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ACRONYMS, ABBREVIATONS AND UNITS

ADCP, ADP. Acoustic Doppler Current Profiler

ADV: Acoustic Doppler Velocimeter

BCS: Belgian Continental Shelf

BPNS: Belgian part of the North Sea

CTD: Conductivity, Temperature and Pressure Sensor
DTM: Digital terrain model

Gls: Geographic information system

HCMS High Concentrated Mud Suspension

LISST: Laser InSitu Scattering and Transmissometer
mab: Meter above bed

MLLWS Mean Lowest Low Water at Spring tide
OBS Optical Backscatter Sensor

PSD Particle Size Distribution

SPM: Suspended particulate matter
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SUMMARY
Context

Seabed, living and nonliving resources are exploited increasingly: sand and gravel is needed for

beach nourishment and for construction purposes, the accessibility of harbours requires regular

dredging and disposal operations, offshore windmills @ntribute to our future energy supply and

pipelines and cables transport gas and electricity to the mainland. The interaction of these

activities with seabed and water column nature and processes needs careful consideration.
However, presentday impactstc hdr qgdl " hm nesdm hmbnmbktr-hud ad
chrstgadcQ gdedgdmbd rhst shnm+ sgd haAsldede dqgdmb
changes and the role of climate change on seabed processes. Moreover, the range of human
activities may result in cumulative effects affecting the magnitude and extent of the impact on

the seabed. A more sustainable ecosystebased approach to management is needed, based on

an overall marine environmental status and its possible degradation. Setting environmental

targets and wellbalanced monitoring programs have become timely. These will help in ensuring

a sustainable use of our marine environment.

Objectives

The Belgian part of the North Sea (BPNS) has been targeted to investigate the marine ystem
over the past 100 years. Main objectives include: (1) Increase in knowledge on natural
variability of sediment processes; (2) Establish historic baselines, to set environmental targets; (3)
Quantification of ecosystem changes, on the mediunto long-term; (4) Demonstration of human
impact, with case studies relating seabed and water column changes to both naturalgnd
anthropogenicallyinduced sediment dynamics; (5) Assessing climate change scenarios and their
effect on seabed processes; and (6) Reamendations of more sustainable exploitation strategies
of non-living seabed resources.

Conclusions

The BPNS is a typical sandbankwale environment, though the coastal zone comprises of large
mud fields, associated with a turbidity maximum. The complexy of processes involved is high
and required both smalt and largescale investigations. A combined suite of tools was used,
comprising in situ measurements, seabed mapping and modelling.

Natural variability of sediment processes

Data from quasicontinuous multi-sensor tripod measurements increased significantly our
knowledge on the nature and dynamics of suspended particulate matter (SPM).

Time series of SPM concentration, current velocity (and turbulence) and situ particle sizes
were analysed. Variions in the particle size distributions are primarily caused by flocculation
and breakup processes, due to tidal forcing. The longerm data showed also the influence of
hydro-meteorological conditions and of storms on the size and composition of SPMew
insights were obtained in the nature and behaviour of mixed sediment§hese, in combination
with the effects of waves on the failure of consolidated mud beds and the erosion effects of sand
on top of consolidated mud are main drivers of sediment transpb in the coastal zone.
Significant increases in SPM have been correlated with tHermation of high concentrated mud
suspensions (HCMS) during or after a storrhitherto never investigated. Under these conditions,
about 3 times more mass of SPM was obsexd in the water column, as compared to calm
weather conditions. The disposal grounds of dredged material, navigation channels and adjacent
areas, with freshly deposited mud, have been found to be the major source of figgained
sediments during storms. Tis result is important, as it suggests that dredging and the associated
disposal of sediments have made available fingrained matter that contributes significantly to
the formation of those HCMS. Theeffect of hydrometeorological forcing on SPM(tidally- and

SSD- Science for a Sustainable DevelopmentNorth Sea 9
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wind-induced flows), has been studied through data classification according to variations in sub
tidal alongshore currents, with the direction of sukidal flow depending on wind direction. This
influences the position of the turbidity maximum; as suk also the origin of SPM. For a very near
shore location, winds blowing from the NE increased SPM concentration, whilst SW winds
induced a decrease. The latter is related to advection of less turbid English Channel water,
inducing a shift of the turbidity maximum towards the NE and the Westerschelde estuary. Under
these conditions, marine mud will be imported and buffered in the estuary. Under persistent NE
winds, HCMS were formed and remained present during several tidal cycles. Data show that
SPM consistof a mixture of flocs and locally eroded sand grains during high currents.

Detailed 3D substrate characterisatiomvas performed using very high resolution acoustic seabed
mapping, in combination with sediment and macrobenthos sampling. The main disposargund

of dredged material and its possible influence area, up to 12 km to the Belgiddutch border,
was targeted. Present disposal activities take place in the trough of a sandbank, displaying a
flood-dominated morphology. Where this trough ends and shallys, dense aggregations of the
tubeworm and bio-engineer Owenia fusiformis were observed, as also high abundances of other
macrobenthos species (e.g., the invasive speci&nsis directuy. Causal relationships are being
established between the disposal actities and benthic habitats. Large bed forms are present,
both near the disposal ground and near the areas with high biodiversity occur. A bed load
convergence is identified with a dominant NE transport in the floodlominated trough, but
consistent ebbdominant transport just north of it, as also near the disposal ground. This has
important implications for the management of the disposal activities; disposed sands are
transported in a SW direction, back towards the navigation channels. From repetitive mibgam
echo sounding recordings in the area, in combination with current and turbidity data along
transects, natural variability is being assessed and evaluated against anthropogeniestiyered
dynamics.

For impact predictions and more integral assessmentsodelling remains challenging.Improved
bed models have been incorporated to account for erosion of old sediments (Holocene and
outcropping Tertiary clays) distinguishing between active layers and a more passive buffer layer.
It has been shown that flocclation models, based on an empirical approach, are not able to
satisfactorily reproduce measurement datand more physical based models (simple models and
bimodal size class based models) have been implemented and evaluatedl break through
progress has ben made in the development of a lowReynolds turbulence model, needed for
the simulation of the highly concentrated near bottom sediment transport. Presetdly sediment
transport models are, yet, not able to simulate the likely formation of fluid mud laystr The
influence of the Westerschelde estuargn sediment and morphodynamics of the BPNS and vice
versahas been addressed and identified through satellite and in situ datainally, wave induced
turbulence and wave energy dissipation, and their importare in the turbulence part of
hydrodynamic models are being modelled. The coupled wavecurrent model has been
implemented and tested on High Performance Computer facilitie§ he coupled system has been
successfully applied to obtain long-term modelling resuks on hydrodynamic forcing and
sediment transport (1992010) and for the assessment of possible impacts of large scale sand
extraction on waves in the coastal zone.

Establishing historical baselines, in view of setting environmental targets

A sediment ard macrobenthos dataset of the period 1899910 (G. Gilson collection) has been
reconstructed, in view of establishing a historical baseline. The dataset is unique for the period,

due to its consistent and dense sampling approach. After calibration of theatd, the spatial
distribution of sediment types could be mapped. Background information is provided for the
engl dg chrsghatshnm ne dltc ehdkcrg+ ehmd ~ mc
grounds. The historical distribution of macrobentbs richness and abundance was reconstructed
using data acquired on bivalves, polychaetes and amphipods; the baseline maps for
macrobenthic diversity extend across the BelgiaButch border.

SSD- Science for a Sustainable DevelopmentNorth Sea 10
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Quantification of ecosystem changes during the last century

Long to medium-term morphological trend analyses allowed defining areas with significant
erosion or deposition Those areas with a clear and strong trend could be associated with human
intervention (e.g., largescale infrastructure works, dredging of navigatioghannels and disposal
of dredged material). However, some of the observed lontgrm changes are most likely caused
by natural processes. This is most prominent on the Coastal Banks, with erosion along their
gentle side and sedimentation along their steepide (i.e. landward migration). Also, the troughs
of those sandbanks tend to be erosive on the loagrm. The mediumterm morphological
analysis revealed a clear erosion trend of the foot of the shoreface, consistently appearing along
almost the whole Belgan coast, and only absent on locations where the erosiesedimentation
pattern is dominated by distinct local features (e.g. breakwaters, tidal gullies). From the medium
term morphological trend analysis of beach and shoreface west of Zeebrugge harbourgth
magnitude of the littoral drift was estimated. A net transport of 395.000 fyear in a NE
direction is inferred.

Longterm changes in the distribution and dynamics of cohesive sedimenisdicate that nowadays,
very high levels of poorly consolidated mudoccur in and around areas, altered by human activities
(navigation channels, disposal sites). However, decreased mud content is observed where,
historically, coastal mud fields were present. This may be due to increased erosiord older
Holocene mud; as aconsequence, higher amounts of fingrained sediments are being released
into the southern North Sea today. This may well be reinforced by lonrterm beam trawling.
Analyses along sandbanks reveal very high fishing intensities along the slopes and localiyly
fragmented seafloors have been observed.

Longterm change analyses of distributions and relative abundances of 12 common bivalve species
were performed for the periods 18991908 and 1994-2008. The observed expansion of some
species, tolerant to higler mud contents Abra alba, Tellina fabula, Macoma balthica, Venerupis
senegalensisis significant and contrasts with the regression of some clean sand species (significant
for Donax vittatus). These findings agree well with the suggestion of a humanduced increase of
turbidity, which likely result in transient deposition of higher amounts of fluffy layers and very soft
consolidated mud. Results also point at a higher amount of species contributing more evenly to
bivalve species richness, as compared tilie historical situation. This points at a probable effect of
eutrophication of the area, during the second half of the 20th centuryNo significant statistical
correlation could be found between NAO cyclicity and the discharge of the river Scheldt. Still,
correlations were found between NAO and the concentration and distribution of suspended
particulate matter.

Medium-term impact of disposal of dredged material on substrate characteristiosms studied
along the main disposal ground of dredged material. B&sl on vibrocores analyses, a clear
difference was observed in sedimentation patterns between the old and present disposal site of
dredged material, respectively on a sand shoal and in a trough. On the sand shoal, sand
remained on the bottom and fines wereactively washed out; in the trough, vibrocores show that
both sand and mud remainin situ and accumulation rates are much higher. This shows the
importance of morphological setting for the final estimation of environmental impact; however,
also the type ofdisposed material determines seabed recovery rates, after cessation of activities.

Shortterm impact of continuous disposal of finggrained sediments on SPM concentratiomas
investigated during a dredging experiment. Before, during and after the exper@ant monitoring

of SPM concentration was carried out at a location 5 km west of the disposal site. Analyses
revealed that the SPM concentration near the bed was on average more than 2 times higher
during the dredging experiment. The disposed material was nrdy transported in the benthic
layer and resulted in a longterm increase of SPM concentration and formation of fluid mud
layers. As the heterogeneity and complexity of the SPM concentrations are high naturally,

SSD- Science for a Sustainable DevelopmentNorth Sea 11
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statistical methods have been used to chacterize temporal SPM concentration variation in a
way that it can be used as indicator for changes, induced by human activities.

Exogenic forces:Climate Change

Analyses have shown that high sea surges along the Belgian coast occur when a low pressure
sysem remains stationary over the Baltic Sea and is associated with a reinforced Azores high.
This sealevel pressure (SLP) pattern shows a strong SVE pressure gradient leading to onshore
winds along the Belgian coast. Wintertime highest sea surges (99thrpentile) at Ostend have
increased at a rate of + 1 mm/yr from 1925 to 2000. This increase is associated with a SLP rise
over the Azores, leading to an increase of the frequency of strong surgdated pressure
gradients.High surges are expected to staytationary during the 2T century, associated with no
significant changes in SLP conditions over the Baltic Sea and over the Azarkgs not expected
that climate change for the 2% century will significantly modify the highest surges or highest
waves. Nevertheless, the mean setevel rise, associated thermal dilatation and ice melting, will
ineluctably increase thepeak sea level during storm events.

Towards sustainable management of human activities

Results evidence the importance of SPM as a driver the ecology of the Belgian coastal waters,
but its effect remains largely elusive due to its variability. Hence, the recommendation arises to
monitor SPM as an indicator of environmental changesThis can be established provided
sufficiently long time-selies and spatially distributed data are available, representative of the
natural variability. Due to the climateinduced temporal and spatial variability of SPM
concentration in such high turbidity coastal areas an increased sampling effort is necessary, as
compared to offshore systems with low SPM concentration. Such large data sets can originate
from in situ (e.g., tidal cycle, tripod measurements) and remote sensing (MODIS) samplings.
Their combination can be used to statistically assess heterogeneity omparing SPM
concentration frequency distributions (e.g., due to meteorological forcing or human activities).
Further implementation of coastal and seafloor observatories would facilitate continuous
measurements more efficiently. SPM was evaluated as drir of habitat and benthos changes.
Within mostly medium-grained sediments, intermediate levels of SPM (average 4 mgiere
correlated with higher species richness and macrobenthic dengst, though no thresholds of
change could be established.Seabed eroson/deposition rates were evaluated as possible
indicator to discriminate natural from anthropogenicallyinduced change though without
success. Though,ri the coastal zone, areas with sedimentation are due to human activities.

More sustainable practice®f human activities

Continuing efforts are being made to advice orreducing the recirculation of disposed fine
grained mattertowards the dredging areas. Natural dynamics around the sites should be taken
into account and the choice of the disposal ground &n vary according to the ruling hydre
meteorological conditions. This was demonstrated with numerical results. Operational models
which predict the advection and diffusion of the disposed material could make the dredging
more efficient. Also, considerationof bed load transport is important. On the mediura to long
term, sediment accumulates significantly, but is also transported away from the sites. The
importance of this process on neighbouring habitats, as also on other functions of the seabed,
should be considered when selecting new locations.

Related to aggregate extraction modelling results are presented of the impact of largecale
extraction at an offshore site (at more than 35km) on the safety level of the Belgian coast. Under
storm conditions, model results show a logical increase in wave height in the aggregate
extraction area, consequently leading to a significant increase in wave dissipation processes
when waves propagate further towards the coastal zone. Along the beaches, there is no (model)
indication of an increase in wave energy dissipation. It is tempting to conclude that safety levels
at the coast will therefore not be affected by largecale aggregate extraction; however, it is clear

SSD- Science for a Sustainable DevelopmentNorth Sea 12
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that there will be an indirect effect, due to possiblemorphological changes towards the coastal
zone, induced by changes in wave energy dissipation. Those changes will in turn invoke
changes in areas closer to the beaches. Such morphological changes are slow and it is still not
possible to predict them relialty at this moment.

Scientific support to a sustainable development policy

In an era of increasing needs from marine living and notiving resources, a more sustainable
development should focus, also, on finding ways tooptimize presentday practices of luman
activities. On the one hand, increasing awarenesss needed on how humans affect sediment
processes (both water column and seabed) and their implications to marine life; on the other
hand, synergies with industry are needed to come to morsustainablepractices With increasing
sealevel, coastal safety will demand huge quantities of sand. Research has shown that resources
are not renewed, and will become depleted on the longerm. This project has demonstrated
long-term and far field effects from pasthuman activities, also on the benthos.Changesin
sedimentation and/or SPM concentratiorcan be predicted though uncertainty margins will be
high on the longterm (50-100 yrs). Careful considerationwhen intensifying human activities is
hence needed.

