then drops but remains relatively elevated with
approximately 22 %.
The first model fitted uses a common trend for all areas. The areas can have a different
intercept, which is modelled as a fixed factor, but the time course is the same. As this model
did not capture the essence of the data, it was changed into a model where every area is
allowed to have a different trend, with the trends independently sampled from a statistical
distribution. Because of the elevated number of zero observations, the negative binomial and
zero-inflated negative binomial were compared. Based on the DIC, the negative binomial
performed better than the zero-inflated negative binomial and was used as the final model.
There were no indications of spatial correlation in the trends. No model with CAR correlation
was fitted
The final model has a negative binomial distribution, separate trends fitted to each area with
spatially uncorrelated intercepts. The model is specified by the following prescription:
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑠

∼

𝑁𝐵(𝜇𝑖𝑠 , 𝜃)
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Where NB stands for negative binomial distribution with parameters mean and dispersion
parameter. E[Y] is the expected value of Y. Var[] is the variance operator. The expected
value is log-linked to a linear equation that contains an intercept, a Random Walk Trend
smoother of time, and independent area-specific random intercepts.
The main result of the model is formed by the trends in the 12 counting areas (Figure 16.2).
Some areas are flat, others have an increasing trend or show fluctuations that go up and
down. No single general trend is visible.

135 van 165

Statistical analysis of effects of MSC Zoe incident on populations of protected species in
Wadden Sea and North Sea.
11206109-000-ZKS-0004, Versie 1.0, 10 mei 2021

Figure 16.2. Bar-tailed Godwit. Posterior mean values and 95 % credible intervals for all smoothers in the
negative binomial GAM with CAR correlation. A vertical red line is drawn at January 2019 in each panel.

The random intercepts of the counting areas are shown in Figure 16.3.

Figure 16.3. Bar-tailed Godwit. Posterior mean values of the random intercept u i. The ZINB GAM without
spatial correlation was used.

Effects of the MSC Zoe incident are not apparent when inspecting the temporal smoothers in
Figure 14.3 around the red line. The comparison has formally been executed by calculating,
for each area, the posterior probability distribution of the difference between the trend in
January 2019 with January 2018 on the one hand (T2019-T2018), and with January 2020 on
the other hand (T2020-T2019). The results of this analysis are summarized in Figure
16.4Figure 14.4. All credible intervals encompass zero. There are no indications of changes
in the trend between 2019 and the surrounding years, for any of the counting areas.
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Figure 16.4. Bar-tailed Godwit in the Wadden Sea. Changes in the trend between 2019 and surrounding
years. In blue the difference of the trend with 2018 (value in 2019 minus value in 2018) is shown for the 10
areas. In red the difference with 2020 (value 2020 minus value 2019). Shown are the 95 % credible intervals
of the posterior distribution of the difference. Dots denote the mean difference.

16.4

Discussion
In general, results of the statistical analysis are in agreement with what is known of this
species. Although Bar-tailed Godwits often roost in large and dense flocks, counting these is
made easier by the birds’ relatively large size, fairly patterned plumage, and particularly by
their proneness to take flight temporarily (flying shorebird flock are usually counted with
greater accuracy than standing flocks; Rappoldt et al. 1985). Compared to red knots, Bar-tails
also show a more predictable spatial distribution. The statistical analysis is therefore
expected to capture existing patterns in their abundance fairly well, leading to confidence in
the results. Moreover, results for the 13 separate areas show a consistent pattern of no
discernible shift in the trend after the MS Zoe event. That no apparent effect of this event on
godwit numbers was found also is in line with a rather low risk of exposure of the birds to MS
Zoe plastic through the food chain.

16.5

Conclusion
Plastic particles originating from the MS Zoe incident have no discernible effect on the
abundance and distribution of Bar-tailed Godwit in the Dutch Wadden Sea.
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17

General discussion and conclusion
For this analysis of possible effects of the MSC Zoe incident on protected and typical species
of the Wadden Sea and coastal North Sea, some of the most extensive ecological monitoring
databases of the Netherlands have been used. The number of data points used for the
analyses is impressive. For the benthic species in the order of 10000 samples have been
used. For the birds, the number of individual count data is not always traceable, as the
counts have been assembled in larger areas. Nevertheless, also these data rest on a solid
observational basis of many thousands of individual data.

