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Wadlopen volgens W.F. Hermans

‘alpinisme in het horizontale vlak’
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de dikke laag slik achter de dijk en het doorwaden van geulen.
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FIGURES

1.1 The Friesland and Groningen part of the Dutch Wadden Sea including the
mainland salt marsh areas within the brushwood groynes (After Sediment atlas
Wadden Sea, 1998) The greyscale in the Wadden Sea represents the depth contours.

2.1 Salt marsh areas of the Dutch Wadden Sea. 
2.2 Possible responses of salt marshes to sea-level rise (after Orson et al., 1985). HWST:

High Water Spring Tide.
2.3 Postma (1961) put forward a simple model to explain the net landward transport of

particles in tidal bays and estuaries. Over a single tidal cycle a particle at point 1 will,
on the flood tide, be entrained into suspension when the tidal velocity reaches the
value X. The particle will remain in suspension as long as velocity X is exceeded (X
to X’), thereafter it will settle out, coming to rest at point 2. As point 2 is some
distance inland of X’, the particle will only become re-entrained on the ebb tide at a
later stage, ultimately settling out at point 3. The distance between points 1 and 3
represents a net landward movement over a tidal cycle and indicates a constant,
although exponentially declining propensity for landward transport.

2.4 Decreasing mud contents from west to east in the mainland salt marshes of the
Dutch Wadden Sea (after De Glopper, 1986). For the locations of Friesland and
Groningen see Figure 1.1.

2.5 Zonation of the salt marsh in relation to the frequency and duration of tidal
flooding (after Erchinger, 1985)

2.6 Basic model of salt marsh development:(a) flow-chart, showing primary
components and interactions (b) model behaviour, showing temporal changes in
rate of accretion, marsh surface level and tidal submergence (After Randerson,
1979).

2.7 Conceptual model of long-term adjustment of marsh surface elevation. Bold linkage
represents a main negative feedback loop. Dashed linkage not yet incorporated into
1-dimensional simulation model (after French, 1989).

3.1 The northwest European Wadden area (After Ehlers, 1988).
3.2 Construction of sedimentation fields along the mainland salt marsh coast.
3.3 Measuring locations along the Dutch salt marsh coast; Friesland (top) and

Groningen (bottom).
3.4 Lines of equal tidal range at spring tide (after Reineck, 1978)
3.5 Measuring frames in the pioneer zone (A) and on the mudflat (B).
3.6 Instruments attached to the measuring frames.
3.7 Correlation between the pressure sensor and the CAP-wire.
3.8 Correlation between the MEX and the mud content in the Water Samples.
3.9 A simple example of a variogram: lag (h) is the distance in meters and ( is the

variance in square centimetres. Sill is level of no spatial relation, range is the area in
which spatial relations exist, the nugget represents the random noise term
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(Burrough and McDonnell, 1998)
4.1 Sample locations for bed sediment samples.
4.2 Plane view of sedimentation fields F171 and F172, and the location of the measuring

frame.
4.3 Sedimentation along the Friesland salt marsh coast, locations see Figure 3.3.
4.4 Sedimentation along the Groningen salt marsh coast, locations see Figure 3.3.
4.5 Mean grain-size distribution in Friesland from May-October 1997
4.6 Mean grain-size distribution in Groningen from May-November 1998.
4.7 Large scale morphology seaward of the Friesland salt marshes.
4.8 Large scale morphology seaward of the Groningen salt marshes.
4.9 Maximum wave heights during calm and rough weather conditions.
4.10 Maximum current velocities during flood and ebb tide under calm and rough

weather conditions (Friesland).
4.11 Maximum current velocities during flood and ebb tide under calm and rough

weather conditions (Groningen).
4.12 Maximum suspended sediment concentrations during calm and rough weather

conditions, normalized in relation to the MEX-sensor.

5.1 Measuring sites in the Friesland and Groningen Wadden Sea area. Measuring 
frames 1 and 2 are located in the pioneer zone of the salt marshes in Friesland and
Groningen and measuring frame 3 is located on a tidal flat just seaward of the
Groningen salt marshes.

5.2 Predicted and actual water depth for measuring location Friesland, Groningen and
Groningen mudflat.

5.3 Hydrodynamics in relation to water depth during the storm events for measuring
location Friesland, Groningen and Groningen mudflat.
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5.12 Relation between wave height and sediment flux.
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SUMMARY

A system analysis of salt marsh development along the mainland coast of 
the Dutch Wadden Sea

Introduction
The studied salt marshes fringe the sheltered mainland coast of the Wadden Sea and are
periodically flooded by salt water. Therefore most plants and animals of the salt marshes
are highly specialised organisms. In the past, sedimentation was promoted in the salt
marshes in order to reclaim land. Present functions of the salt marshes are nature reserve
area and coastal protection. At the moment, the growth of the salt marshes is slow and
occurs only under controlled conditions along the mainland coast. Sedimentation fields
are formed by the construction of brushwood groins in order to reduce the incoming
wave and current energy in the pioneer zone of the salt marshes. The pioneer zone is the
delicate transition zone between the upper mudflat and the vegetated salt marsh. The
policy of the Dutch Government is to preserve the salt marshes and mudflats as part of
the natural system in the tidal basins. 