Meanwhile, we anticipate by providing a scientific knowledge base together with modelling
tools, and indicators on how sediment processes may affect ecosystem functioning. More
integrative monitoring and long-term data series preferably along ecological cotinua, are
indeed prerequisite, even more so now that seas and oceans are considered one of the grand
challenges of the 2% century (Ostend Declaration, EurOCEAN 2010).

Keywords
Natural variability; Human fingerprint; Suspended Particulate matter (SPMjjstoric data; Long
term morphological evolution; Seabed erosion and sedimentation; Climate forcing; Ecosystem
changes; Eutrophication; European Marine Strategy Framework Directive; Seafloor Integrity;
Environmental targets
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1. INTRODUCTION

1.1 Context

Seded, living and non-living resources are exploited increasingly: sand and gravel is needed for
beach nourishment and for construction purposes, the accessibility of harbours requires regular
dredging and disposal operations, offshore windmills contributect our future energy supply and
pipelines and cables transport gas and electricity to the mainland. The interaction of these
activities with the seabed nature and processes needs careful consideration. However, present
day impact studies remain ofteninconkt r hud adb tr d neMr stgga &kc ¢ jq chead
situation, the interference of both naturally and anthropogenically induced changes and, the
hitherto unknown, role of climate change on seabed processes. Moreover, the range of human
activities may result in cumulative effects affecting the magnitude and extent of the impact on
the seabed. A sustainable management, based on an overall marine environmental status and its
possible degradation, is therefore needed. Settingp environmental targets andwell-balanced
monitoring programs have become timely. These will help in protecting and preserving the
marine environment and safeguard our seas for future generations.

1.2 Objectives

Quest4D targets the Belgian part of the North Sea (BPNS) to investigtite seabed ecosystem
over the past 100 years. Main objectives include: (1) Increase in knowledge on natural
variability of seabed nature and processes; (2) Establish historic baselines, as reference situations
for impact studies; (3) Quantification of eceystem changes, on the mediumto long-term; (4)
Demonstration of human impact, with case studies relating seabed changes to both naturally and
anthropogenically induced sediment dynamics; (5) Assessing climate change scenarios and their
effect on seabed mnagement; and (6) Development of more sustainable exploitation strategies
of non-living seabed resources.

1.3  The Belgian part of the North SeaD a complex environmental setting, heavily
occupied by human activities and facing climate change

The Belgian mrt of the North Sea (BPNS) (3600 km2) is a siliciclastic mactiolal environment
comprising several groups of sandbanks. The sandbanks represent a thin and patchy Holocene
cover, which overlies Tertiary clayey sediments that outcrop locally in troughs. Ehtidal regime

is semidiurnal, with tidal ranges that diminish towards the northeast. The mean tidal range at
Zeebrugge is 4.3 m and 2.8 m at spring and neap tide, respectively. Sediment transport is mainly
driven by tidal currents (max 12 m/s), though wind-induced currents and waves may have a
direct effect on sediment resuspension and bedform morphology. Winds blow dominantly from
the southwest and the highest waves occur during nortivestern winds.

Human activities take place mainly in the shallow coatal zone (620 m MLLWS) with beam
trawling, harbour infrastructure works,navigation channels, coastal defenceand dredging and
disposal of dredged materia{~10x10 °® tonnes dry matteryr) being the main drivers of potential
changes. Marine aggregate exction (~2 x10° m3/yr, at presen} and windmill farm construction
takes place further offshoreAlterations of the cohesive and norcohesive sediment distribution
are to be expected because infrastructure works, together with dredging and disposal of
sediments, often result in hydrodynamic conditions which are not in equilibrium with the
presentday bathymetry.

Surficial sedimentsin the coastal zoneare characterised by the occurrence of cohesive and nen
cohesive sediments fine sands with variable mud cortent dominate. The cohesive sediments
occur mainly in the eastern nearshore part and are characterised by a particular rheological
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and/or consolidation state. Four different types are distinguished, namely Eocene clay, Holocene
mud (+/ - 3000 yr BP), modernmud (<100 yr BP) and freshly deposited mud Fettweis et al.
2009). Generally, the freshly deposited mud occurs as thin fluffy layersr locally as gradually
soft consolidated thicker packages (£0.2L m). The mud:sand ratio influences the transition
between cohesive and nonrcohesive behaviour and has a major influence on erosion,
suspended particulate matter PM concentration, SPM composition and benthic ecological
properties Williamson and Torfs 1996; Panagiotopuloset al. 1997; Flemming and Delafontane
2000; van Leddenet al. 2004; Waeles et al. 2007). Natural SPM comprises many different
substances with time and site specific concentrations. Imixed sediment areasSPM reflects the
bed composition and may consist of a mixture of cohesive and neaohesive mineral particles
(Manning et al. 2010). Close to a sandy seabed, SPM is likely to contain also resuspended
mineral grains, whereas higher in the water column or in muddy environments SPM occurs
typically in the form of flocs, composed of aggregatesf mainly clay minerals, organic matter
and water. Mud and sand can be deposited as alternating layers when mud and sand settle
separately from independent suspension or simultaneously. The latter implies segregation due
to settling of sand grains throuly the non-consolidated mud layer ¥an Leddenet al. 2004).
Flocs vary in size on shodime scales (ebHlood), as they are formed by collisions of smaller
primary particles with cohesive properties in lowturbulence regimes, and are ruptured by shear
in high-turbulence regimes yan Leeussen 1994; Winterwerp 1998 With increasing turbulent
shear floc sizes decrease and the probability of resuspension of gradually larger mineral
increases. SPM is therefore likely to have a muithodal particle size distritution (Mikkelsen et

al. 2007; Mietta et al. 2010; Verney et al. 2010; Lee et al. 2011); this reflects the fast temporal
changes in floc sizes due variation in turbulent shear, as well as the overlapping distributions of
flocs and mineral grains in mixed sdiment environments and strongly varying shear stresses.

It is clear that complexity of processes (temporally and spatially) in the shallow coastal zone is
high. To enable distinguishing natural from anthropogenically-induced changes both small-
and large-scale investigations were needed.

Meanwhile, there is a change in attitude towards coastal protection and coastal management,
generally due to the growing risk and uncertainty generated by climate change. In line with this,
there is also growing awarenss of environmental and socigeeconomic implications of coastal
activities, in general, and coastal defence, in particular. Applied to the Dutch coast, Horstmarat

al. (2009) favour largescale solutions for longterm coastal management strategies and give
arguments for soft engineering measure§heseare naturebased and have a flexibility allowing
design adaptation as insights increase. Horstmaret al. (2009) also emphasize the importance of
continued investigation into future hydraulic conditions due to climate change. Although
uncertainty will remain, rangesneed to be reduced. However, the manner in which the system
would react to large engineering workss not known and few data exist on past changes.

To ensure more cost-effective operations at sea, to better gauge the human footprint, and to
develop environmental policies aiming at a more sustainable ecosysteAvased approach to
managenent, dedicated research was needed
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2. METHODOLOGY

2.1 Introduction

Research strategiesonsisted of stateof-the-art observations/sampling (RV Belgica), experiments
and advanced modelling, within the space, depth and time domain (4D). A muksensor tripod,
a.0. measuring turbidity, currents and irsitu particle size is deployed on a quaspermanent
time-scale. Paameters are measured in function of model improvement, and observations are
made on seabed nature and dynamics, often in a multidisciplinary contexSignifcant efforts
were made on the reconstruction of a historical baseline and to analyse ecosystem cgar on
the medium- to long-term. A worldwide unique dataset of 1900 was at our disposal.

Modelling developments although significant, are provided in the methodology section only.
Their application is integrated in the Result section.

2.2 Natural variability of sediment processes
2.2.1 Sediments and sediment transport

a. Cohesive, noncohesive and mixed sediments on the BPNS

Existing and newly collected bed samples have been used to reconstruct the cohesive and non
cohesive behaviour of the sediments irthe nearshore zone.Further, multi-sensor tripod data
(82.2.1b) have been analyzed for mixed sediments in suspension. The aims are to: (1) Estimate
the erosion characteristics of cohesive and mixed bed sediments, see 83.2.2 and Fettwatisl.
(2010a) andformer Q4D reports (Van Lanckeret al. 2009). (2) Collect grain size characteristics
and erosion characteristics of bed sediments in order to develop a bedodule for the sediment
transport model, see §2.2.2 and former Q4D reports (Van Lancket al. 2009). (3) Examine the
influence of tides, wind and waves on the particle size distribution of SPM, composed by flocs
and granular particles, see 8§3.2.1.

Erodibility measurements

Erosion characteristics have been determined from erodibility measurements on mgdmples
taken at different locations in thenearshorearea. Boxcores were subsampled using cylindrical
perspex tubes allowing retrieving relatively undisturbed mud samples of the first 40 cm of the
sea bed. Using a gammaay densitometer, bulk density profes of these samples were
determined in a nondestructive way. The measurements were performed at the University of
Stuttgart using the SETEume (Kern et al. 1999; Witt and Westrich 2003). The top of the
perspex tubes can be attached to a circular holm the bottom of the flume, and by pushing the
sediment upwards until its surface, its level with the bottom surface of the flume the erosion
behaviour of the top layer of the sediment can be investigated. After erosion of the top layer, the
sediment canbe pushed further upwards and the underlying layers can be studied. The critical
shear stress for erosion is determined by visual observation of the onset of erosion by a gradual
increase of the discharge. Shear stresses are calculated from the measurethdirge via the
Darcy-Weisbach equation, using the Colebrook formula to determine the roughness coefficient
(Streeter 1996. In addition, the flume is equipped with the sacalled SEDCIAsystem, enabling to
measure the erosion rate. This system consists @fcamera which observes the timelependent
shift of a series of parallel laser lines projected under a certain inclination angle on the
rdchl dmsqQr rtqe bd+ eqnl v g h land hencel also the mass ms Q r
change, since the bulk density is kownDcan be calculated in function of time.
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Hydro-meteo influence on particle size distributions (PSD) in a mixed sediment environment

PSD provide essential information on floc and particle dynamics as emphasized Mikkelsen et

al. (2006). With this scope in mind, in situ measurements of SPM concentration, PSD, as also of
currents have been carried out in the Belgian coastal waters, using optical (OBS, LISST 100) and
acoustical sensors (ADP, ADV). Statistical methods (entropy analysis, fitting of PSEhveum of
log-normal functions) were applied and lowpass filter averaging to classify the PSDs and to
establish the link between PSD and the underlying processes. Similar measuring approaches
(e.g. Thorne and Hanes 2002; Fugate and Friedrichs 2002; Voulga and Meyers 2004; Hoitink
and Hoekstra 2005),statistical methods Jonasz and Fournier 1996; Mikkelseret al. 2007) and
averaging Baeyeet al. 2011 and 82.2.1b) have been successfully adopted in various marine
environments.

Two methods for classificathn of the particle size spectra have been applied. The first one uses
the flow data to separate the LISST records in different groups corresponding to different
hydrodynamic forcing, see§82.2.1b. The second method for classification is entropy analysis;ig

a method from information theory to evaluate the randomness of an event (such as a particle
size distribution) and to assign the event to a group with similar characteristics or to place it in a
new group. Applied to PSD entropy analysis allows groupip the size spectra without
assumptions about the shape of the spectra and is therefore suited for analysis ofmnoidal, bi-
modal, as well as multimodal distributions Woolfe et al. 1998). Entropy analysis has been
successfully applied to grain size distibutions from sedimentary deposits Forrest and Clarke
1989; Woolfe et al. 1998; Orpin and Kostylev 2006)and to LISST particle size distributions of
suspended matter Nikkelsen et al. 2007). Our analysis was carried out with the FORTRAN
routine of Johnsten and Semple (1983),extended with a module to calculate the optimal
number of groups using CalinskHarabasz pseudo Ftatistic Orpin and Kostylev 2006). The
results are presented as an averaged and normalized PSD for every group.

b. SPM dynamics

A turbidity maximum characterises the Belgian nearshore zone between Nieuwpoort and the
mouth of the Westerschelde. SPM concentration varies between minimum 2 mg I* and
maximum 100- >1000 mg | * during calm meteorological conditions at 2 m above the sea bed
lower values (<10 mg |*) occur in the offshore areaRettweiset al., 2007a). SPM dynamics have
been studied using in situ measurements obtained with a tripod and from a vessel, and remote
sensing measwments from the MODIS satellite.

Research setip and aims of measurements

1. Assessing the hydrodynamics, sediment dynamics and bed erosion processes during
extreme meteorological events, in order to better understand the variability of SPM
concentration and its relation to erosion, resuspension and transgoof sediments, see
83.2.2; and Fettweiset al. (2010a).

2. Identification of the effects of forcings (tidal and winednduced flows) on suspended
sediment transport, seé3.2.1, §3.2.4; and Baeyeet al. (2011).

3. Presentation of the impact of continuous dispad of fine-grained sediments on the SPM
concentration and on fluid mud dynamics, see83.3.4c; and Fettweiset al. (2010b).

4, Identification of the temporal SPM heterogeneity in the Belgian nearshore; determination
of their statistical characterisation; examition of how they describe the nature of
coastal systems; and evaluation of SPM as indicator for ecosystem changes, §24.2,
§3.4.14a; and Fettweis and Nechad (2010).
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Instrumentation

The tripod was developed for collecting timeseries (up to 50 days)of SPM concentration,
particle size distribution, salinity, temperature, pressure and current velocity at fixed locations.

The instrumentation suite consisted of a 5 MHz SonTeRcoustic Doppler Velocimeter (ADV
OceanHydra), a 3 MHz SonTek Acoustic DopplerProfiler (ADP), two D&A optical backscatter

point sensors (OBS), a Sdaird SBE37 CT and a Sequoia Scientificaser InSitu Scattering &
Transmissometer 10X (LISSTLO0X, TypeC). All data (except LISST) were stored in two SonTek
Hydra data logging syste r - Sgd NARQr wvdgd I ntmsdc s [ -1
(hereafter referred to as mab). The ADV velocities were measured at 0.2 mab, while the ADP
profiler was attached at 2.3 mab and dowrooking, measuring current and acoustic intensity
profiles with a bin resolution of 0.25 m. Mean values were obtained once every 10 min for the
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Figure2.2-1: Map of the Belgianpart of the North Seawith the in-situ measurement stations Blankenberge
(BLA), MOW1 and Kwintebank and the wave measurement station Bolan Heist. The background
consists of the yearly averaged surface SPM concentration (mg/l) from MODIS images (22088).
Coordinates are in latitude (°N) and longitude (°E).

OBS, LISST, and ADV, while the ADP was set to record a profile every 1 min; laten averaging
was performed to a 10 min interval to match the sampling interval of the other sensors. The
tripod was deployed at three locations during the period 2004€2009. A total of 240 days of data
have been collected at Blankenberge, 138 days at MOWand 9 days at the KwintebankFigure
2.2-1). The long deployments have ensured accurate sampling of conditions that include
complete periods of neap and spring tides, as well as the occurrence of a variety of
meteorological events.