17.1

Changes in the populations
For the six benthic species, both numerical abundance and biomass were statistically
analyzed, yielding 12 analyses in total. In four of these, an important difference between the
spatial random field of 2018 and that of 2019 was shown, as a model with separate random
fields for the two years had a lower DIC than a model with a joint random field. In two out of
the four cases, the change in spatial field was clearly linked to a strong recruitment event.
This concerns the cockle, where 2018 was a strong recruitment year, yielding very similar
patterns in the spatial field as the other strong recruitment year in the series, 2011. It was
seen that the development of biomass spatial distribution followed a repeatable pattern
between these two years. That makes a link to the MSC Zoe most unlikely. Also, for the razor
clam, the change in the spatial random field was very clearly linked to the massive
recruitment in 2018, first detected in the data of 2019, as the coastal zone is sampled in
spring before the recruits-of-the-year can be sampled. For the razor clam, it is interesting that
the recruitment event is visible in the abundance, where very high numbers are found in
2019, but not (yet) in the biomass, which has different hotspots and coldspots and little
change due to the addition of many very small organisms. The other two cases where a
change in the spatial random fields was observed concern the mussel and the Baltic tellin.
Both species are characterized by a spatial random field that is rather patchy at a relatively
small scale. For mussels this is most probably linked to the occurrence of intertidal beds that
have high local density and that occur in only part of the suitable habitat. For Baltic tellin the
mechanism behind the small-scale patchy nature of the random field is less clear, but the
fluctuations in this species were small in magnitude, suggesting it occurs relatively
homogeneously across the area that, on basis of the physical cofactors, can be considered
suitable habitat. In both species the differences detected between the random fields
concerned a few small places, where about half of the changes were increases and the other
half decreases. They provide no evidence for an exceptional external cause, such as the
MSC Zoe incident.

17.2

Variability and power of the analysis
Although based on a solid set of observations, variability remains an important result of the
analysis across the species. The variability has two distinct sources: part of it is a
consequence of observational uncertainty; another part is linked to biological processes that
are variable from year to year or from place to place.
Despite all efforts, variability still arises from observational uncertainty. Where abundance of
a benthic species is relatively low, it is a matter of chance whether the species will be present
in a particular sample or not. However, the variability arising from biological processes in the
populations, such as recruitment or migration processes, is usually much larger than
observational uncertainty.
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In contrast to the observational uncertainty, that decreases with increasing sampling effort,
the process-related part of the variability cannot be reduced by further increasing the
observational effort. No matter how the measurements are made or how many
measurements are available, a good recruitment year of cockles will always show much
larger numbers throughout the Wadden Sea than a bad recruitment year.
For the benthic species, and in particular for the shellfish, the recruitment process is the
major source of stochasticity in the population strength. Years standing out because of strong
recruitment have been identified in the data of the cockle, the Baltic tellin, the razor clam, the
cut-through shell and the mussel. Strong recruitment leads to particular patterns in the data.
During the year of strong recruitment, numbers go up, but biomass does not yet follow. In
subsequent years, numbers go down and biomass tends to remain stable or increase as the
individuals grow. It was, moreover, also observed that the spatial random fields, which
indicate spatially autocorrelated unresolved latent factors driving the population, can differ
substantially during years of strong recruitment. The reason is variable between species. In
the razor clam, recruitment peaked close to the coast, but biomass usually peaked in slightly
offset areas, probably areas of good food supply or other factors favoring long-term growth
and survival. These areas are different from the areas of maximal recruitment, causing the
spatial random fields to vary between good and bad recruitment years. A similar shift was
also observed in the cockle, which tends to develop an unusually high biomass in the northeastern Wadden Sea during years of high recruitment but shifts the centers of high biomass
towards the central Wadden Sea when recruitment is lower, and growth and survival
dominate the distribution of biomass.
The variability in the bird count time series is not the same for all species. The sea ducks
(eider and scoter) show extreme variability from year to year. Among the Wadden Sea birds,
the shelduck is rather predictable in occurrence and numbers, whereas other species, e.g.
the red knot, are also very variable. Besides conditions in the Wadden Sea, e.g. food
availability or disturbance, also conditions elsewhere may determine whether the birds are
massively present in the Dutch waters or not. We refer to the individual species’ chapters for
details most relevant to each of the species.
In view of the natural variability, it is not easy to find clear statistical signs of a disturbance by
the MSC Zoe incident, should such a disturbance have happened. The more variable the
background is, the more difficult it becomes to see an additional signal. As argued above, this
variability is mostly an inherent consequence of biological processes, and variability
stemming from those processes cannot be reduced by further increasing the sampling effort.
The data bases used for this analysis are amongst the spatially most intensive monitoring
programs in the world. There are no equivalents known to the SIBES program, and also the
WOT shellfish survey is extremely intensive. The results of the analysis, showing very distinct
reactions to physical co-factors and distinct patterns and trends linked to biological
processes, also show that the data base does not yield random, stochastically-dominated
results. Consequently, we estimate that the conclusions of this study are not determined by
inherent methodological weaknesses of the approach as a whole (i.e. including the devoted
monitoring effort) but reflect the true situation of no effect with a high likelihood. Given the
complexity of the analysis, it is not possible to quantify the power of the analysis without
performing extensive Monte Carlo simulations, which were outside the scope of the present
project. We do not recommend extending the project to such exercise, as it is unlikely to
change the outcome of the analysis and would involve major efforts, considering that a single
run of the current model fitting takes between 12 and 24 hours per data set on a very fast PC.