Management of the Wadden Sea is confronted with various problems that can influence
the entire system, such as sea-level rise, changing storm climate, gas mining, fishery etc.
The problems concerning morphological changes are subject of this study. In this respect
sea-level rise and a changing storm climate are important aspects. Morphological
developments in and seaward of the salt marshes as a result of changing boundary
conditions cannot be predicted properly without profound knowledge of the system.
Therefore, the main objective of this thesis is to enhance the understanding of salt marsh
development along the mainland coast of the Dutch Wadden Sea at different spatial and
temporal scales by the use of field data. The chapters of this thesis are based on the
following specific objectives:

• To analyse the present (1997-1998) spatial differences in erosion and sedimentation in
the pioneer zone along the mainland coast of the Dutch Wadden Sea in order to
determine the governing processes in salt marsh development (Chapter 4)

• To determine effects of storm events on the pioneer zone and adjacent tidal mudflat in
order to define their role in salt marsh development (Chapter 5)

• To analyse past salt marsh and pioneer zone development along the mainland coast of
the Dutch Wadden Sea in order to indicate the salt marsh behaviour over a time period
of 30 years (Chapter 6)

• To integrate the information about salt marsh behaviour to enhance the understanding
of salt marsh development during changing boundary conditions in the Dutch Wadden
Sea and to give advise about coastal management implications (Chapter 7)

Study area and methodology
The study area is located in the eastern part of the Dutch Wadden Sea. The Wadden area
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is a micro-tidal to meso-tidal area and consists of several barrier islands, which are
separated from the mainland coast by extensive tidal flats. Part of the mainland is fringed
by tidal salt marshes that are only inundated during spring tides and storm surges. The
alongshore extension of the mainland salt marsh coast is about 55 kilometres. It consists of
two parts, a Friesland and a Groningen part, which are separated by a former tidal inlet.

During two years field measurements were carried out in the pioneer zone and on the
mudflats along the shore to examine small-scale salt marsh processes. Measuring frames
and portable instruments were used to measure water depth, wave height, alongshore and
cross-shore current velocity and suspended sediment concentration. Besides these
measurements, elevation changes and bed sediment composition were measured. For the
large-scale (decadal) analysis, hydrographic maps, long-term salt marsh elevation data and
long-term meteorological data were studied in a raster based GIS. Rijkswaterstaat
(Department of Public Works and Water Management) provided these data, which were
collected between 1965 until present. Furthermore, a wave model (SWAN) was used to
calculate wave patterns in the Wadden Sea during storms. 

Spatial variability in erosion and sedimentation along the coasts of Friesland and Groningen
Field data were used to study the following governing factors in the development of the
pioneer zone: wave height, current velocity and direction, strength of the bed,
morphology and sediment transport.

Measured spatial differences in sedimentation rates along the mainland coast are related to
the presence of tidal channels and tidal flats seaward of the sedimentation fields. Tidal
channels with an orientation perpendicular to the coast, at a distance between 900 m and
2000 m from the pioneer zone, supply sediment towards the sedimentation fields. At
these locations measured sedimentation rates in the pioneer zone are high. Tidal flats as
well as tidal divides located in the vicinity of the sedimentation fields are sources of
sediment. In these shallow intertidal areas wave and current energy is dissipated. Sediment
settles here and tidal channels are needed to transport the sediment to the sedimentation
fields. When tidal channels are absent, sediment cannot reach the sedimentation fields,
resulting in low sedimentation rates in the pioneer zone.

Whether sediment is deposited within the sedimentation fields (when the net supply is
positive) depends on the wave conditions, which are greatly influenced by the height and
maintenance of the brushwood groins. The brushwood groins were built to interrupt
wind waves and tidal currents to stimulate sedimentation. In the summer half-year of the
measurements, low or negative sedimentation rates were measured in sedimentation fields
with low or badly maintained brushwood groins. In these fields waves preserve their
heights and resuspension of sediment occurs.

The role of storm surges in salt marsh development
Field data from three measuring frames were used to examine the effect of storm surges on
salt marsh development. Hydrodynamic conditions and sediment fluxes were measured
during storm surge periods of several days at two different locations in the pioneer zone of
the salt marshes and at one location on the upper mudflats seaward of the pioneer zone.

Measured hydrodynamic characteristics during storm surge periods were very similar at
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two measuring locations in the pioneer zones, during an entire storm surge period as well
as within a single tide. At a measuring location on the adjacent mudflats an examined
storm surge period had different hydrodynamic characteristics, with higher water depths,
longer flooding periods and higher current velocities. Therefore the effects of storm surges
on the pioneer zone are different from effects on the adjacent mudflat.

In the pioneer zone the sediment was found to be mainly suspended in-situ by wave
action. A significant linear relation between significant wave height and suspended
sediment concentration was calculated. On the mudflat advective processes influenced the
net sediment transport, the suspended sediment concentration increased with increasing
significant wave height but the linear relation was not as clear as in the pioneer zone. On
the mudflat average current velocities were more than twice as high compared to the
pioneer zone, due to the absence of the brushwood groins. The measured net sediment
transport was directed offshore during storm surges in the pioneer zone as well as on the
mudflat. During the measured storm surges, erosion of the mudflat in front of the pioneer
zone of the salt marshes was found to be greater than in the pioneer zone. The mudflat is
flooded for a longer period of time and greater water depths occurred. This resulted in
more net offshore sediment transport.