During the period 2001-2008, 16 tidal cycle measurements have been carried out at MOW1
and 8 on the Kwintebank Figure 2.2-1). During the measurements, the ship remained anchored
during one tidal cycle. The Se&Bird SBE09 SCTD carousel sampling system, containing 12 10 |
Niskin bottles and an OBS was kept at about 3 m above bottom (mab). Every 20 minutes a
Niskin bottle was closed and every hour the carousel was taken on board of the vessel. Per
retrieval of the carousel a vertical profile was measured. About 13 profiles per atlcycle have
thus been collected. In total 198 vertical profiles are available at MOW1 and 103 on the
Kwintebank. The measured vertical profiles collected from the vessel during a tidal cycle cover
the water column from 3 mab towards the surface. Therefera linear regression (minimizing
absolute deviation) between water depth and the logarithm of the SPM concentration, averaged
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over depths cells of 0.5 m, was calculated to construct the missing lower part of the profiles. The

fitted profiles have been usd to calculate ratios between SPM concentration at the surface and

at different depths in order to extrapolate surface SPM concentration, measured by the satellite
towards deeper water layers and/or near bed SPM concentration, measured by the tripod
towards the surface fettweis and Nechad 2010.

MODIS data of level 1A (L1A), covering the period 20022008, have been downloaded from the
NASA GSFC web siténttp://oceancolor.gsfc.nasa.govThe L1A data containthe radiance at the
top of the atmosphere, which were geometrically corrected using the SeaDAS software
(available from the same NASA web site). The turbid waters atmospheric correctidRuddick et
al. 2000) implemented in SeaDAS was then applied to obtairthe marine (waterleaving)
reflectance. SPM concentrations were derived from watéeaving reflectance following an
algorithm calibrated for turbid waters Nechad et al. 2010). For Belgian waters about 60
(partially) cloud free images per year are availdd from each sensor, resulting in total in 460
samples at MOW1 and 502 at the Kwintebank location. 64% of satellite images are during
spring and summer and only 36% during autumn and winter. The latter two seasons are
characterised by higher SPM concentramns.

SPM concentration from acoustic and optial sensors

The backscattered signal from OBS and ADP were used to estimate SPM concentration. The
voltage of the OBS was converted to SPM concentration by calibration against filtered water
samples during seeral field campaigns Fettweis and Nechad 2010. A linear regression
between all OBS signals and SPM concentrations from filtration was assumed. The backscattered
acoustic signal strength from ADP was, after conversion to decibels, corrected for geometric
spreading and water attenuation. Further an iterative approackifn et al. 2004) was used to
correct for sediment attenuation. The upper OB8erived SPM concentration estimates were
trdc sn dlohghb > kkx b khaqgq sd s gidbacCdaharing ise hqr s
affected by sediment type, size and composition. All are difficult to quantify by single frequency
backscatter sensorsHamilton et al. 1998). Limitations associated with optical and acoustic
instruments have been addressed in literata (Thorne et al. 1991; Bunt et al. 1999; Fugate and
Friedrichs 2002; Voulgaris and Meyers 2004; Downing 200% Briefly, acoustic devices produce
better estimates of mass concentration than optical for the coarser granular fraction. Besides time
series ofcurrent velocities and acoustic amplitude, the ADV and ADP was configured to also
measure and store the distance between sensor and boundary (i.e., sea bed). The altimetry of the
ADV and ADP was used to detect variation in bed level, as also for the idefigation of
deposition and resuspension of finggrained sediments. For the study site, decreasing distance
between probe and bed boundary can correspond to the presence of High Concentration Mud
Suspensions (HCMS) acting as an acoustic reflector. Howevéie boundary detection may falil,
due to attenuation of the signalelasco and Huhta 2008).

Low-pass filtering of tripod time series

The effects of various hydrodynamic forcings (tidal and winthduced flows) on suspended
sediment transport have been argsed in terms of climatological parameters for the
Blankenberge site. The collected current velocity (ADV and ADP) time series from tripod
measurements were filtered for the tidal signal using a loyass filter for periods less than 33
hours and decomposed in an along and crossshore component Baeye et al. 2011). The

alongshore lowpassed flow was used to characterize the tidal cycle in terms of windriven

flow.

Three cases were identified, one corresponding to pure tidal flow (Case 0) and two to per®d
with significant influence of wind-driven flows with residual alongshore currents in excess of
0.05 m/s. Case SW corresponds with NE winds resulting in residual alongshore currents directed
towards the SW and Case NE with SW winds and residual alongshotarrents directed towards
the NE. In addition to the above classification, each tidal cycle was classified as neap or spring,
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in terms of the tidal range of the particular cycle. Theidal cycles, from each category, were

ensemble udqg fdc smhibgk€sdidogdsxims shud shc  k bxbkd
methodology described inMurphy and Voulgaris (2006, the time of data collection from each

tidal cycle was converted from absolute time to tidal phase within the cycle, using the local high

water slack time as a reference time. Then data (SPM concentration, currents, salinity,
temperature, particle size distribution) from each case, falling within the same bin (width of 10

min) of the tidal phase, were averaged and a mean cycle and associatadrslard error were

calculated and the tidal cycles, from each category, were ensembiaveraged to create an

average tidal cycle for each case.

Wave- and current induced shear stress from ADV

High frequency ADV measurements (25 Hz) permit to decompose theelocity in terms of a
mean and a fluctuating partSeveral studies report on the possibility to estimate shear stress from
second moment (turbulence) statisticsPope et al. 2006; Verney et al. 2007; Andersenet al.
2007). The estimation is based on thealculation of the turbulent kinetic energy (TKE), which
can be obtained from the variance of the velocity fluctuations. The shear stress has found to be
proportional to the TKE through U= CxTKE, where C=19 was adopted as proposedoy
Stapleton and Huntley(1995) and Thompsonet al. (2003). This linear relationship will however
fail in the presence of waves. The inertiatlissipation method uses the spectrum of velocity
components and allows to apply a correction for the advection by waved fowbridge and Egar
2001; Sherwood et al. 2006). In this case the vertical component was used, as it is least
contaminated by waves. ADV data were discarded when the sign#d-noise ratio dropped below
15 dB and the correlation coefficient was lower than 0.8. Data were #n transformed into a
power density spectrum using a Fast Fourier Transform with a Hanning window and the spectral
density, Bw, was normalized such that the integral over the spectrum yielded the variance over
the burst. Afterwards it was transformed tdw ¥°° (2°)*, with ¥ the radial frequency, as the
turbulent dissipation, U scales with Ew ¥°° (2°)* in the inertial subrange, defined as the range
between 1 and 2.5 Hz (Trowbridge and Elgar 200). By calculating the mean over this range an
estimate of Ew ¥*° (2°)* was obtained andUcalculated and a correction for the presence of
waves implemented, seeTrowbridge and Elgar (2001)and Sherwood et al. (2006). The shear
stress at elevatiorz can then be obtained using0= D z¥"®, where a is the Von Karman
constant andDthe water density.

C. Clay mineralogical analysis

The intriguing question why large deposits of muds are found in an energetic and otherwise
sand dominated environment has inspired a large number of provenance studies. Until the
reconnaissance studies of Fontaine (2004) and Grégoir (2005) the most important component of
the muds, clay minerals, were never studied agrovenance indicators A new methodology was
worked out to qualitatively and quantitatively characterize with the highest possible resolution
BPNS muds, BPNS suspension samples and sediments from potential source areas to detect
possible provenance relations. ExistindEnglish Channel(e.g. McManus and Prandle 1997),
Scheldt river (Gullentopset al. 1976) and local eroson (Fettweiset al. 2007b)), as well as new
provenance hypothegs (Holocene salt marshes, Scheldt river upstream Bath, Eemian intertidal
deposits, Atlantic Ocean, French coast West of Calais, Early Pleistocene and Late Pliocene
deposits, Weichselian coversands, Paleogene deposits on tHBPNS have been investigated.

d. Substrateand habitat characterisation and sand dynamics

Erosion/deposition patternsare also studied in typical sandbank areas. Extensive new data have
been collected north of the Vlaktevan de Raan.This area includes the disposal ground B&W S1,
one of the main sedimentation areas on the BPN&de Result sectiop Sidescan sonar and
multibeam echosounder data (MBES) were acquired fdetailed substrate characterisatiarFour
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areas withbedforms were identified and were followed in time (2006-2010). The areas include:

(1) zone just north of the disposal ground (S1); (2) zone where dense aggregations of tube worms
occur; (3) zone just north of thee aggregations; and (4) intermediate zonbetween (1) and (2).
Zone 1 is indicative of an area influenced by human activitiesSediment and macrobenthos
samples were takerwith a Van Veen grab

Largescale sedimentation patternswere investigated along a disposal ground of dredged
material (B&W 8l), based on chronesequential multibeam and singlebeam echosounding data.
These were confronted with disposal intensity data and sedimentation patterns of the shallow
subsurface, revealed from vibrocores. Vibrocore analyses included density profileshbiogical
descriptions, photographs and sediment subsampling. Extensive reporting on the vibrocore
analysis can be found in Dezeure (2007) and Veys (2008). Bathymetric difference maps of
chrono-sequential singlebeam data from 1976 till 2006 were made.

To assess natural variability, the bathymetry data series are being correlated with hydro
meteorological forcings (based on data from the Flemish Hydrography). For an existing dataset,
relationships were already established. Methodology included a principal@nponent analysis,
differentiating sediment budgets of the consecutive bathymetric soundings against the
directionality and strength of the sand transporting agents: winds, waves and currents.

Results are reported under 8.2.4; 3.2.5; and 3.3.4.

e. Substate alteration Dbiological Influences

As mentioned in previous paragraph, areas wittdense aggregations of macrobenthosvere
characterised, in high resolution, alsoTheir occurrence is being related to sediment dynamics,
as well as to human influence. Ahull-mounted Acoustic Doppler Current profiler (ADP) was
used to characterise current flow over these areas.

f. Substrate alterationDbeam trawling effects

Beam trawling on the seabed can be revealed from vetyigh resolution sonar imagery (Van
Lanckeret al., 2007). However, to evaluate the spatial extent of impacts and to extrapolate some
of the findings, data are needed over wide areas. Datasets from various sources (e.g. fromUG
QBLF " mc EOR Dbnmnl x+ RLDg@r ~ mc Dmdtedklings weré u d
sailed additionally to bridge some of the most important gaps. From the datasets, the spatial
extent of fishing activities was estimated, hitherto never done before. The analyses required a
careful processing of the data, as also advancefitering techniques to remove noise and
artefacts (i.e. spatial frequency filtering and spatial directional filtering). Analyses are extensively
reported in Janssens (2009).

2.2.2 New model developments

To better estimate sand/mud balances along the BFEIN model improvements were needed,
incorporating a better structure of the seabed and accounting for the occurrences of mixed
sediments. Allowances were made for bed armouring, consolidation, and washing out of
sediments. Improved modelling of flocculation(e.g. to estimate the fall velocity of the particles),
and of turbulence was needed. Mw models can account for the transport of sand and mud at
the same time. Another significant improvement of the sediment transport model is its 3D
representation. Wheras at the moment, the sediment transport model only account for depth
averaged concentrations, also the vertical structure of the sediment distribution over the water
column can have very important implications(e.g. related to the disposal of dredged maitgl).
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Major developments take place within the VLABEL project (Flemish Authorities) and will
become available to the scientific community in 2011.

a. Refined hydrodynamic and sediment transport model

Development of a better representation of the structe of the sea bottom

To account for erosion of old sediments (Holocene and outcropping Tertiary clays), a distinction

between an active layer and a parent bed is needed critical erosion shear stres ¢ of up to 4
Pa, was considered representative ofecent sedimentdeposition. The active layer consists of
different sublayers allowing consolidation of mud, pore filling of sandy sediments by mud and
segregation between sand and mud layers. Both the active bed layer andetharent bed layer
are characterised by 15 variables, resulting in 30 variables on every sampling location. These

variables include erosion characteristicse.g. . at surface,!. averaged overa depth interval,
bulk density averaged over a depth interval, mass in a depth interval and critical erosion rate
averaged over depth interval, and sediment characteristics, as grain sizes in 8 classes from gravel
to clay. The definition of clay (< 8 um) is based on the difference between sortable silts and
aggregated particles (Changt al. 2007) and the discrimination between a cohesive and non
cohesive behaviour is based on van Ledderet al. (2004). Data were extracted from the
SediCURVE@SEA database (Vd.ancker, 2009); interpolation is done on a 250 m grid.
Sedimentological maps with sand, silt and clay content are constructed, together with a spatial
map of the van Ledden classed-{gure 2.22).

A sand/mud bottom mode| basedon the work of Waeleset al. (2007; 2008), Hayter (1983) and
Sanford (2008), is being developedalso. The Waeles approach allows for the calculation of
transport of cohesive and norcohesive sediments in one single model. In the bottom, different
layers are possible with changing composition. The model allows for consolidation and
armouring of fine-sediments. The Waeles model was slightly adapted to also allow washing out
of fine sediments from a sandy bottom structure.

1 VLABEL is a project of the Department of Mobility and Public Works section Maritime Access of the Flemish
Authorities; its aim is the development of a FlemiskBelgian instrument of numerical models for the North Sea
harbours (call 16EF/2008/02). This numerical instrument has to be able to simulate flows and tidal propagation in
seas, estuaries and rivers in 3D including sediment transport and morphological bottom changes due to flow or due to
human intervention. The developnent builds further on previous collaboration between MUMM and Flanders
Hydraulics, but now also involves universities and private companies into the model development.
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Figure 2.22; Spatial distribution of cohesive andnonb ngdr hud rdchl dmsr + a rdc

sand dominated noncohesive sediments in yellow, sand dominated cohesive sediments in brown and
clay dominated cohesive sediments in grey.

Roels (2010) has developed a Sanfoitgipe model, describing consolidation with relaxation
method, extended with the property to describe fluidization by waves. The model has been

sdrsdc vhsg LTLLQr sqghonc ¢ s + rgnvhmf sg°

form a consolidating bed. However, combined with a depth-averaged sediment transport model,
it is impossible to simulate the likely formation of fluid mud layers during slack water, which are
expected to reduce the actual bed friction on the hard bed surface, such that new bed formatio
would be expected to occur in reality. Therefore, it is concluded that full3D modelling of
sediment transportin the water column is absolutely necessary to allow the correct simulation of
fluid mud behaviour and the correct interpretation of the tripoddata, which only give time series
at 2 distances from the bottom. Also the potential role of advection could not be determined. As
stated above, the development of the 3D sediment transport model is being executed in the
framework of the VLABEL project.

Regardingflocculation modelling, new modelling strategies using bimodal distributed cohesive
sediment aggregate or a combination of physical and biological flocculation dynamics are being
developed to calculate the representative settling velocity of colséve sediment aggregates.