17.3

Uncertainty of microplastics distribution
The analysis was complicated by the fact that no clear picture was available of the potential
disturbance by the MSC Zoe incident in space and time. The likely spatial distribution of the
large floating HDPE pellets is relatively well known from modelling and ground truthing, but
these particles have a low probability of being taken up by any of the organisms studied here.
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The northern pintail was added to the list of studied species for the single reason that for this
bird, at least in principle there was a mechanistic reason why it could have taken up the
pellets, as it might have mistaken them for seeds of saltmarsh plants. There was, however,
no sign of disturbance of the northern pintail population at all in the statistical analysis. For
the smaller PS granules, it was not possible to even remotely indicate their most probable
distribution in space and time. We demonstrated (Chapter 2) that this distribution could range
from diluted over a large area, to relatively concentrated in a small but unknown area. Given
this uncertainty, the statistical analysis took a broad view to detect any conspicuous change
in spatial pattern of the populations before and after the MSC Zoe incident.
If the distribution would have been known much more precisely, a different statistical
approach would have been possible. The presence of the particles would then have been
added to the model as a factor to be investigated for effect on the density or biomass of the
populations. The clarity of the analysis would have profited from that situation, but it is
questionable if it would have strongly increased the power of the analysis, i.e. the ability to
detect an effect if one exists. The main difference would be that, whereas in the present
analysis any detected change requires thorough ecological analysis and discussion, the
interpretation would have been more straightforward in a regression-type of approach.

17.4

Short-term versus long-term effects
This study has only been able to investigate effects at relatively short time scales. The
incident happened relatively recently, and moreover the working up of data sets requires
time. For that reason, in benthic species there was only the possibility to detect an effect in
summer 2019, about half a year after the incident. For the birds, additional data were
available in 2020. At this short term, no effects were visible in the data. In theory it is possible
that effects at longer term play a role for the populations. The microplastics, which were
mostly in a size range that could not be ingested easily by the studied animals, could wear
down to smaller size classes and moreover, adsorb toxic substances while ageing. In that
form, their effect could then become stronger than the short-term effect. However, at the
same time, it is likely that dilution would take place, either in the sediment or through the
water column to other areas. Even if the effect would then contribute to the background
stress on natural systems, it is not very likely that it would ever become detectable by
analyzing the populations. Further dilution would make it even less clear where and when to
look for an effect, so that confusion with natural variability becomes likely. For that reason, we
do not recommend repeating this exercise at a later stage.

17.5

Direct and cumulative effects
The research of the ecological data series has attempted to detect a short-term, direct effect
of the MSC Zoe incident on the populations of the studied species. Such effect could have
been detected if it had been strong compared to variation stemming from biological
processes and from other anthropogenic disturbance, including ongoing (background) plastic
pollution. The analysis has not been able to demonstrate the existence of such strong direct
effect. However, this does not necessarily imply that no effect at all has been exerted on the
protected and flagship populations. Besides other anthropogenic stresses, plastic pollution is
a chronic source of stress with a still badly quantified effect on biological populations. The
microplastic pollution stemming from the MSC Zoe incident has been added to this existing
stress and has increased its pressure by increasing the total amount of plastics in the
environment. In that sense, it is a contribution to the existing cumulative pressure. We do not
have a very precise estimate of the total amount of plastic in the natural environment of the
Wadden Sea. Such estimate would be needed to evaluate the relative contribution of the
plastic stemming from the incident to the total cumulative effect.
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17.6

Fate of microplastics in the food web
Neither of the two types of pellets have a high probability of entering the food web via the
benthic species described here. For the natural range of particle sizes ingested by the
lugworm Arenicola marina, or by the shellfish studied here, even the small plastic granules
are too large, at least based on their average size. As the particles have a size distribution, it
cannot be excluded that some small particles can be ingested and, in fact, this has been
observed for Arenicola marina in high-concentration mesocosm experiments (Foekema et al.,
2021). The main effect of these plastic particles on the physiology of the animal is occupation
of idle space in the digestive tract. This implies that effects on the animal can only be
expected at elevated concentrations in the digestive tract. Due to the spatial distribution of
the particles, this is unlikely to impossible to have occurred over large areas of the Wadden
Sea or the coastal North Sea.
Over all bird species, there was only one population where an important difference in the
trend value between 2019 and 2018 or 2020 was found. This was in one counting area for
the eider duck, but this was part of a sharp bend in the time trend that had been ongoing
since 2017 and that seems to be related to a shift in the spatial distribution of the birds in
recent years. In none of the other species was there any statistical indication that something
special had happened in the first months of 2019. Neither by uptake of plastics coming from
the MSC Zoe, nor by the disturbance that might have been caused due to salvage
operations, were consistent disruptions in the time series of bird counts visible.
In summary, we have analyzed population density and (for benthic species) biomass of some
of the best documented populations in the Netherlands, taking into account natural dynamics
in at least the preceding decade. Compared to the dynamics revealed in that period that was
undisturbed by the MSC Zoe incident, no deviating dynamics or patterns were detected in the
data. No evidence has been found for negative effects of the MSC Zoe incident on flagship
protected and typical species of the protected habitats in the Wadden Sea and Dutch coastal
waters of the North Sea.
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