Threshold values of water depths less than 0.75 m in the pioneer zone and around 1.50 m
on the mudflat were found to cause onshore-directed peaks in sediment transport. Two
threshold values for erosion were found to describe effects of storm surges on the pioneer
zone and mudflat. When water depths increased to 0.75 m, wave heights increased to 0.20
m, bed shear stresses increased to 0.20 N/m2 and suspended sediment concentration near
the bed reached values of 1 g/l. Then offshore-directed net sediment fluxes occurred, so
sediment was transported away from the salt marshes and upper mudflats. The second
threshold value was only valid for the mudflat environment because water depths in the
pioneer zone do not exceed 1.5 m. When water depths exceeded 1.75 m on the mudflat,
significant wave heights reached values of 0.40 m and bed shear stresses exceeded 0.6
N/m2. This also induced offshore-directed net sediment fluxes and transport rates and
sediment transport away from the mudflat. 

Salt marsh development along the mainland coast of the Dutch Wadden Sea 
from 1965 until present
Elevation data, wind and water level data collected between 1965 and present by
Rijkswaterstaat were used for the large-scale analysis.

Interpolated elevation maps of the entire salt marsh area, including the pioneer zone and
upper mudflats, along the coast of the Dutch Wadden Sea show that the area has been
vertically accreting since 1965. The accretion is almost linear for the Friesland part of the
salt marshes. In the Groningen salt marshes the growth is asymptotic; it has stagnated
since 1985. 

At a yearly time scale, the effect of one calendar year with many storm days in
combination with high water levels on the accretion rates was found to be similar for the
Friesland and Groningen salt marshes. At the start of the year with many storm days
erosion occurs, but during and at the end of that year accretion takes place. During a year
with a high storm frequency much fine sediment is transported towards the shores and is



deposited there. Measuring results show that erosion occurs in the year after the storm
year. In a storm year many seeds and seedlings are washed away (Houwing et al., 1995)
and the pioneer zone of the salt marsh therefore has problems to extend in the next year.
This year appears to be influenced by the previous (storm) year. Two years after the storm
year the salt marsh accretion rates have recovered.

At a larger time scale (decades), the results show that the Friesland salt marshes rapidly
respond to changes in wind speed and high water levels. The Groningen salt marshes
slowly react to changes in wind speed and high water levels. The difference in long-term
accretion balance between the coast of Friesland and Groningen may be related to the
differences in embankment history. In Groningen more extensive embankments were
executed than in Friesland. Therefore the salt marshes that were formed after the
constructions of the brushwood groins were located at lower levels than the Friesland salt
marshes. The difference in long-term accretion balance could also be related to the
different type of tidal basin and the different exposure to hydrodynamic energy. Sediment
budget calculations show that the Groningen salt marshes are part of a more dynamic
tidal basin than the Friesland salt marshes and hence more sediment is being moved
around in the Groningen tidal basin. This is the result of the fact that the Groningen salt
marsh coast is located behind a system of large tidal inlets with very small barrier islands
and is therefore more exposed than the Friesland salt marsh coast, which is located almost
entirely behind a large barrier island. Therefore, the measured and modelled hydro-
dynamic conditions during storms are rougher in the Groningen salt marshes resulting in
less accretion. 

Because storms are found to be normative in salt marsh development, modelled
differences in hydrodynamic energy during storms for the entire Wadden Sea were used to
explain long-term (decadal) spatial differences in accretion patterns within the Friesland
and Groningen salt marsh areas. The Wadden Sea morphology determines the
distribution of the hydrodynamic energy approaching the salt marsh coast during storms
and defines the location of sediment sources for the salt marshes. Modelling results show
that behind tidal inlets and in the vicinity of large tidal channels higher and longer waves
approach the mainland salt marsh coast. Whether this results in high sedimentation rates
depends on the presence of transporting channels and sources of sediment.

A synthesis of salt marsh development
Present changes in the boundary conditions of the Wadden Sea system as sea-level rise and
changing wind climate occur slowly and effects are difficult to detect. At the moment, the
system can adjust to slowly changing boundary conditions. In this thesis an enlargement
of the system knowledge is presented. This is essential to estimate the consequences of
future natural and anthropogenic changes in the boundary conditions of the Wadden Sea
system.

The results of this study have shown that the development of the salt marshes along the
mainland coast of the Wadden Sea cannot be treated as an entity. This implies that salt
marsh management along the mainland coast does not have to be uniform. Spatial
differences in erosion and sedimentation rates occur at different time scales and appear to
be related to the geomorphology seaward of the salt marshes. The results show that,
especially during storm surges, wave heights vary along the mainland salt marsh coast,
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which are induced by the morphology of the Wadden Sea. High sedimentation rates were
measured within the salt marshes where tidal channels were located at a distance between
900 m and 2000 m, where waves were high and simultaneously a sediment source was in
the vicinity. Low sedimentation rates were measured within the salt marshes where
sediment sources or transporting channels were absent and waves were low or when tidal
channels were located at a distance closer than 900 m. The migration of tidal channels
close to the salt marshes should be monitored to follow erosive action.