LISST particle size data from the tripod measurements at MOW1 and Blankenberge have been

used. In the first approach the population balance equations is solved for two floc populations
(Lee et al.,, 2011a). LISST particle size datdnave been analysed, using the commercially
available DISTFIT software to determine the effective number of particle populations (Leeal.,
2011b). Instead of discretizing the particle size distribution (PSD) in multiple classes, each
population is modelled using a continuous distribution (Wanget al., 2009). In order to minimize
the number of variables, the PSDs are described by simple continuous analytical functions,
following the work of Maerz & Wirtz (2009). The second approach is based on a flocculan
model (Maggi 2009) that couples mineral and micreorganism dynamics to predict the median
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floc size. Natural SPM comprises many different substances with concentrations that are
generally site specific and time varying. The model has been calibrateding a set of shipboard
tidal cycle measurements and tripod data (see Cheat al. 2010a, 2010b).

Important progress is made in the development of an aw@djusting low-Reynolds turbulence
model for the simulation of high-concentrated neasbottom sediment tansport. A breakthrough is
made for the formulation and implementation of secalled four-way coupling particle-turbulence
effects by adding a second turbulence generation mechanism, i.e., turbulence generated in the
wakes of the particles, into the equatins (Toorman, 2011 and articles in preparation). It is intended
to implement and test this new turbulence model in theCOHERENS/2 code (Luyten, 2011)in the
framework of the VLABEL project (scheduled for 2012012).

b. Dynamic coupling of wave and currentmodels

There is a growing tendency to couple different types of models (climateceanwavestransport)
(e.g. Bolafioset al. 2010). Coupling of models for coastal hydrodynamics and coastal waves is also
pursued and is neededo better represent hydrodynanmi processes in the shallow coastal zone
Both the computational logistics and the understanding of the interaction processes is a major
challenge and an area of continued researciThe COHERENS/2 model was usedto simulate
currents and was coupled to thavave model SWAN (SWAN, 2008) SWAN is the stateof-the art
model for (spectral) wave propagation in coastal areas. It has a large active community, is still in
active development and therefore incorporates new insights in wave modelling. The WAM
model (WAMDI Group, 1988) was used to provide boundary conditions for the coupled
COHERENSSWAN model. The coupling was done one way in which water levels and currents
from the COHERENS model are transferred to the SWANodel. This coupled model has been
used to ssess impacts of large scale sand extraction on the BPNS (see section 2.4). It has also
been used in the Belspo BOREAS project, to hindcast a-$@ar period (19992008) and to assess
the wave energy potential on the BPNS (Fernande al. 2010). For a fulldynamical coupling of
COHERENS and SWAN, considerable work is still needed, but ongoing.

2.2.3 Settingup a historic reference framework

a. The Gilson collection: period and sampling area.

The Gilson collection (RBINS) is a large set of biotic and altic samples and measurements

acquired between 1898 and 1939 in the English, French, Dutch and Belgian parts of the

southern North Sea and in the Eastern English Channel. Two compartments of the ecosystem

vdgqd enbtrdc nm9 rdchldmshnkkhiptshgadd vmeg | sddna:
with the benthic dredge, towed over a distance of 1,852 m). The bulk of data was acquired in

the BelgianDutch zone between 1899 and 1908, within high definition sampling grids

(Houziaux et al. in revision). More information on the collection can be found in previous

technical reports (Houziauxet al. 2008; Van Lanckeret al. 2009; 2010) and in Annex (Houziaux

et al. in revision).

b. Reference map of sediment types

Gilson collected 2,979 sediment samples using an aginally-designed cupped instrument (the

df gnt mc bnkkdbsngao( - Sghr hmr sgt !l dms dm”  akdc S
designed to avoid leaking of the finer sediments (see van Loest al. 2002 and references

therein). Only 690 subsamples, creatd in 1956, of the collected sediments are still available in

the repositories of the RBINS. Most samples (1&#D0 g) were kept dry, though a small part was

stored with formalin. Not all available samples originate from accurately positioned stations,

hence less material was available for direct longerm comparison purposes. Seafloor
composition was recorded in field logbooks in the form of visual descriptions of the fresh
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sample, as observed in the sampling gear. Gravel, pebbles and cobbles collectediwibe towed
benthic dredge were kept as well and are still stored. A part of the collected cobbles was
cleaned from epibenthic cover and was stored dry in the petrographic repository; their
composition was studied by Verbeek (1954). The remainder was statein alcohol in the
invertebrate repositories, together with their attached epifauna. See Houziaex al. (2007; 2008)
for analyses and interpretation.

Geographic position of the samples was determined, as precisely, as weather conditions enabled
using two angle measurements with a sextant, sometimes a compass, with reference to well
defined landmarks and/or seamarks (Gilson 1900; 1928). Prior to analysis, a detailed evaluation
of geographic positioning accuracy was carried out to enable a strict qualiyased selection of
samples (see Annex; Houziawet al. in revision). For the larger pebbles and cobbles, collected
with towed gears, a similar verification was carried out on dredge samples. Data were mapped
using the mean geographic position between the staand end point of tows (the dredge was
towed on a standard distance of one nautical mile, or 1,852 meter). Data were mapped to check
consistency with nautical charts of Stessels (1866) and Urbain (1911) and with the presday
bathymetry.

Processing oWisual sediment descriptions

Visual sediment descriptions were provided in field logbooks. The layered structure of the
sediments was generally described, providing an exhaustive image of the surficial sediment
composition, but the relative proportion of every major constituent (namely: mud, sand, shell
debris and mineral gravel) was not systematically recorded. As a consequence, drawing a ternary
diagram of mud, sand and gravel content can be achieved only at a very limited amount of
stations. However, etimates still enable considering the spatial distribution of every feature, e.g.
areas with low or high amounts of mud can be identified and mapped, independently from other
constituents, enabling spatial analysis of the mud levels distribution. Therefgrestimated
relative amounts of mud and shells debris, estimated grasize of the sand fraction and
occurrence of stones were processed separately.

Calibration of visual descriptions: grairsize analyses

Sn b khag sd sgd ° bbt cqtedh grainsize anBlysésrwerencarmiedwdt ont ~ k dr
selected archived samples. Details on methods, used to analyze the samples and calibrate the
descriptions (mud content, median grairsize of the sand fraction), are given in Annex

(Houziaux et al. in revision).

b. Reference map for macrobenthos

Data acquisition focused on Bivalvia, Amphipoda and Polychaeta, because they represent the

at kij ne Fhkrnmagr rnes anssnl | " bgnadmsgnr - On k x
collections. For this group, species ingntories (records of species per sampling number) were

used instead, but their adequacy with the collection content needs further verification. They

display an apparently much reduced abundance, compared to the presetdy situation; this

could bear ecologcal significance.

Hm sns  k ' hmbkt chmf Fhkr nmgr "'mc n ssgtdpeovidadd ms g nr
information on 870 taxa, of which 708 are determined at the Species level; 96 at the Genus
kdudk: "mc 24 s sgd E drhg&k+# HRhdkurdrkmQ rV hgshgr sin3g+h3b6 4c °
of the collection of regional marine invertebrates of the RBINS, confirminghe importance of

this dataset for marine biodiversity studies The archive is dominated by molluscs (mainly

bivalves and gastropods)arthropods (mainly crustaceans), annelids (polychaetes), bryozoans

and cnidarians (mainly hydrozoans), as shown in Fige 2.2-3. From the bulk of invertebrate

data, a selection was made for longerm analyses purposes. The benthic dredge, which was
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operated in the BPNS within a grid and sequentially with sediment sampling, represents more

than 60% of the bulk dataset. Our initial expectation that soffbottom macrobenthic
hmudgsdaqg sdr rgntkc ad adrs gdogdrdmsdanly hm Fhk
edv gtmcgdcr ne dgdbngcrqQ vdgd nas hmdc- Hs rddl
data, which probably led him to discard specimens collected with sediments. Hence we focus

on the dredge data and on specimens collected alive. For dry isgles .g. shells of gastropod

and bivalve molluscs), the status of the animal at sampling is often uncleae. we do not know

whether the collected specimen was alive and subsequently dried or already represented by an

dl osx rgdkk- Boddhengdstsf§d @codgd Deqgdrgmdrr |
encoding in the database of RBINS collections and combined. This information is lacking for

s w + dmbncdc oqhng sn 1//3: sghr qdrtksr hm ° a
These wee excluded from the dataset for further analysis. Such is the case for most dry

gastropod shells, a part of the bivalves and some tulmiilding polychaetes. Assuming that the

transport of empty bivalve doublets by tidal currents must rapidly lead to a baking of the

ligaments that hold the valves together@@ qdr g€ c¢cnt akdsr ~gd bnmr hcdqgd:
alive specimens stored dry or specimens which died shortly before sampling. For the bulk of

ahu kudr+ sgd rs  sdr Obmtkakkddbss&@l ¢' cckxhuud Eku dre qu s Iy k€
"mnsgdg( rs sdr vdgd sgdgdengd gqgds hmdc eqnl S g
benthos.
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Figure 2.2-3. Overview figures from the bulk of the historic data on invertebrates (G. Gibn) (relative
ognongshnmr ne dgqdbset} ArSpecies gighiess ofghd représénjed phylas B. Relative

hl ongs mbd ne r Il okhmf I dsgncr- B- Qdk > shud "~ at mc  mbod
D. Relative abundance of speimen stated in the collection.

Hmsdf g shud | "or vdgd bqgd sdc enq sgd da r dkhm
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the accurately geereferenced sarpling stations. For colonial organisms €.g. hydrozoans or

bryozoans), abundances are replaced by presence/absence counts
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2.3 Ecosystem changes and trends
2.3.1 Quantification of decadal to centennial changes and trends

a. Largescale, long to medium-term bathymetry changes

Longterm bathymetry changes on the BPNS

Based on historical navigation charts (~150 years ago up till now), the morphological evolution

of the BPNS is studied. A selection of charts spanning a large spatial (a large part of the BPNS
and time (last centuries) domain, is being digitizedTable 2.3-1 presents the selected navigation
charts that have been digitized (the most recent chart is a compilation of different datasets,
already digitally available).

ArcGIS is used to interpolatethe digitized charts to grids with a spatial resolution of 20m x
20 m, making it possible to study the morphological evolution by visualisation of depth lines
chart differencing and trend analysis. For the interpolation, a special methodology was used in
order to create grids with smoothly varying depth values. In this methodology, a chart of a
specific year is not only based on the interpolation of data points of that year, but also on the
chart of 2007, which had a much higher data point density. By doig so, the derived charts not
only are the result of an interpolation in space, but also in time, and it is implicitly assumed that
the basic morphologic patterns (such as presence of sandbanks) on the BPNS are approximately
stable, which is confirmed by ealier studies (Van Cauwenberghe, 1971). The application of this
methodology results from the observation that straightforward interpolation of the chart data
points into a grid using one of the algorithms provided by ArcGIS would result in the artificial
creation of pits and peaks on the location of some data points, making it impossible to compare
the different grids, since different charts have data points on different locations.

It must still be noted that given the large uncertainties on the water depts of the data points,
especially on the older charts, results of the analysis of the grids must be handled with great care
(a quantitative uncertainty analysis was not carried out).

Using the ArcGIS bathymetry grids, longerm morphological evolution is studied by
visualization of depth contours, chart differencing and trend analysis.

Table 2.31. Details of the digitized charts (Flemish Authorities, Division Hydrography)

date title of chart surveyed
Carte Générale de Bancs de Flandres
1866 | compris entre Gravelines et 'embouchure ?
de I'Escaut

1908 | Mer du Nord Dunquerque — Flessingue | 1901 — 1908

1938 Noordzee — Vlaamsche Banken ?

1969 Noordzee — Vlaamse Banken 1959 — 1969

2007 | (composed from different recent charts) | 1997 — 2007

Medium-term morphological evolution of beach, inshore near coastal offshore zoa

Medium-term bathymetry and topography changes along the Belgian coastline are studied,
based on the digitally available topography and bathymetry datasets. Various datasets have been
gathered at the Coastal Division (MDKD Afdeling Kust) and include theyearly foreshore
soundings and dune measurements, the inshore echo soundings and the offshore single beam
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measurements (from 1.5 to 10 km off the coast). Digital datasets are available roughly from 1995
till now, for beach and shoreface almost on a yearlpasis, for the near coastal offshore zone
time intervals between two successive datasets are typically 3 years. Sexble 2.3-l for a list of
the available data sets for each zone.

Datasets (mostly plain text files, containing XYZ data) were convertedttnmore manageable
bathymetry grids to be analyzed with ArcGIS software. This task was particularly elaborate
because of different dataset formats, the use of different coordinate systems and bathymetry
reference levels; sometimes clear metadata was lackgnSubsequently, mediurderm evolution

is analyzed through visualisation of depth contours and crossectional profiles, and trend
analysis.

Table 2.311. Overview of data used for the morphological trend analysis

Year BEACH SHOREFACE OFFSHORE
1997-1 \Y WestendeDe Haan
1997-2 \VJ Zuydcoote-Westende
1998-1 \Y/ .

19982 Vv Wielingen-Scheur
1999-1 \Y \"/
1999-2 \Y \"/
2000-1 \Y \Y Wielingen-Scheur
2000-2 \Y WestendeDe Haan
2001-1 \Y .
20012 y Wielingen-Scheur
2002-1 Zuydcoote-Westende
2002-2 Vv
2003-1 \"/ Zuydcoote-Westende
2003-2
2004-1 \Y/ -
20042 V (summer) Wielingen-Scheur
2005-1 V (summer) WestendeDe Haan
2005-2
2006-1 Vv
20062 Zuydcoote-Westende
2007-1 \Y \"/ -
20072 Wielingen-Scheur
2008-1 Vv Vv WestendeDe Haan
2008-2
2009-1 Vv WestendeDe Haan
2009-2 Zuydcoote-Westende
2010-1 Vv

(of Longterm sediment changes

The baseline sediment type map was compared with a recent map of mud content. The latter is
based on the SediCURVE@SEA database (Van Lanckeml., 2009), containing cumulative
distribution curves of > 5000 samples. More detailed analyses were performed where detailed
and reliable information was available in the historic datsset. It must be stressed that historic
data are derived from visual descrifpons, while recent data provide the proportion of grains
<63 pum. It is not unlikely that historical very high mud levels (> 75%) are overestimated,
hence giving the impression that much less mud is nowadays found on the seafloor. Therefore,
we analyse the differences, spatially, assuming that 9300% in the historic situation
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corresponds roughly to the 7595% class in the recent map. The areas with high mud contents
"dltc ehdkcr g vdgd enbtrdc nm- Hm ~kk b rdr +
Weighing (resolution: 0.2 km; search radius: 2 km)For studying changesn the sand fraction

median grainsize, sorting and skewness were evaluated. See § 3.3.2.

Human-induced changes have been quantifieadlso, based on the comparison between historic
(100 years old) and recent sediment and bathymetric dathongterm humaninduced effects are
assessed, base(ll) on qualitative sediment descriptions of historic and recent samplegand (2)
on morphological evolution and quantitative (grainsize analysis & archived samples) sediment
data. The aims are:

1. Determining to what extent the distribution of cohesive sediments and the transport of
SPM may have changed due to increasing anthropogenic activities during the last
century, see83.3.4b; and Fettweiset a. (2009).