The results of this study clearly indicate that wind-waves during storm surges play an
important role in salt marsh development. Tidal currents are responsible for the sediment
transport but the bed shear stress is greatly dominated by the wave-induced part. During
storms the brushwood groins of the sedimentation fields are completely submerged and
the wind-waves can achieve a maximum height that is restricted by the water depth.
When the water depth exceeds the threshold values of 0.75 m and 1.75 m, the waves and
currents induce offshore-directed sediment transport. The brushwood groins are effective
in the reduction of the current velocity by interrupting the tidal current. Management
concerning the maintenance of the brushwood groins is important with respect to
accelerations in sea-level rise, but different methods or configurations should be tested to
reduce wave energy during storm surges.

At a larger time scale storm surges appear to be important in salt marsh development. The
salt marshes along the mainland coast need a few years to recover from a year with many
storm surges. Increasing storm surge levels result in decreasing accretion rates in the salt
marshes. At a decadal time scale the salt marshes along the Friesland coast adjust more
rapid to changes in storm surge levels than the Groningen salt marshes. When in the
future the storm climate intensifies, erosion in the pioneer zone of especially the
Groningen salt marshes is expected.

15



16



SAMENVATTING

17

Een systeemanalyse van kwelderontwikkeling langs de vastelandskust van de 
Nederlandse Waddenzee

Inleiding
De bestudeerde kwelders liggen langs de beschutte vastelandskust van de Nederlandse
Waddenzee en worden regelmatig door zout water overstroomd. Daardoor zijn de planten
en dieren van de kwelders zeer specifieke organismen. In het verleden werd sedimentatie
in de kwelders gestimuleerd om land aan te winnen. De huidige functies van de kwelders
zijn natuurgebied en kustbescherming. Op dit moment groeien de vastelandskwelders
langzaam en onder gecontroleerde condities. Er zijn sedimentatievelden gevormd door de
constructie van rijshouten dammen met als doel de inkomende golf- en stromingsenergie
in de pionierszone te reduceren. De pionierszone is de kwetsbare overgangszone tussen het
hoogwad en de kwelder. Het beleid van de Nederlandse regering richt zich op het behoud
van de kwelders en wadplaten als deel van het natuurlijk systeem van getijdenbekkens.

Het beheer van de Waddenzee wordt geconfronteerd met diverse problemen die het gehele
systeem beïnvloeden, zoals zeespiegelstijging, een veranderend stormklimaat, gaswinning,
visserij etc. De problemen betreffende morfologische veranderingen zijn onderwerp van
dit onderzoek. Met name zeespiegelstijging en een veranderend stormklimaat zijn hierbij
belangrijke aspecten. Morfologische ontwikkelingen in en zeewaarts van de kwelders als
gevolg van veranderende randvoorwaarden kunnen niet goed voorspeld worden zonder
gedegen kennis over het systeem. Daarom is het hoofddoel van dit onderzoek:
kennisvergroting betreffende kwelderontwikkeling langs de vastelandskust van de
Nederlandse Waddenzee op verschillende ruimte- en tijdschalen door middel van het
gebruik van velddata. De hoofdstukken van dit proefschrift zijn gebaseerd op de volgende
specifieke doelstellingen:
• Analyseren van de huidige (1997-1998) ruimtelijke verschillen in erosie en sedimentatie

in de pionierszone van de kwelders langs de vastelandskust van de Nederlandse
Waddenzee met als doel het identificeren van de sturende processen op een tijdschaal
van maanden (Hoofdstuk 4)

• Bepalen van de effecten van storm perioden van enkele dagen op de ontwikkeling van
de pionierszone en aangrenzende wadplaten om de rol van stormen in kwelder-
ontwikkeling te definiëren (Hoofdstuk 5)

• Analyseren van de kwelderontwikkeling langs de vastelandskust van de Nederlandse
Waddenzee in het verleden om een indicatie te krijgen van de kwelderontwikkeling op
de lange termijn (decades) (Hoofdstuk 6)

• Integreren van de onderzoeksresultaten met betrekking tot het kweldergedrag om het
begrip te vergroten betreffende de kwelderontwikkeling tijdens veranderende
randvoorwaarden in de Nederlandse Waddenzee en het geven van adviezen voor de
implicaties voor het kustbeheer (Hoofdstuk 7)



Onderzoeksgebied en methodes
Het onderzoeksgebied ligt in de oostelijke Nederlandse Waddenzee. De Waddenzee heeft
een micro tot meso getijdenregime en is opgebouwd uit diverse barrière eilanden, die van
de vastelandskust worden gescheiden door uitgebreide wadplaten. Langs een gedeelte van
het vasteland komen kwelders voor, die alleen met springtij en gedurende stormen onder
water staan. De lengte van de kwelderkust is ongeveer 55 km en bestaat uit een Fries en
een Gronings deel. Deze delen worden gescheiden door een voormalige getijde-inlaat.

Gedurende een periode van twee jaar zijn voor kleinschalig procesonderzoek veldmetingen
uitgevoerd in de pionierszone en op de wadplaten langs de kust. Met behulp van
meetframes en draagbare instrumenten zijn de waterdiepte, golfhoogte, kustlangse en
kustdwarse stroomsnelheid en gesuspendeerde sediment concentraties gemeten. Naast
deze metingen zijn hoogteveranderingen en de korrelgrootteverdelingen bepaald. Voor de
lange termijn (decades) analyse zijn hydrografische kaarten, lange termijn data over
kwelderhoogte en meteorologie gebruikt in een raster GIS (Geografisch Informatie
Systeem). Deze data zijn door Rijkswaterstaat verzameld tussen 1965 en nu. Verder is er
een golfmodel (SWAN) gebruikt om tijdens stormen golfpatronen in de Waddenzee te
berekenen. 

Ruimtelijke variabiliteit in erosie en sedimentatie langs de kust van Friesland en Groningen
Velddata zijn gebruikt om de volgende sturende factoren in kwelderontwikkeling te
bestuderen: golfhoogte, stroomsnelheid en -richting, bodemsterkte, morfologie en
sediment transport.

Gemeten ruimtelijke verschillen in sedimentatiesnelheden langs de vastelandskust zijn
gerelateerd aan de aanwezigheid van getijdengeulen en wadplaten zeewaarts van de
sedimentatievelden. Getijdengeulen met een kustdwarse oriëntatie, op een afstand tussen
900 m en 2000 m van de pionierszone, transporteren sediment naar de sedi-
mentatievelden. Op deze locaties zijn hoge sedimentatiesnelheden gemeten. Wadplaten en
wantijen dichtbij de sedimentatievelden vormen bronnen van sediment. In deze ondiepe
intergetijdengebieden worden golf- en stromingsenergie gereduceerd. Sediment zakt hier
uit en door getijdengeulen kan het sediment naar de sedimentatievelden worden
getransporteerd. Als getijdengeulen afwezig zijn, kan het sediment de sedimentatievelden
niet bereiken. Dit resulteert in lage sedimentatiesnelheden in de pionierszone in de buurt
van wadplaten en wantijen.

Of het sediment wordt afgezet binnen de sedimentatievelden (als er voldoende aanvoer is)
is afhankelijk van de golfcondities, welke sterk beïnvloed worden door de hoogte en het
onderhoud van de rijshouten dammen. De rijshouten dammen zijn gebouwd om golven
en stroming af te remmen en daardoor sedimentatie te stimuleren. In het zomerhalfjaar
van de metingen werden lage sedimentatiesnelheden gemeten in sedimentatievelden met
lage of slecht onderhouden rijshouten dammen. In deze velden werd de golfhoogte niet
gedempt en vond er resuspensie van sediment plaats.

De rol van stormen in kwelderontwikkeling
Velddata van drie meetframes zijn gebruikt om het effect van stormen op de
kwelderontwikkeling te onderzoeken. Hydrodynamische condities en sedimentfluxen zijn
gemeten gedurende stormperiodes van enkele dagen, op twee verschillende locaties in de
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pionierszone van de kwelders en op een locatie op het hoogwad, zeewaarts van de pio-
nierszone.

Gemeten hydrodynamische karakteristieken gedurende de storm periodes waren
vergelijkbaar op de twee meetlocaties in de pionierszone, zowel gedurende de gehele storm
periode als binnen een enkel getij. Op de meetlocatie van de aangrenzende wadplaat
verschilden de hydrodynamische karakteristieken van de pionierszone door een grotere
water diepte, een langere overstromingsperiode en hogere stroomsnelheden. Daarom
verschilt het effect van stormen op de pionierszone in vergelijking met de aangrenzende
wadplaat.

In de pionierszone wordt sediment vooral lokaal opgewoeld door golven. Er is een
significante relatie berekend tussen de significante golfhoogte en de concentratie
gesuspendeerd sediment. Op de wadplaat beïnvloeden advectieve processen het netto
sedimenttransport. De sedimentconcentratie nam wel toe met een toenemende
significante golfhoogte, maar de lineaire relatie was niet zo duidelijk als in de pioniers-
zone. Op de wadplaat konden de gemeten stroomsnelheden waarden bereiken die meer
dan twee maal zo hoog waren als in de pionierszone. Dit verschil werd veroorzaakt door
de afwezigheid van rijshouten dammen buiten de pionierszone. Het gemeten netto
sedimenttransport tijdens stormen was zeewaarts gericht, zowel in de pionierszone als op
de wadplaat. Gedurende de gemeten stormen was de erosie van de wadplaat zeewaarts van
de pionierszone groter dan de erosie van de pionierszone zelf. De wadplaat wordt langere
tijd overstroomd en de waterdieptes zijn groter. Dit leidt tot een groter zeewaarts gericht
sedimenttransport.

Tijdens waterdieptes kleiner dan 0.75 m waterdiepte in de pionierszone en rond ongeveer
1.50 m waterdiepte op de wadplaat wordt een landwaarts sediment transport gemeten.
Twee gevonden drempelwaarden voor erosie beschrijven het effect van stormen op de
pionierszone en de wadplaat. Als de waterdiepte toeneemt tot 0.75 m, neemt de
significante golfhoogte toe tot 0.20 m, de schuifspanning neemt dan toe tot 0.20 N/m2
en de hoeveelheid gesuspendeerd sediment aan de bodem bereikt waarden van 1 g/l. Op
dat moment wordt er een zeewaarts gerichte sediment flux gemeten. Dus het sediment
wordt van de kwelder en wadplaat zeewaarts getransporteerd. De tweede drempelwaarde
geldt alleen voor de wadplaat omdat de waterdiepte in de kwelder de 1.5 m niet
overschrijdt. Als de waterdiepte op de wadplaat groter wordt dan 1.75 m, bereikt de
significante golfhoogte waardes van 0.40 m en neemt de schuifspanning toe tot 0.6 N/m2.
Dit leidt eveneens tot een zeewaarts gerichte sediment flux en transport van de wadplaat
af. 