2. Reconstructing the suHidal sedimentary environment of the BPNS in the first decade of
the twentieth century, see§83.3.1; and Houziaux et al. (2011).

3. Enhancing our knowledge of the local sediment composition and dynamics in the long
run, see 83.3; and Fettweiset al. (2009); Houziaux et al. (2011), and Du Four and Van
Lancker (2008).

d. Longterm changes in shallow endobenthic bivalves

For the bulk of the historic data, problems remain for which specific work must be further
carried out. For nstance, the polychaete record is based on paper archive information rather
than on the specimens, which could not yet be digitized, creating incertitude on their historic
abundance. On the other hand, amphipods were surprisingly less represented in thengales,
which might be due to their small size. However, bivalves are well represented and are a major
component of the coastal macrobenthos. Lonterm analysis was therefore focused on this group
of organisms, using recent data compiled by U&SMG and ILVOFisheries (Degraeet al. 2009).
Specific analysis strategies were developed to tackle the issue of comparing data, acquired with
very different methodologies.

In the historical collection (18991914), mollusc specimens were collected with the dredge and
are stored either in alcohol or as dry shells. Among the latter, a large part was obviously devoid
of the animal when collected, while others were collected as living animals and subsequently
emptied for dry storing. Loose valves, as well as unclear recordsere eliminated from the data
set, which was reduced to the accurately gepositioned stations in the sampling grid. The recent
data were gathered between 1994 and 2008 by ILV&isserij and UGSMB laboratories with a
Van Veen grab (0.1 square meter), wit a projectdependent distribution of sampling stations
throughout the BPNS. 2080 samples were collected in this period at 806 stations. Only living
animals were determined and counted.

S | ok hmf deehbhdmb was rransidérdd kicba mgch lowergfdr cefiddbenthic

species than for epibenthic speciesHowever, some endobenthic bivalve species numerically

dominated the overall dataset (Figire 2.3-1). Furthermore, the geographic spreading of
abundance of the numerically dominant species shows a trentb specific spatial clustering,

which is consistently differing froma species to another (see AnngxThis likely results from an

00 gqdms+ adssdg sg m dwodbsdc+ deehbhdmbx ne sc
endobenthic species (se Figure 2.3-1), combined to locally high densities. On the other hand,

towed gears such as trawls and dredges are known to underestimate the density of benthic
organisms (Reissetal. 1/ / 5(+ " mc rtbg hr I nrs khjdkxugegd b r
contact with the seafloor was certainly increased by the frontal rake itself (see Houziaex al.

1//7(- Mdudgsgdkdrr+ rtoonrhmf sgd Fhkrnmgr <c¢cqgdc
specimens really present on its path, we assume that thgeographic distribution of relative

abundances of a given species (abundance at the station / maximum observed abundance)

should represent a good proxy for the distribution of high density patches. On the other hand,
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we assume that species of similar sizand occupying similar position in the upper sediment
display similar catch probabilities. The observation of opposite spatial or temporal trends for
species with such similar catch probability is thus considered as an indication that results are not
due to bias andpoint at a trend
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Figure 2.3-1: Most widespread (station occupancy) and abundant (total abundance) macrobenthic species
within the historic data; period 1899-1911. Sampling geardredge.

In contrast, the Van Veen grab used in the recent survewill catch all animals within the upper
layer of soft sediments; the calculated density will likely be an accurate estimator of the real
at mc > mbd hm sgd rtqggnt mc hmf rpt gd | dsdg-
at mc > mbdg b  edoustg spatialla @bmpare they Historic and recent distribution of
high density patches.

~

In total, 50 bivalve species are represented in the two datsets. Species typical of offshore gravel
fields, as well as large epibenthic species such as oysters,eqn scallops or common mussels,
were removed from the datasets because these are inaccurately collected with a Van Veen grab.
Furthermore, the recent sampling effort is lower in the offshore, where these species were
historically most abundant. Deepburrowing and rare species were also discarded. The analysis
finally focused on 14 species living in the upper layer of the sediment in coastal waters and
numerically abundant in either of the datasets. 2 of these speciesT€llimya ferruginosa; Ensis
directus) were found only in the recent survey data.

General patterns and distribution maps

The relative contribution of every considered species to their overall abundance in either data
set was calculated. Data were further reduced to presence/absence (P/A) a¢ ttations to
determine station occupancy (% stations where the species is present). Abundance data were
standardized, at the sampling stations, to the maximum amount of specimen collected for each
species in each dataset. For the historical stations, anpblem appeared forDonax vittatus with
one very high abundance of juveniles (over 13,000 specimens), which can be attributed to an
exceptional recruitment event.Because this single value accounts for more than two third of all
specimens collected, the seond maximum abundance (400), more representative of usually
observed values (from few to some tens of specimensyas used to standardize abundances for
this species.These data were used to draw distribution maps of relative abundances in the form
of spatial interpolations. Interpolation maps of relative abundances (max. value 1) were created
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for all species in the two situations (interpolation method: Inverse Distance weighing; search
radius: 5 km; Annex).

Spatial analysis: grid approach

As large differances exist in the geographic spreading of sampling stations in both datats,

hampering accurate spatial analysis of changes (Gig 2.3-2), a grid was created to pool and

compare historical and contemporary data where they existed. The grid was designed

"bbtq sdkx dmbnl o rr Fhkrnm@r ghrsnqghb >k r I okhn
|l hmt sdr ne k> shstcd " mc knmfhsd606d8f3804dEf Yhend@d €
E-4033/ 9/ /&€ M+ vhsg ° 1 m  t s ol laktudd dxik,d2.3 kng do ' f q
longitude axis, 3.7 km).

We considered one historic sample per grid cell as the minimum requirement, because the gear
was towed over a large distance (one nautical mile). For Van Veen grabs, a minimum of 2
samples was consideredo account for spatial variability, which is better captured with a towed
dredge. Finally, 61 grid cells could be considered to analyze longerm changes in the
distribution of bivalves (Figire 2.3-2).

To test whether longterm changes occurred in the digibution of relative abundances of the
considered species, a Wilcoxon Rank Signed test was carried out on grid cell based abundance
data. The evenness of their values across grid cells was further tested through a Mé¥initney
analysis of variance. The chnge in grid cell occupancy was mapped to track distributional
trends and tested with a proportion test (test).
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Figure 2.3-2. Distribution of sampling stations in historical (open dots; 18994914) and recent (plain dots;
1994-2008) datasetsalong the coasts of Belgium and The Netherlands. Dashed lines represent the grid
created for statistical analysis purposes. Grid cells where at least 1 dredge and 2 Van Veen grab samples
were collected are shown as bold rectangles (n=61). Geographic DatumED50. F: French waters; NL:
Dutch waters.

SSD- Science for a Sustainable DevelopmentNorth Sea 32



Project SD/NS/06 D Quantification of Erosion/Sedimentation patterns to Trace the natural versus anthropogenic
sediment dynamicss®@P TDRS3 C¢€

2.3.2 Exogenic brcings: Climate Change and NAO

Climate Change

In Ullmann and Monbaliu (2010) it was shown thatWintertime (October-to-March period) 99th
percentile of sea level (sea surges) at Ostend increasatla rate of +3 mm/year (+1 mm/year)
from 1925 to 2000. To this end, rlationships between daily sea surge at Ostend and five
weather regimes Zonal (ZO), East Atlantic (EA), Greenland Above (GA), Blocking (BL), and
Atlantic Ridge (AR) over the northeast Agntic and Europe (40 W -40° E, 30 N -70° N) were
analysed during the period of 19252000. More than 70% of sea surges >= 65 cm occurred
during the AR weather regime, ahead of low pressure travelling on a northern track from Iceland
to Scandinavia. Therelationships between monthly/wintertime frequency of the AR weather
regime and 99th percentile of sea surge at Ostend tend to strengthen during the twentieth
century: for example, correlation between wintertime frequencies of AR and 99th percentile of
sea surge increases from 0.21 in 1928950 to 0.74 in 1975-2000. This increase is associated
with the pressure rise over the near Atlantic, between 30 W and 15° W and between30° N
and 50° N, leading to an increase in the frequency of strong surgelated pressure gradient
during AR days.

In Ullmann et al. (submitted), a statistical downscaling method was used to sap a model to
relate Sea Level Pressure (SLP) to sea surge at Ostend. Linear regressions were designed to relate
the daily surge height at Ostnd with: (i) the daily SLP over the Baltic Sea; (ii) the daily value of

the pressure gradient between the Baltic Sea and the Azores; and (iii) both of these atmospheric
parameters. The multiple linear regression robustly reproduced the interannual to lotgrm
variability of high surges at Ostend. This linear regression is then used with SLP time series
simulated until 2100 by the ARPEGE climate model (Royest al. 2000) using climate scenario

A2 and B2 and with SLP time series from the ESSENCE projecer(Stt al. 2008), using climate
scenario Alb. The ESSENCE data set consists of an ensemble of 17 runs using the same scenario,
but with different initializations. It was concluded that high surges (at least up to the 99th
percentile of the daily values) ag¢ expected to stay stationary during the 21st century, associated
with no significant changes in SLP conditions over the Baltic Sea and over the Azores. This is
illustrated in FHgure 2.3-3 for the yearly 90th percentie.

In Ullmann et al. (2009) a multiple linear regression also reproduced interannual variability of
high waves at a far offshore site very well. This is not surprising since high waves and high
surges are well correlated for this circulation pattern. Note that in both Ullmannet al.
(submitted) and Ullimann et al. (2009), a coefficient of inflation was used to make sure that
standard deviations in the reference run have the same value as for the observed surges. This
inflation was criticized by one of the reviewers, because it implicitly assumethat all variability

in observed surge heights can be traced back to variability in the large scale field (here e.g. the
pressure over the Baltic).

However, a similar result is shown in Ullmannet al. (2009), where a hydrodynamic model
(WAQUA) was forced by the surface winds from the ESSENCE data set. Such a model integrates
all possible effects over the domain and irime that leadsto high surges and therefore does not
assume that all variability is in the large scale field. The observed maximum watkvels from

the hydrodynamic model and from the reference run (195@2000) compared well with
observations. This is illustrated in Figure.3-4 where an extreme value distribution has been
fitted to the observations and to the model data of the referenceims. In the same figure also an
extreme value distribution has been fitted to the model data for the period 2052100. Extreme
values are all very similar.

North Atlantic Oscillation

On a global scale, the North Atlantic Oscillation (NAO) is responsibldor much of the observed
weather and climate variability, especially during winter months (December through March)
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(Hurrell, 1995; Hurrell and Deser, 2009). This wintertime NAO exhibits significant multi-
decadal variability with positive values indicatinganomalously strong westerly winds and wet
conditions over northwestern Europe, whereas negative values exhibit weaker westerly flow and
less precipitation(Hurrell, 1995; Chelliah and Bell, 2004)

The influence of the North Atlantic Oscillation (NAO) was irst investigated against the Schelde
streamflow. (Non-) linear regressions wereaised to investigated correlations etween NAO index
and the streamflow at various timescaleg¢Levy et al., 2010)

NAO indices were also compared to spatial and temporal variality within SPM concentrations,
as derived from satellite remote sensing (MODI8qua) imagery(Baeye et al., submitted)SPM
concentrations were grouped into classes, from which the extent of the turbidity maximum in
the coastal zone could be derived. Vaation in spatial extent was correlated with NAO index for
winter periods (WI). The NAO Index Data were provided by the Climate Analysis Section,
NCAR, Boulder, USA, Hurrell (1995).

60
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Figure2.3-3. Thin line: average of the 17ensembles time series of yarly 90th percentile of daily sea
surge estimated with the linear multiple regression (20062100). Bold line: 30 year low-pass variations.
The gray shading represents the variability within the Xénsembles time series in each year (i.e. the yearly
mean +/- (12).
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Figure2.3-4. Return level plots and estimated 95% confidence intervals for annual maxima obtained
with the GEV (Generalised Extreme Valuegjistribution at Ostend. For in situ observations for the period
1950-2000 (black lines). For WAQUA total seffor the period 1950-2000 (red lines) and for WAQUA total
set for the period 20502100 (blue lines).

The NAOWI (December through March) timeseries exhibits two consecutive winters with
opposite NAOWI index within the period of MODIS-Aqua data collection: winter 2005/6; -1.09
and winter 2006/7; 2.79.

2.4 Recommendations for more sustainable management of human activities
2.4.1 Development of indicators and monitoring practices

European Directives and international agreements require the monitoring of a rg@ of marine
biotic and abiotic parameters. Knowledge is needed on the condition of ecosystems and how
they change. This knowledge is gathered by lonterm systematic monitoring of species and
habitats. A literature review was performed to highlight and emmarize main issues when
settingup integrated monitoring programmes particularly in the framework of the European
Marine Strategy Framework Directive

From Q4D results, increasing levels of SPM were regarded as a potential driver of benthos and
habitat changes. Dedicated research was sap to investigate if SPM concentration can be
defined as indicator of environmental changes.

a. SPM concentration as indicator to detect changgin the marine environment

Since SPM dynamics is complex and is affected bgxternal factors, such as hydrodynamics,
waves, availability of SPM sources, biological processes, flocculation, deposition and
resuspension, a SPMelated indicator is implicitly linked to the listed physical parameters acting

in the water column. In order to assess this variability, we have defined SPM concentration as a
statistical population. By doing so the measured SPM concentration time series can be
considered as subsamples that are characterised by statistical properties, such as median,
geometrical mean, standard deviation and probability density distributios Fettweis and Nechad
(2010) have shown that SPM concentration has a legormal distribution. The probability
density distributions of the different subsamples, consisting of the differentime series or other
subsamples, were therefore fitted using logormal distributions, and the R2 test probability
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calculated to assess how well the distribution fits a lcgormal one. By doing so statistical
properties can be calculatd so that inferences or extrapolations fromthe subsample to the
population can be made. E.g. if the data series collected during different periods have similar
log-normal distributions, geometric means and standard deviations, then we could conclude that
- within the range of natural variability and measuring uncertainties these data series represent
similar subsamples of the whole SPM concentration population. Consequently, if a human
activity, such as disposal of dredged material, has a significant impact on SPM contation
then this should be detectable in the differences between the statistical parameters of the sub
sample, collected during the dredging experiment and of the whole populationThe statistical
approach provides a tool toaccount for the complexities @sociated with natural dynamics and
the need to evaluate human impact, quantitatively.

Objectives are:

1. Determining the statistical properties of the available SPM concentration data (tripod,
tidal cycle and satellite) and of subsamples (during a storm, alm weather) of the data,
see83.4.1 and Fettweis and Nechad (2010).

2. Application of the concept of statistical populations to evaluate the effects of disposal
operations on SPM concentration in the Belgian nearshore area, s&3.3.4c and
Fettweiset al. (2011).

3. Discussion of the sampling strategy and the representativeness of the different data sets
(tripod, vessel and satellite) and formulation of optimised monitoring schemesee
83.4.1 and Fettweis and Nechad (2010).

The use of SPM concentration as indator for environmental changes assumes that the data
collected are representative for the SPM concentration at this location. Therefore, a large set of
SPM concentration data from MODIS satellite and from in situ measurements (tidal cycle, tripod)
was usedto evaluate temporal SPM heterogeneity in the Belgian nearshore. As maigbs
(satellite picture at the same time ag situ measurements) are scarce, statistical methods were
used to evaluate the differences and similarities in the data sets. This appbas new and
allows comparing different data sets, not necessarily sampled at the same moment in time.

In order to assess storm effects, stdamples of the SPM concentration data have been selected,
based on bottom wave orbital velocities. The wave orbé#l velocity at the bottom was calculated

eqgnl rhf mhehb ™ ms v ud gdhfgs | d° Figug @.2-1), the s gd
measured water depth and the JONSWAP spectrum of waveSollsby 1997. Subsampling of

the data series allows filtering out th effects of random storms from the harmonic SPM
concentration variations caused by tides. The statistical properties of sshmples representing
good/stormy weather conditions can thus be calculated and the SPM concentrations can be
correlated with sea sate conditions.

b. SPM concentration as threshold for habitat and benthos changes

Q4D research has shown an increase of SPM concentration along the BPNS in the last century,
accompanied by a shift in the distribution of benthic communities This might be aresponse to
exceeding thresholds in amount of food available, indicating possible limitations in their feeding
strategies and habitat variations.

Suspended particulate matter (SPMindeed carries a major part of the food resources for the
macrobenthos, but might turn into an environmental stressor for the macrobenthos when the
concentrations are high enough to interfere witts g d r diltbrindp ahd rgspiratory systems.

Main objectives are:
1. Investigatingthe structuring role of SPM on the macrobenthic@mmunity structure

2. Test thehypothesis that macrobenthos thrives aintermediate SPM concentration levels.
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Therefore, elationships between SPM and benthic communities have been investigatassing a
vast amount of spatiallyexplicit information on the macrobenthos (e.g. Degraetet al., 2008),
surface SPM (e.gNechad et al., 2010) and sediment composition (e.g. Verfaillieet al., 2006;
Degraer et al., 2008). Explanatory variables were multivariate SPM concentration probability
distribution classes (furthe called SPM classes)and the univariate Do SPM concentration,
indicative for the possible excess of SPM in the water columnResponse variables were
macrobenthic species richness, density and detrital feeding mode allocatio.o extract the
variability explained by sediment type from our analyses, sediment characteristics (i.e. five
median grainsize classes and ond~olk® clas9 were used as cevariables throughout the study
For more information on data availability and data selection procedurgsee Amex 6, Rodriguez
Palma et al., this reporx

2.4.2 More sustainable practices of human activities

a. Allocating efficient disposal grounds

Sediments dredged in the port of Zeebruggand in the navigation channelsare disposed on
designated disposal grouds. The dredged matter consistsnostly of fine-grained materialthat is
easily resuspended after disposal. Recirculation of the disposed matter, towards the nearby
dredging places (port of Zeebrugge and Pas van het Zand), is therefore expected and resnlts
an increase of sedimentation; hence decrease of efficiency of dredging operations.

For the dispersal of the finggrained sediments simulations with numerical models have been
carried out to:

1. Simulate the dispersion of disposed fingrained matter, see§2.2.2 and Fettweis et al.
(2010b), former Q4D reports (Van Lanckeret al., 2009); and Annex 3 (Van Lancker et
al., this report)

2. Investigate the efficiency of existing disposal locations (B&W S1, B&W S2) and the
fictive disposal site Zeebrugge West, adltarnative for the disposal site B&W Zeebrugge
Oost, see8§3.4.2a and Fettweiset al. (2010b);

Currents and surface elevation have been modelled using an implementation of the COHERENS
hydrodynamic model for the BPNS termed hereafter OPTOSBCS [uyten et a. 1999). In this
application, 3D results of current velocity and water elevation, together with the bottom shear
stress have been used. Theedimenttransport model solves the 2D deptkaveraged advection
diffusion equation for cohesive sediment transporbn the same grid as the OPTO8CS model.
The values of the different parameters in the simulations have been determined through
calibration, after consultation of published values in literature Rettweis and Van den Eynde
2003), and based on erodibilty meaurements §2.2.1a).

The importance ofboth suspended andbedload transportin assessing the efficiency of dredging
operations is discussed iPAnnex 3 (Van Lancker et al., this report). The assessment is based on
repetitive multibeam datg in combination with current profiling (ADCP) and bed and water
sampling.

b. Beach nourishments

The integrated morphological evolution, as described in 8.3.1.a has beenused to formulate
recommendations on more optimised beach nourishment schemes.

2 The Folk classification (Folk, 1954) determines the seabed type based on the gravetqentage and the
sand to mud ratio. Here, a modified Folk classification was used subdividing the BPNS into the sediment
types mud to sandy mud; muddy sand to sand; and coarggained sediments.
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C. Largescak aggregate extraction

@kgd cx rhmbd sgd k sd 6/Qr+ | "ghmd "~ ffqgdf"’
sandbanks. It was long believed that natural dynamics could compensate the sediment losses.

However, recent studies showed that resources are notmewable and that intense extraction
(e.g. >1000m3 per cell of 50 x 50m and per year) leads to depressions in the seafloor (Van
Lanckeret al, 2010a,b, for an overview; Roche et al., 2011) that do not show physical recovery
(e.g. renewed sedimentation) on 40 yrs time. To date extraction amounts up to 2.10m3/yr, but

in the near future the amount may raise up to .10° m3/3 months, likely using large vessels (up
to 12.500 m3). The concession area is 46 km2 (Hinder Banken region, at more than 3sn from
the coast), subdivided into 4 sectors (4.4 to 19.1 km2 per sector). Such largeale extraction,
mainly for beach nourishments, is a new practice in the BPNS. Environmental impacts are yet to
be determined. Seabed type is coarse to very coarse sands.

Q4D anticipatesthrough:
(1) Assessingthe effect of largescale aggregate extractiotin the far offshore areaon wave
conditions on the Belgian part of the North Sea, including the coastAs such, also
improving the understanding of sandbanks in the overafrotection of the coastal area.

The coupled wavecurrent model was used (82.2.2), with watetevels and currents being
obtained from the COHERENS v2 model, and transferred to the SWAN wave model. One
particular storm event in November 2005 was modelled, with wird and waves from the
north-west. Measured significant wave height at the offshore sandbank was about 4 m. Such
wave conditions are strong, but not exceptional, i.e. one can expect several stosrper year
of this magnitude Two datasets were used for the dthymetry: 1) the standard coarser
resolution (800 x 800 m) bathymetry of the COHERENS model implementation for the BPNS
and the high resolution (300x 300 m) bathymetry (Van Lanckeret al. 2007). Generally,
results are similar, though the effects are somat more pronounced using higher spatial
resolution; only the latter are reported here. See liste Mufioz et al. (2011) for detailed
methodology.

(2) Providing hindcast hydrodynamic and sediment transport data (currents, waves, bottom
shear stresses, total &d transport, bed evolution, together with hydrameteo conditions)
over the past decade (1992010) to calculate seabed mobility over the BPNS. As such,
data are provided thatsupport the evaluation of monitoring results onsediment volumes
(e.g. from mulibeam). Natural variability can be assessed andvaluated against human
induced changes(e.g. from Electronic Monitoring Systemsand monitoring resulty (see
Annex for more details and a case study The currentwave modelling suite
(methodology see§ 2.2.2), coupled to sediment transport modelling modules{an den
Eynde et al., 201Q was used. The following figure shows the modelling workflow.

SSD- Science for a Sustainable DevelopmentNorth Sea 38

sdr



Project SD/NS/06 D Quantification of Erosion/Sedimentation patterns to Trace the natural versus anthropogenic
sediment dynamicss®@P TDRS3 C¢€

(1) Current models (MUMM)

Varying water levels
& currents

R T

COUPLING

OUTPUT
Every 3 hrs; 1*1km2:
Integrated wave
parameters (Hs; T) and
wave spectra

BCZFIN
250m

Boundary
conditions

=&

<I<>
m

5

750m g

(2a) Wave models (KUL)

M)
SEABED MOBI LI T 1AS OUTPUT (per 0.5hr)
Spatially and Point -based Bottom shear stress; total
idal cycle variability load transport; bed
evolution +
AYr—to-yr; seasonal Current parameters +

Wave parameters

/AEvents (storms)

Figure 2.35. Modelling Workflow to assess seabed mobility, using the combinationfcaurrent-wave
and sediment transport models.

2.5 Data management

New and innovative approaches have been developed to manage the Q4D datasets. For the first
time, the Belgian Marine Data Centre (BMDC) imported datasets with velhjigh sampling rates
that were derived from a multitude of sensorsmounted on benthic tripods and measuring over
long time periods. In addition to fixed stations data were also available that weremeasured
during trajectories or vertical profiles again from different sensorsThese measurements were
supported by data fromoperational modek, also needing storage Additionally, management
was required of geological (e.g. vibrocores) and geophysical (e.g. sidean sonar, multibeam
and seismics) datalnternationally agreed guidelhes and standardsare being followed for all of
sgdrd ¢ s rdsr+ sg mjr sn ALCBQr hmunkudl dms
as SeaDataNet(www.seadatanet.org) and Geo-Seas \ww.geo-seas.el), respectively on the
management of ocean ad marine data, andon geological and geophysical dataSome of these
European data transport routines are still in development, but after finalization, the @4datasets
will be available through these European data portalsSeeAnnex for more detailed information.

At present, he Q4D database [ittp://www.mumm.ac.be/datacentre/Databases/QUEST4pP/
includes erosion rates at different excess shear stress values, bulk densities, grain size
parameters, andthe high resolution data series on temperature, salinity, optical backscatter,
turbidity, currents and material in suspensionfrom LISST, ADV, OBS and CTD instrumentation
mounted on a benthic tripod. Also, the historical Gilson dataset§~190 0) on sediment and
macrobenthos are processed for importFor importing the resultsof the operational OPTOSBCS
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model (sea surface elevation, and salinity, current, temperature, turbulence kinetic energy and
turbulence dissipation rate profiles calculated twice a day, at stations relevant for the projeqgt
new routines have been developedDue to the high amount of data(0 /-pgevisions for 5 days,
that would impose a lot of processing work for the userand requiring high storage capacitywith
superfluous network traffic, only the best calculations, transposg into vertical profiles, were
imported together with the necessary metadatal he resulting data structure is more flexible for
changes in the model, f.e. calculation at more depth levelsFuture persgctives are the
development of anon-line query interface allowing userdefined queries. Meanwhile, requests
can be executed on demand.For the benthic tripod data,differences in sensor heightsvere
accounted for. Data were reorganized in files for everysensor situated correctly in vertical
space A clear headerwas added,documenting parameters and units.

Guidelines were provided for dear and consistent file namesespecially for files containing data
cycles with a high sampling rate, maps and modefesults. Besides file nhames and meta
information, file formats were defined for every type ofdata series. The user interface for the
high resolution data series enables downloading series of measurements after the selection of
the metadata. Queries or futher processing (derived parameters, statistical summary parameters)
on the contents of data series are performed and evaluated on demand.

Regarding theinternational data management guidelines and standardt¢he common data
transport formats (eg. ODV4 ASCII format), as well as the standard controlled vocabularies of
SeaDataNet and GeeSeasare followed. BMDC ensures that all information can be converted to
the more generalized SeaDataNet ODV4 files irthe case of profiles, time series and trajectories
and to NetCDF for gridded data. The metanformation will be used to construct the Common
Data Index (CDI) XML records as indexo individual data sets in the Seadatanet and GeBeas
portals.
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3. RESULTS

3.1 Introduction

In the following sections, an oveniew of important findings is given. Some of them are
formulated as hypotheses.They represent new insights in the driving forces of sediment
transport, as wellasbenthos changes. A baseline of macrobenthos occurrences is provided also.

3.2 Natural variability of sediment processes

Hyp. 3.2.1:  Cohesive and noncohesive SPM dynamics occurs simultaneous

SPM concentration data from 2m above the bottom (md) as derived from ADP and OBS and
the median particle size derived from LISST, from the tripod deploymés at Blankenberge, have
been analysed. The different entropy groups, as well as the lepassed filtered tidal PSD during
tide-dominated conditions showed distinct multtmodal behaviour. Size class spectra are
dominated by microflocs with rising tail in the lower size classes during maximum flood
velocity, suggesting partially disruption of microflocs into primary particlesBaeyeet al. 2011).

It was therefore astounding to see that during SW storm conditions, when turbulence is even
higher due to wave acton, no primary particles were detected by the LISST. The PSD was {og
normally distributed, uni-modal and remained almost constant (40 um). The SW storm was
characterized by lower SPM concentration (OBS) suggesting possibly that the flocs were
transportedaway from the measuring location by windinduced currents and replaced by sand,
resuspended by wave action. The latter would also explain the absence of a rising tail in the
LISST size spectra, as observed during flood. The ADP backscatter data confirnt gsnd was
resuspended. The very low OBS signal during the storm is, however, probably significantly
caused by the sensitivity of OBS to varying particle sizes, as the OBS was not calibrated for
sand, but mud. Limitations associated with optical and acoust instruments have been
addressed in literature Bunt et al. 1999; Fugate and Friedrichs 2002; Voulgaris and Meyers
2004; Hamilton et al. 1998; Thorne et al. 1991). Situations when changing suspendedediment
size can produce apparent variations in SPM ecwentration have been reported byDowning
(2006), and include co-mingling of flows carrying different sediments.

Hyp. 3.2.2:  Highly concentrated mud suspensions form under storm conditions

Between autumn 2005 and winter 2007, three storm periods have beeselected with similar
wave conditions from the MOWL1 and Blankenberge tripod data (se€2.2.1b). The data show
that during or after a storm, the SPM concentration increases significantly and that HCMS are
formed. SPM concentration is clearly related to hig waves and winds. An example of a storm
period is presented inFgure 3.2-1; we refer to Fettweiset al. (2010a)for a detailed description

of the results. The formation of HCMS in wavedominated areas is well documented in the
scientific literature (deWit and Kranenburg 1997; Winterwerp 1999; Li and Mehta 200). The
occurrence of fluid mud or HCMS on many continental shelves is associated witlvave or
currentdriven sediment gravity flows off highload rivers @right and Friedrichs 2009.
However, the origin of the suspended matter in the southern North Sea and in the Belgiutch
nearshore zone has been mainly ascribed to the inflow of fingrained sediments through the
Dover Strait Gerritsen et al. 2000), as no highload rivers exist in the area Ketiweis et al.
2007a). The fluctuation of SPM concentration with time is complex and it is not always
straightforward to identify the origin of some of the variations.Wind direction and advection of
water masses, previous history and availability of firgrained sediments in fluffy layers, the very
soft mud deposits around navigation channels, and the erosion of mediugonsolidated mud of
Holocene age influence the SPM signal. The data suggest that for the generation of very high
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SPM concentrations near thebed, significant amounts of finegrained sediments have tobe
resuspended and/or erodedRettweiset al. 2010a).