Kwelderontwikkeling langs de vastelandskust van de Nederlandse Waddenzee van 1965 tot nu
Rijkswaterstaat heeft tussen 1965 en nu hoogtedata, wind- en waterstandsdata verzameld.
Deze data zijn gebruikt bij de lange termijn analyse.

Geïnterpoleerde hoogtedata van het gehele kweldergebied, inclusief de pionierszone en de
hoge wadplaten, langs de vastelandskust van de Nederlandse Waddenzee laten zien dat het
gebied is gegroeid sinds 1965, zowel in verticale als in horizontale zin. De verticale groei is
vrijwel lineair voor het Friese gedeelte van de kwelderkust. In het Groningse deel is de
groei asymptotische en is er een stagnatie in de groei geconstateerd vanaf 1985.
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Op een tijdschaal van jaren, is een vergelijkbaar effect op de sedimentatiesnelheden van de
Friese en de Groningse kwelders geconstateerd van een kalenderjaar met veel stormdagen
in combinatie met hoge hoogwaterstanden. Aan het begin van een jaar met veel
stormdagen vindt erosie plaats, maar tijdens en aan het eind van dat jaar vindt er
sedimentatie plaats. Tijdens een jaar met een hoge stormfrequentie wordt er veel fijn
sediment in kustwaartse richting getransporteerd en afgezet. Meetresultaten laten zien dat
er erosie plaatsvindt in het jaar na het jaar met veel stormdagen. In het stormjaar worden
door ruwe hydrodynamische condities veel zaden en zaailingen weggespoeld (Houwing et
al., 1995). Dit leidt ertoe dat de pionierszone van de kwelder in het volgende jaar
uitbreidingsproblemen heeft. Dit jaar blijkt nog beïnvloed te worden door het voorgaande
(storm)jaar. Twee jaar na het stormjaar heeft de sedimentatie op de kwelder zich hersteld.

Op een grotere tijdschaal (decades), laten de resultaten zien dat de Friese kwelders snel
reageren op veranderingen in windsnelheid en hoogwaterstanden. De Groningse kwelders
reageren traag op dit soort veranderingen. Het verschil in de lange termijn sedi-
mentatiebalans tussen de kwelders van Friesland en die van Groningen zou het resultaat
kunnen zijn van een verschillende bedijkinggeschiedenis van de twee gebieden. In
Groningen zijn intensievere bedijkingen uitgevoerd dan in Friesland, waardoor de
kwelders die na de constructie van de rijshouten dammen gevormd zijn op een lager
niveau begonnen met de ontwikkeling. Het verschil in de lange termijn sedimen-
tatiebalans kan ook gerelateerd aan het verschil in getijdenbekken en het verschil in
expositie ten opzichte van hydrodynamische energie. Sedimentbudgetberekeningen tonen
aan dat de Groningse kwelders deel uitmaken van een dynamischer getijdenbekken dan de
Friese kwelders en dat er daardoor meer sediment omgaat in het getijdenbekken waar de
Groningse kwelders deel van uitmaken. Dit is het resultaat van het feit dat de Groningse
kwelders achter een systeem van grote zeegaten en kleine barrière eilanden liggen en
daardoor worden ze blootgesteld aan ruwere hydrodynamische condities dan de Friese
kwelders, die vrijwel geheel achter een barrière eiland gesitueerd zijn. Dit leidt ertoe dat de
gemeten en berekende hydrodynamische condities tijdens storm periodes ruwer zijn in de
Groningse kwelders, resulterend in minder sedimentatie.

Omdat gevonden is dat stormen bepalend zijn in kwelderontwikkeling, zijn ge-
modelleerde verschillen in hydrodynamische energie tijdens stormen gebuikt om de
ruimtelijke verschillen in sedimentatiepatronen binnen de Friese en Groningse kwelders
op de lange termijn (decades) te verklaren. De morfologie van de gehele Waddenzee
bepaalt de verdeling van de hydrodynamische energie die de kwelderkust bereikt tijdens
stormen en bepaalt tevens de locatie van sedimentbronnen voor de kwelders. De
modelresultaten laten zien dat achter zeegaten en in de buurt van grote getijdengeulen de
golven hoger zijn en een grotere periode hebben. Of dit daadwerkelijk resulteert in een
toename van sedimentatie hangt af van de aanwezigheid van transporterende geulen en
sedimentbronnen.

Een synthese over kwelderontwikkeling
Huidige veranderingen in de randvoorwaarden van het Waddensysteem zoals zeespiegel-
stijging en een veranderend windklimaat verlopen langzaam en daarom zijn de effecten
ervan moeilijk te detecteren. Op het moment kan het systeem zich aanpassen aan de
langzaam veranderende randvoorwaarden. In dit proefschrift is een vergroting van de
systeemkennis nagestreefd. Dit is essentieel om schattingen te kunnen maken voor effec-
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ten van toekomstige natuurlijke en antropogene veranderingen in de randvoorwaarden
van het Waddensysteem.

De resultaten van dit onderzoek hebben laten zien dat de ontwikkeling van de
vastelandskwelders van de Waddenzee niet als een eenheid beschouwd kunnen worden.
Dit heeft als consequentie dat het beheer van de vastelandskust niet uniform hoeft te zijn.
Ruimtelijke verschillen in erosie- en sedimentatiesnelheden vinden plaats op verschillende
tijdschalen en lijken te zijn gerelateerd aan de geomorfologie zeewaarts van de kwelders.
De onderzoeksresultaten tonen aan dat, met name tijdens stormen, golfhoogtes variëren
langs de vastelandskust. Deze variaties zijn het resultaat van de morfologie van de
Waddenzee. Hoge sedimentatiesnelheden zijn gemeten in kwelders waar, op een afstand
van tussen de 900 m en de 2000 m, getijdengeulen voorkwamen, golven hoog waren en
tegelijkertijd een sedimentbron in de buurt aanwezig was. Lage sedimentatiesnelheden
zijn gemeten in de kwelders waar sedimentbronnen of transportgeulen afwezig waren en
golven laag of getijdengeulen op een afstand van minder dan 900 m lagen. De migratie
van getijdengeulen dichtbij de kwelders moet gemonitord worden om hun erosieve
werking te volgen.

Uit de onderzoeksresultaten blijkt dat windgolven tijdens stormen een belangrijke rol
spelen in kwelderontwikkeling. Getijdenstromen zijn verantwoordelijk voor het transport
maar de schuifspanning aan de bodem wordt gedomineerd door het golfgedreven
gedeelte. Tijdens stormen staan de rijshouten dammen van de sedimentatievelden geheel
onder water en de windgolven kunnen een, door de waterdiepte beperkte, maximale
hoogte bereiken. Als de waterdiepte de drempelwaardes van 0.75 m en 1.75 m overschrijdt,
induceren de golven en stroming een zeewaarts gericht sedimenttransport. Tijdens
stormen blijven de rijshouten dammen effectief in het verminderen van de
stroomsnelheden door de getijdenstroom te onderbreken. Het onderhoudsbeheer van de
rijshouten dammen is belangrijk met betrekking tot een versnelde zeespiegelstijging, maar
andere methodes of configuraties van de rijshouten dammen moeten getest worden om
golfenergie tijdens stormen uit te dempen.

Op een grotere tijdschaal blijken stormen een belangrijke rol te spelen in kwelder-
ontwikkeling. De vastelandskwelders hebben een paar jaar nodig om te herstellen van een
jaar met veel stormdagen. Toenemende stormfrequentie en duur leiden tot een afname
van sedimentatiesnelheden in de kwelders. Op een tijdschaal van decades passen de Friese
kwelders zich sneller aan, aan veranderingen in stormfrequenties dan de Groningse
kwelders. Als in de toekomst het stormklimaat intensiever wordt, is erosie van met name
de pionierszone van de Groningse kwelders te verwachten.
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INTRODUCTION 
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1.1 Functions of salt marshes
Salt marshes fringe sheltered coasts and are periodically flooded by salt water. The
flooding period ranges from twice a day in the pioneer zone to only during high water
spring tide in the upper marsh. Salt marsh areas have a halophytic vegetation cover. Salt
marshes are special because plant and animal communities develop in close interaction
with the hydrodynamic and geomorphologic processes. Most plants and animals of the
salt marshes are therefore highly specialised organisms. In the past, sedimentation in the
salt marshes along the mainland of the Dutch Wadden Sea (Figure 1.1) was
anthropogenically stimulated in order to reclaim land. 

1

Figure 1.1 - The Friesland and Groningen part of the Dutch Wadden Sea including the mainland salt
marsh areas within the brushwood groynes (After Sediment atlas Wadden Sea, 1998) The greyscale in the
Wadden Sea represents the depth contours.
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Presently, coastal protection is an important function of the mainland salt marshes. Salt
marshes absorb wave energy and hence protect the hinterland from flooding during storm
surges. Another important function of the salt marshes is as nature reserve areas. For
instance, they provide resting, feeding and breeding grounds for many migratory birds.
The policy of the Dutch Government is to preserve the mud flats and salt marshes as part
of the natural system in the tidal basins. 

1.2 Problem definition
Management of the Wadden Sea is confronted with a number of problems, which can
influence the entire system, such as sea-level rise, increasing storm frequency and
duration, gas mining, fishery etc. The problems concerning morphological changes in the
mainland coastal zone are subject to this study. In this respect sea-level rise and increasing
storm frequency and duration are important aspects. At the moment, equilibrium
between sedimentation and erosion is attained in most parts of the salt marshes and upper
tidal flats along the mainland coast of the Wadden Sea (Dijkema et al., 1990; Oost et al.,
1998). Accretion continues in the salt marshes and on the tidal flats with the present
relative rise in sea level, but the accretion rates vary spatially. The question is whether the
accretion balance remains positive under changing boundary conditions. This study
focuses on morphological developments on and seaward of the salt marshes, which cannot
be predicted properly without substantial knowledge of the system.