The effect of winds on SPM concentration is variable and depends also on the wind direction
and the availability of muddy sediments.Our data show that high SPM concentrations are often
more closely related to advection (Velegrakiset al. 1997; Blewett and Huntley 1998) rather than
instantaneous bed shear stress (Stanev al. 2009). This confirms the idea that the Belgian
coastal area can be s ascongestionin the residual SPM transport of the southern North Sea,
rather than an important source of sediments (Fettweis and Van den Eynde 2003).

The largest reservoir of fingrained sediments in the nearshore area consists of the medium
consolidated Holocene mud (Fettweiset al. 2009). Erosion behaviour measurements (see
§2.2.1a) confirm that consolidated cohesive bed layers are difficult to erode by only fluid
transmitted stress as the critical erosion shear stress is about 10 Pa. Need Bhear stresses
derived from the ADV data amount up to 40 Pa (se€2.2.1b) during the measured storms (see
Hgure 3.2-1). These values indicate that erosion of Holocene mud by fluittansmitted shear
stress can occur and that SPM could have been released intoethwater column from the
Holocene mud fields under storm conditions.Still, in literature, it is well documented that a
cohesive mud bed may be eroded and fluidised by wavedMaa and Mehta 1987; De Wit and
Kranenburg 1997; Li and Mehta 2000;Silva-Jacinto and Le Hir 2001). The stresses induced by
waves modify the strength of the bed and thus also the erodibility of the sediments. Mud
pebbles are an indication of this type of erosion; they have been observed regularly in the area
of investigation fettweis et al. 2009). Other important erosion mechanisms are due to the
mutual interaction of cohesive and norcohesive sediments l(e Hir et al. 2007): one can
distinguish between sand grains moving on a cohesive substrate and erosion of mixed
sediments. Thin sand dyers on top of Holocene mud layers and mixed sediments have often
been observed in the turbidity maximum area and could therefore act as a reservoir for fine
grained material that is only resuspendable under more extreme meteorological conditions.

Numerical model results indicate that, under normal conditions, the bed shear stress in the
navigation channels and at location MOW1 and Blankenberge are lower than 4 Pa. The critical
erosion shear stresses of isitu samples in the navigation channels are, belo the fluffy surface
layer, generally higher than 4 PaThe deposits of fresh mud below the fluffy layer in these areas
forms thus a reservoir of SPM that will only be resuspended during periods with high shear
stresses, e.g. caused by storms. The data gagt that a major part of the HCMS, measured at
both sites, could have been resuspended from the very soft mud deposits in the navigation
channels and adjacent areasThis result is important as it suggest that the deepening of the
navigation channels hasmade available fine-grained matter that contributes significantly to
the formation of high concentration mud suspensions.

Hyp. 3.2.3:  The coastal mud fields have a distinct clay mineralogical fingerprint,
resulting from a mixture of sources

Within mud deposits there is no systematic difference between sediments of different age
(recent, Holocene) or with a different consolidation stateSPM in the turbidity maxmum area
has the same clay mineral composition as the cohesive bed sedimen@ay mineralogy of bed
sediments and SPMoutside the coastal mud fields,is more variable and confirmsthat the mud
fields are a distinct unit on the BPNS The French coast east of Calais, the Westerschelde, the
Schelde upstream Bath, the Holocene salt marshes and the Ham intertidal deposits have
identical or very similar clay mineraloges. The French coast west of Calais, the English coast,
SPM from the Atlantic Ocean and the English Channel, the Paleogene clays on tBENS the
Weichselian cover sands Early Pleistoceae and Late Pliocene deposits have a different clay
mineralogy. The latter can thus be excluded as potential major provenance sources.
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Figure3.2-1. MOW1 site, tripod measurements of 22 NovemberD 5 December 2005 (survey
2005/29). From up to down: deph below water surface (m) and significant wave heights; ADV current
velocity (m/s); shear stress (Pa) derived from the ADV and from the hydrodynamic model and SPM
concentration at 0.3 mab (SPM1) and 1.9 mab (SPM2).

Hyp. 3.2.4:  Wind-induced advection affets sediment transport in distinct ways

Cases for mud

Tripod measurements show that near bed hydrodynamics and sediment dynamics, although
dominated by tidal forcing, are significantly modified by windinduced flows with different
effects, depending on tle wind direction, see Baeyeet al. (2011).

SPM concentration measurements, under tidal forcing only, show concentration maxima
occurring at the end of ebb and at the beginning of flood. Near bed hydrodynamics and SPM
dynamics are predominantly dominated ly tidal forcing. Generally, SPM concentration is
significantly influenced by advection during ebb, whereas during flood local resuspension is
more important.

SPM measurements, from OBS show that windriven alongshore advection has a significant
influence on SPM concentration. A significant modification of the tidal forcing results from
alongshore advection due to windinduced flows and influences the position of the turbidity
maximum; as such also the origin of SPMWinds persistently blowing from the NEwill increase
SPM concentration due to an increased SPM outflow from the Westerschelde estuar$W
winds will decrease SPM concentrationsThe latter is related to the advection of less turbid
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English Channel water to the measuring location, inducing a &h of the turbidity maximum
towards the NE and the Westerschelde estuary. Under these conditions, marine mud will be
imported and buffered in the estuary.

Altimetry data, derived from ADV, show bed level variations that can be explained by the
formation of HCMS, see Figure 3-2. During low wind and SW wind conditions their
occurrence is limited to slack water periods. SPM consists of a mixture of cohesive sediments
(flocs) and locally eroded sand grains during high currents (see also §3.2.With prevailing NE
winds, the increase in SPM concentration results in the formation of persistent HCMS$he
damping of turbulence by HCMS layers is a major mechanism maintaining these layers during
longer time periods (Sheremett al. 2005; Reed et al. 2009). The results have indicated that
these layers mostly remain present throughout the tidal cycle. Inverse armouring occurs, as the
sandy bed is sheltered from erosion. SPM consists of cohesive sediments only. These winds are
not very frequent and their wind speedsare rather reduced. However, we believe that this type
of benthic sediment transport is very important and has implications for object burial and
sediment recirculation in and around the port of Zeebrugge.

Cases for sand

For a case study of a near coadt@andbank Baland Bank, a principal component analysis
allowed to differentiate sediment budgets of 8 consecutive bathymetric soundings against the
directionality and strength of the sand transporting agents: winds, waves and currents.
Generally, northeasern conditions are associated with the lowest sandgolumes, whilst winds
blowing from the southwest are clearly associated with a sand inpyfFigure 3.23). From the
temporal observations, the consistency and hence duration of the prevailing hydro
meteordogical conditions seems more important than the strength of the process. Due to the
natural cyclicity in erosion/sedimentation, the area recovered fairly quickly from stormy periods.
A publication of the results is underway.

For the area, north of the \Vdkte van de Raan, time series of multibeam bathymetry over
bedforms revealed for all observations, in the period 2082010 bedload transport in a SW
direction, being opposite to the overall acknowledged NE directed water and SPM transport.
This has major mplications on dredging and disposal activities in these areafkesults are
reported in Annex 3 (Van Lancker et al., this report.Bedload transport ratesstill need to be
determined, as alsahe relation with hydro-meteorological forcing.
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Figure 32-2. Average sea bed level change, derived from ADV, with standard errors bars. Case | corresponds with no
(low) wind activity, case Il with NE wind condition and case Il with SW wind conditions.
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Figure 3.23. Correlation coefficient matrix obtained after ananalysis of all hydremeteorological data
against sand budgets. The darkest colour represents a significance level of 90 %, the lighter colour a
significance level of 80 %. The white columns represent values that tend to be insignificangediment
volumes are calculated from bathymetric chart differencing.WI refers to wind classes; BL and BH
respectively to low and high frequency wave classes; ST refers to currents. KL1 to KL7 relatést¢oeasing
strengths of the agents.

Hyp. 3.2.5: Macrobenthosthrives where fine-grained materialnaturally deposits

Near the BelgianDutch border extensive smalscale sedimentation patches were revealed on
high resolution multibeam imagery (Figure 3.23, for an overview of seabed featurgs From
sampling, these could berelated to dense aggregations (up to 6000 tubes per m2) of the tube
building polychaet O. fusiformis (Figure3.2-4). They occupy areas of up to 12 km2. The patches
occur in-between large to very large duneswhich form sheltered conditions to the tubeworms
Multibeam time series show that the patches are stable, regardless extensive fishing activities in
the area. Resultsvere submitted for publication (Rabautet al. in revision). From the intensive
seabed mapping, in combination with current and turbiditymeasurements, and hydrodynamic
modelling, it was shown that the occurrences of dense aggregations correspond to areas where
fine-grained materialnaturally deposits (1) near bedload convergence zones, where sediment
fluxes are higher and where settling ma occur during slack water; (2) along the upper slope,
where fines from the shallow part of the Vlakte van de Raan, whether or not also originating
from disposal activities, are transported downwards the slope during the ebbing phase of the
tide. The counteraction of flood -dominancy in the gully and along the foot of the slope with

the ebb-dominancy along the upper slope will further enhance trapping and sedimentation of
fine-grained material. See Annex 3(this report)for detailed information.
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Figure3.2-3. Detailed seabed morphology, as derived from multibeam seabed mapping. Areas with
large dunes are observed south and north of the present disposal ground of dredged material (dashed
circle). At the northeast extremity of the gully, a series of largeomplex dunes (up to 4m) are present. In
the axis of the gully and towards the slope their asymmetry is clearly floedominated; this gully is a flood
dominated channel. However, in the prolongation of the Akkaert Bank, dunes show an ekbdlominancy.
The broad end of the flood channel is a bedload convergence zone, where floedand ebb-dominated
sediment transport meets. Here, dense aggregations of the tube wofn fusiformis occurs in the troughs
of the dunes (ectangle, seeFigure 3.24 for a detailed view), as also large quantities ofE. directus
juveniles, American razor blade and most important invasive species in the BPN8igher up the slope
high densities ofO. fusiformis and E. directusadults occur (triangle) Four profiles (P1 to P4) are indicated
along which bedform evolution was followed (see Figure 3.5 and Annex 3). The circles on profile P1
and P2 indicate where flood and ebb-dominated dunes converge. The intersected line represents the
maximum extent of the bedform area, as derived frombrakr b~ kd CSLQr -

Figure3.2-4. (left) Detailed shaded relief map of an area with very large dunes; in the troughs
extensive fields ofO. fusiformis are present(rectangle on Fig. 3.2-3); and (right) detailedside-scan sonar
mosaic, showing individual Owenia patches.
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Figure 3.25.  Crosssections based on the DTMs of successive batmetric surveys aligned
transversally to the duneqg2006-2007). Only dune migration is observed north of the disposal ground
S1 (up to 20m in SW direction). Vertical scale x30 exaggerationFor location, see Figure 3.23. The
evolution in the period 2008-2010 is given in Annex 3, this report.
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3.3 Quantification of ecosystem changes during the last century

Results are given from a largeto smallscale. More detailed evolution of sedimentary
characteristics is discussed in case studies; results gm@vided on a short, medium- and long-
term. Hypotheses are formulated, highlighting most important findings.

3.3.1 Establishment of a historic reference (earlg0" century) for sediment and soft
substratum macrobenthos in the BPNS

From the calibrated vsual descriptions of sediment samples, an integrated map of sediment
types (Figire 3.3-1) was produced. This map represents a considerabi@provement, compared

to the previous reference sediment map of Van Mierlo (1899), being very difficult to interpret,
because of a lack of calibrated visual descriptions and the limited amount of sampling stations
(n=300). Even though important constraints result from the historic nature of the date.g.
qualitative nature of the processed information, sand graisize being limited to two broad
categories, separation between biogenic and mineral components), the map provides very
accurate information on the historic distribution of various sediment types, which are discussed
in more detail in Houziaux et al. (underrevihn m( - Enqgq hmr s  md dreas witg d
very high contents of grains smaller than 63 pum, clearly appear as a majgand natural)
characteristic of this part of the southern North Sea.
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Figure 3.3-1. Integrated map of historic seafloor compsition, as inferred from the calibrated visual
descriptions of sediment samples. Data are mapped onto the original map of Gilson (1914). The modern
coastline is superimposed in green. The limits of the BPNS, as well as the 12 nm line are shown as dotted

black lines.

Offshore, gravel fields and coarse neritic sands are evidenced, as already mentioned in
Houziaux et al. (2008). In coastal waters, large patches of fine sands are observed more at the
Western and Eastern sides of the sampling grid, while coarssand patches are smaller and more
scattered; they mostly coincide with large amounts of shell debris.
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In the same area, overall abundance and species richness of macrobenthic species (endobenthos
and epibenthos) could be mapped at the dredge stations (kig 3.3-2). It must be stressed that
some work remains to be carried out on species for which limited information was gathered
(mainly polychaetes). An integrated sedimenD macrobenthos analysis could thus far not be
carried out due to technical issues yeto be solved €.g. combining multiple point sediment data
with benthos information, acquired with a towed dredge). However, superimposing the
sediment and macrobenthos maps do provide some insight into the former structure of benthic
biodiversity and seded habitats.
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Figure 3.3-2. Interpolation maps (Inverse Distance Weighting, Search radius = Bm, cell size 0.5 km)

of total species richness (above) and total specimen abundance (below) at accurately -pesitioned
dredge stations, mostly for the peod 1899-1911. Historic data were mapped onto the presentiay
bathymetry and coastline.
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As shown previously (Houziauxet al. 2008), the offshore gravel grounds sheltered the highest
levels of species richness, much contrasting with the species content thie surrounding sandy
sediments. The coastaD offshore gradient of species richness as suggested by Govaere (1980)
and Cattrijsse and Vincx (2001) is again confirmed for the historic situation. In the coastal
waters, a gradient of increased macrobenthigecies richness is observed from the Dutch to the
French border, similarly in agreement with recent observations (see Cattrijsse and Vincx 2001).
However, the crossborder distribution of total abundances reveals that highest overall densities
of macrobenhic organisms were encountered at some distance off the Eastern coast, in coarse
sand patches characterized by high levels of turbidity (Fettweis and Van den Eynde 2003), and
in a large patch of moderately muddy sediments along the Dutch coast of Walcherghere high
macrobenthic densities are clearly restricteqsee Annex 4, Houziaux, this report) In Belgian
coastal waters, species richness very low, and overall abundances are dominated by very few
bivalve species In Dutch waters, slightly more specie contribute to the observed overall
densities. The area of maximum densities off Zeebrugge largely coincides with the preseaty
position of artificially deepened navigation channels. Unfortunately, only few macrobenthos
samples are available for recentimes; this hampers direct longerm comparisons (se€g3.3.5).
Mnsdvngsgx+ sgd bn rs >k “~gd r vhsgure@BI)gerd t ¢ bnr
almost devoid of macrobenthic species in the historic situation. Highly concentrated suspensions
at the sediment surface probably create harsh conditions for benthic organisms to thrivEnese
suspensions may occur due to permanent erosion of consolidated (ancient) mud or to permanent
depositional trends. According to Fettweiset al. (2009) mud deposition likely occurred in this
area prior to 1900, resulting in a shallowing of the Grote Rede trough in the period 1866911.
Thus, the data point at absence of benthos due to deposition of muddy sediment in this area.

Sgd ghrsnghb™k ¢ smdoodnuwhcd mcr dentgkd drao drbdhkehh b h mu
carried out to better understand longerm ecosystem changes. Unfortunately, these maps can

hardly be directly compared to the recent situation, mostly because of: different spatial
spreading of samplegwhich were very much projectoriented in the recent situation); different

sampling strategies (in the recent surveys; separation of endobenthos and epibenthibsough

more specific sampling gears); and different outputg.Q. recent sediment data all ojinate from

gquantitative analysis of grairsize distributions; macrobenthic data obtained with contemporary

r -l okhmf fd qr “~qd I ngd dpt mshs shudgqg( - Mdudags
provides patterns of distribution for maximum sped@s richness (in the limitedly studied offshore

gravel fields) and abundance (in the maximum turbidity area) which were largely unexpected

based on the recent information available €.g. see Degraer et al. 2006). The unique

combination of endo- and epibenthic species may reveal ecological patterns in the composition

of benthic communities €.g. prey-predator relationships) once some pending question® e.g.

on polychaete datg.

The importance of these historic data to better understand how human activiiealter marine
ecosystem functioning in the long run is discussed below (see Hyp 3.3.5). It builds further on the
results of Houziauxet al. (2008), focusing specifically on gravel grounds. Present results on the
soft substratum of the coastal area provida unique view on the sedimentological and
ecological continuum existing across the Belgiautch border, more specifically in the
Westerschelde River mouth area; this will likely constitute an important basis for future cress
border investigations.

3.3.2 Natural seabed clangesvs anthropogenicinfluence?

a. Enrichment of fine sands

For the period 19002009, sediment changes in the sand fraction were studied based on
cumulative grainsize distribution curves (SediCURVE@SEA, Van Lanclaral. 2009). For the
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median grainsize (d50), no major or consistent changes were found over large areas. However,
striking differences were found when evaluating the sorting and skewness of the sediments.
Figure 3.3-3 shows the sorting of all sediments of the Gilson collgtion: except for some
locations where gravel or shell hash prevails (e.gffshore sandbanksor areas with bedforms),

all sediments are wellsorted. This is not the case for the recent sediment samples, now showing
an overall worsening in sorting over vas areas. For clarity, Figure3.3-3b shows only the
distribution of the moderate to poorly sorted sediments. Noteworthy is the observation that this
trend only occurs in the coastal zone; though also alonghe area with newly implanted
windmills, offshore. To explain the cause of the widespread worsening of sorting, the skewness
was evaluated for these locations. Figur8.3-3c shows that the poorer sorting seems solely due
to an enrichment of (very) fine sands. Although, more consistent patterns occur arauharbours,
near disposal grounds and aggregate extraction sites, the trend is widespread and also occurs in
sob " kkdc dm stqg k r xr sBidemsshanksysttnbg "~ r sgd Vdrschdo

b. Longterm morphological evolution BPNS: erosion ofsandbank troughs, migation of
sandbanks

The erosionsedimentation map ofFigure 3.34 is the result of trend analysis on the historical

navigation charts and spans a period from ~150 years ago up till now. Only trends with

R2>0.5 are shown, and the scale is chosen to distingish only 4 different types of trends

(erosionsedimentation, magnitude lower/higher than 2 cm/year). A finer scale would give a false
impression of accuracy, which is not guaranteed by the historical navigation charts.

Many significant morphological change are the result of human activity: deepening due to
dredging of the navigation channels towards the harbour of Antwerp (Scheur) and Zeebrugge
(Pas vanhet Zand) and towards Ostend, where the navigation channel cuts through the
Stroombank; accretion due todredge disposal on the locations S1, ZBO (near Paardenmarkt
shoal), and OOS (near Ostend, on the southwestern tip of the Wenduinebank). A clear
sedimentation trend can also be observed in the shelter of the breakwaters of the outer harbour
of Zeebrugge.

Results (based on the trend analysis, but also on visualization of depth contours, not shown
here) also indicate that there is no significant movement of the sandbanks during the last 150
years, though some banks (especially the Coastal Banks: Small bankeWNvpoort Bank, Ostend
Bank and Wenduine Bank) seem to be prone to erosion at the seaward side and to
sedimentation at the coastal side; this could indicate minor movement towards the coast.
However, taking into account the relatively large uncertainties @ both position and depth
values of the original data points, this movement cannot be considered significant, though it
must be noted that none of the banks showed the opposite effect (seawards movement).

Nevertheless, the Coastal Banks are the most nadily dynamic zones: significant sedimentation
trends are observed for the Nieuwpoort Bank, the Wenduine Bank and the Stroom Bank, while
erosion occurred in the troughs between the banks: between the Stroombank and the coast
(Kleine Rede), at the seaward @& of the Stroombank (Grote Rede), and north of the Small bank
and of the Kwinte bank.

It is interesting to note that the longerm trends observed here seem to be confirmed by the
medium-term analysis of the coastal offshore zone. This is illustrated Wyigure 3.35, which
shows the erosionsedimentation trend of the past 15 years of the seafloor in front of Ostend and
De Haan. The map shows a sedimentation trend on the landward side of both the Wenduine
Bank and the Stroombank, while erosion occurs on #hseaward side of both banks. The Grote
Rede trough also seems mostly prone to erosion. Further analysis of the meditenm evolution

is needed to support the hypothesized morphological evolution.

In front of Koksijde, an apparent accretion trend is foundt the beach, shoreface and beyond
(see Figure 3.%) which can be associated with the presence of two large groins (length:

SSD- Science for a Sustainable DevelopmentNorth Sea 51



Project SD/NS/06 D Quantification of Erosion/Sedimentation patterns to Trace the natural versus anthropogenic
sediment dynamicss®@P TDRS3 C¢€

~400 m). However, the sedimentation trend extends further than what could be expected from

a local effect; hence the investigatin of the accumulation of sediment in this area cannot be
done without taken into account the influence of the shorefacattached sandbank system
(Broers bank and Trapegeer bank and the Potje trough). These naturally dynamic features exert a
morphological control on the flow pattern, influencing the inflow of sediment in the area.
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Figure 3.33. (a) Sorting of all reanalysed Gilson samples; (b) spatial distribution of recent sand samples having
moderate to poorly sorting; and (c) skewness of the nowadays moderate to poorly sortisgnds. Analysis based
on SediCURVE v.1 database.
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Figure 3.3-4. Erosionsedimentation trend along the southwestern part of the BPNS, based on the
bathymetric chart differences in the period 1866&2007.

In addition, it is argued that along the Belgian coast natural processes are able to drive large
bathymetric changes the part of the seafloor in front of De Panne and Koksijde has the least
influence of human actions. The magnitude of the morphological evolution observed in tharea
surrounding the shorefacettached sandbank system (trend in bathymetric change up to
15 cm/year) is comparable to that observed in the Zeebrugge area, where evolution is mainly
driven by anthropogenic factors (presence of breakwaters, dredging andsposal activities). The
morphological evolution of the shorefaceattached sandbank system is illustrated in Figure 33

it shows the bathymetric profiles on different dates along cross section-B\(see top figure in
Figure 3.36 for the location of cross section AB), together with a profile of the erosion trend.

3.3.3 Quantifying littoral drift

Based on the mediumterm trend analysis of beach and foreshore in the area west of Zeebrugge,
an estimation of the littoral drift can be made The western brekwater of Zeebrugge harbour
blocks the longshore transport of sediments along beach and foreshore, which is oriented from
southwest to northeast along the Belgian coast. By quantification of the accumulation of
sediments in the beach and foreshore area beeen Blankenberge and Zeebrugge, the
magnitude of this littoral drift is estimated.

Figure 3.38 shows the result of the morphological trend analysis. Beach and foreshore between
Blankenberge and Zeebrugge is divided in different zones, depending on tlabserved trend and
origin of the trend (see caption figure for more detailes).

The total estimate of the net littoral drift from southwest to northeast along the Belgian coast
Thased on the measured volumetric trends and assuming no sediment is brought o the
system from offshore area®is calculated as395 x 10° m*/year.
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Figure3.3-5.  Top figure: erosionsedimentation trend for beach, foreshore and the nearshore between
Ostende and De Haan. Bottom figure: depth profiles (solid lines, right verticahxis) and erosion trend
profile (dotted line, left vertical axis) along cross section /8.
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Figure 3.36. Erosion sedimentation trend of beach, shoreface and nearshore in front of the Westhoek
(area between De Panne and Koksijde). The top figure showd trends; the lower figure only trends with
R2>0.5.
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Figure 3.37. Depth profiles (solid lines, right vertical axis) and erosion trend (dotted line, left vertical
axis) along cross section M. Bold parts on the horizontal axis indicate locations withsignificant trends
(R2>0.5).
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Figure 3.38. Result of the morphological trend analysis to delineate the accumulation area west of the
western Zeebrugge breakwater, caused by blockage of the littordtift. Green polygon: sedimentation due

to blocking of the littoral drift. In the bottom left of this zone is a small area with a strong erosive
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carried out shortly before the period over which the trend anlgsis was performed. The limited erosive
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area thus represents the return of the beach system to a more stable morphology, in the period following
the nourishment. Pink polygon: downstream erosion, due to the response of the system to the presence of

Blankenberge harbour. Red polygon accumulation, mainly due to the presence of the Blankenberge
disposal site. Black polygon: deepening, due to dredging of the navigation channel towards the

Blankenberge marina.

Hyp. 3.3.4 Longterm and far field effects of hman activities are underestimated

a. Variations in longterm erosion/deposition rates reveal far fieléffects of human activities

One of the most outstanding features in the Belgian coastal zone is the Harbour of Zeebrugge.

The area surrounding the harbur shows strong erosiorsedimentation trends; these can be

linked to mainly anthropogenic influence (Figure3.3-9).

Based on this information different zones are delineated, where results of the morphological
evolution show very significant trends. In Figre 3.3-9b, areas in green indicate accretion

dominated zones; areas in red, erosiodominated zones.

Areas 1, 2, 3 and 7 show trends that are likely within the influence area of the harbour of
Zeebrugge and the dredging and disposal activities in the nigation channels (Pas vamet Zand
and Scheur) and on the disposal site S2, respectively. Trends for areas 4 (dbminated trough,
in the extension zone of the Westerschelde), 5 (Paardenmarkt shoal) and 6 cannot be directly

linked to anthropogenic intervention.
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Figure 3.39.
channels. The top figure shows all trends; the lower fig
show trends that are likely within the irfluence area of
disposal activities in the navigation channels (Pas van
respectively. Trends for areas 4 (ebominated trough,
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Table 3.3-I. Classification of the different zones with significant morphological evolution in the vicinity of
Zeebrugge harbour.

Dominant influence Cause Effect
Zone 1 | Anthropogenic Presence of a large breakwate|l Blocking of longshore transport
downstream
Zone 2 | Anthropogenic Presence of a large breakwate| Accretion
upstream
Zone 3 | Anthropogenic Dredging of navigation channels + | Deepening of the bathymetry

increased tidal flow, caised by the
presence of the large breakwaters

Zone 4 | Natural Influence area of the| Erosion of an ebbdominated
Westerschelde? trough
Zone 5 | Natural? Needs further research Accretion of bank crest that could
Anthropogenic? be interpreted as migration
Zone 6 | Natural? Anthropogenic? Needs further research Accretion
Zone 7 | Anthropogenic Disposal activities at S2 Accretion

Zone 1: This zone extends between Blankenberge and Zeebrugge harbour. The western breakwater of the
harbour constitutes a physical obstacle blocking longshore sand transport (which is oriented from
southwest to northeast along the Belgian coast). As a consequence, accumulation of sand at high rates is
observed upstream the harbourZone 2: This zone concernstd @A " h u " m Gdhrs€&€ ~qgd ™ +
harbour. Downstream the harbour, accretion occurs due to (1) blocking of the-® directed littoral drift
during ebb and waves coming from the north; and (2) deceleration of the tidal flow, after being
acceleratedin the vicinity of the harbour entrance, during flood. Zone 3: This zone includes the main
navigation channel towards the Westerschelde (Scheur) and the channel towards Zeebrugge harb&as(
van het Zand). It is hypothesised that continuous dredging adfities in the navigation channels have an
influence on the surrounding seafloor (e.g. strong erosion trend, directly north of Scheur). Where this zone
nears the harbour entrance, the influence of the breakwater structures on the flow pattern (contractioh o
stream lines) is perceived,; this is associated with erosion in front of the harbour entran@mane 7: Located
beyond the Pas varhet Zand; it is likely caused by disposal of dredged material at disposal site S2.

b. An overall increase of turbidity of Befjian waters is perceived in the longerm

The construction and extension of the port of Zeebrugge and its connections to the open sea, the
disposal of dredge spoil, and the morphological evolutiond€.g. Du Four and Van Lancker 2008)
induced by these operéions have had, and still are having, a substantial influence on the
distribution of fine-grained sediment in the study area. Results are based on the combined
analyses of recent and historic (10@ears ago) sediment sample information and bathymetric
maps Data processing was based mainly on field descriptions of the samples (consolidation,
thickness) and on bathymetric maps of 186B1911. Generally, the historic relative mud content
corresponds well to the modern quantitative mud content (Fettweist al. 2009), as also their
spatial distribution (Figure 3.33). The pattern likely corresponds to the position of the Holocene
mud fields (e.g. Fettweiset al. 2009; and Mathys 2009). The layers of fresh to softly consolidated
mud (>30 cm) reconstructed for the beginning of the 20th century were the result of natural
morphological processes. Today, layers of fresh mud are concentrated in areas with high human
impact and are not found in the remainder of the nearshore area. The data indicate that more
Holocene mud probably outcrops today than at the beginning of the 20th century and that, as a
consequence, erosion of these layers is more prominent today. This would explain the relative
higher abundance of clay pebbles today, than 100 years ago. The Zeebrugge portension and
associated works have thus in all likelihood increased the amount of firgrained sediment
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released into the North Sea, a process ongoing today. The latter is also confirmed by the tripod
data at MOWL1 and Blankenberge (se€3.2.2 and Fettweiset al. 2011). These data suggest that a
major part of the high concentrated mud suspensions (HCMS), measured at both sites, could
have been resuspended from the very soft mud deposits in the navigation channels and adjacent
areas. This result indicate thathe deepening of the navigation channels has made available fine
grained matter that contributes significantly to the formation of HCMS and suggests that these
were probably less frequent in the past, when anthropogenic activities were limited.

Figure3.3-10. Historic (above) and recent (below) distribution of mud contents in the surface sediment.
Sampling stations are represented as blue (historic, Gilson) and red (recent, SediCURVE@SEA database)
dots. Mud levels are classified according to Flemming (00): 0-4 $ 9 d r -25rf& gightly /nuddy sands;
25-50 %: muddy sands; 5675 % sandy mud; 7595 %: slightly sandy mud; 95100%: mud.
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