1.3 Background
During NRP-I (National Research Programme part I (1990-1995)): Salt marshes and sea-
level rise: Plant dynamics in relation to accretion enhancement techniques; erosion of salt
marshes in the Wadden Sea, Houwing et al. (1995) studied the boundary conditions for the
development of salt marshes, integrating the hydrodynamics, the morphodynamics and
the biologic constraints. Special attention was paid to the pioneer zone, which is most
vulnerable to changes in these constraints and therefore plays a crucial role in the
development of the salt marshes. In addition, relationships were established between salt
marsh extensions, sea- level rise and the connected hydro-meteorological conditions. This
resulted in a qualitative model for salt marsh development during sea-level rise. Using this
model it appeared that under sustainable management conditions the salt marshes along
the mainland coast of the Wadden Sea are able to keep pace with rising sea-level through
vertical accretion, if the sediment supply is sufficient. However, the reliability of the
model is rather restricted. It is based on empirical data, gained by measurements at a very
small site within the sedimentation fields of the Groningen coast. Furthermore, the
estimate of the future sediment supply is uncertain. Finally, mitigating measures to reduce
the negative effects have not been studied in sufficient detail.

This study was carried out under NRP-II (National Research Programme part II (1995-
2001)): Modelling the impact of climatic change on the Wadden Sea ecosystem: Effects of sea-
level rise on salt marshes and shallow tidal flats, and has investigated how the results of the
study on the restricted test site of NRP-I could be extended to other salt marsh areas
within the sedimentation fields along the mainland coast of the Dutch Wadden Sea. The
present study also focuses on the pioneer zone of the salt marshes, because this transition
zone between salt marsh and upper mudflat holds a delicate balance between
sedimentation and erosion at various time scales. Therefore, effects of changes in
boundary conditions will firstly be noticed in the pioneer zone of the salt marsh. In

24



addition, during the NOP-II project the test area included the shallow intertidal flats
directly seaward of the sedimentation fields.

1.4 Objectives
The general objective of this study is to get a better understanding of salt marsh
development along the mainland coast of the Dutch Wadden Sea at different spatial and
temporal scales. In this thesis the concept of large-scale coastal behaviour is adopted.
Large-scale coastal behaviour refers to coastal developments on a time scale in the order of
decades and a length scale in the order of kilometres to tens of kilometres (e.g. the salt
marsh coast of the Dutch Wadden Sea) (Wijnberg and Terwindt, 1993). Coastal behaviour
was studied on a meso-scale and micro-scale to contribute to the explaining of the large-
scale coastal behaviour. Meso scale coastal behaviour concerns the actual development of
coastal sections over a period of months to a few decades (Augustinus, 1993). The micro-
scale study includes short-term salt marsh processes. In addition, the importance of storm
events was studied.

Specific objectives:
• To analyse the present (1997-1998) spatial differences in erosion and sedimentation in

the pioneer zone along the mainland coast of the Dutch Wadden Sea in order to
determine the governing processes in salt marsh development (Chapter 4)

• To determine effects of storm events on the pioneer zone and adjacent tidal mudflat in
order to define their role in salt marsh development (Chapter 5)

• To analyse past salt marsh and pioneer zone development along the mainland coast of
the Dutch Wadden Sea in order to indicate the salt marsh behaviour over a time period
of 30 years (Chapter 6)

• To integrate the information about salt marsh behaviour to enhance the understanding
of salt marsh development during changing boundary conditions in the Dutch Wadden
Sea and to give advise about coastal management implications (Chapter 7)

1.5 Outline
The outline of this thesis is as follows.

Chapter 2 contains a literature review on salt marsh development and sea-level rise. A
literature overview is given of the present knowledge on the role of the hydrodynamics
and the biology and the effects of storm surges on salt marsh development. Furthermore
long-term salt marsh development models are treated. Special attention is paid to the salt
marsh type of the Dutch Wadden Sea.

In Chapter 3 the study area and methodology are presented. A morphological and
hydrodynamic description of the Wadden Sea area is given. In the paragraph measuring
methods, the parameters measured during the fieldwork are described as well as the
measuring instruments that were used. The methods of analyses comprise the calibration
of the instruments, the calculation of the bed shear stresses and the grain size analysis.
Furthermore, the use of GIS (PCRaster) in analysing salt marsh elevation data and the use
of the wave model SWAN are explained.

In Chapter 4 field data were used to determine and explain contemporary spatial
differences in erosion and sedimentation in the pioneer zone of the salt marshes along the
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mainland coast of the Dutch Wadden Sea. Firstly the morphodynamics of the pioneer zone
and the Wadden area seaward of the salt marshes are examined. Secondly the hydrodynamic
characteristics and suspended sediment concentrations in the pioneer zone are discussed.
In Chapter 5 field data were used to determine the role of storm events in salt marsh
development. The effect of storm events on the pioneer zone and on the mudflat seaward
of the pioneer zone is described. Hydrodynamics and sediment fluxes during storm surges
are examined and a comparison between the pioneer zone and the mudflat is made.

In Chapter 6 long-term data sets of Rijkswaterstaat concerning wind speed, water level,
wave energy and the morphology of the Wadden Sea were used to clarify the accretion
and erosion patterns in the salt marshes and pioneer zone from 1965 until present. Past salt
marsh development along the mainland coast of the Dutch Wadden Sea is explained using
the process knowledge collected in Chapters 4 and 5. 

In Chapter 7 a synthesis is given on salt marsh development and changing boundary
conditions. This synthesis is based on the information of the Wadden Sea salt marsh
system as described in the previous chapters. Furthermore, some management
implications for the salt marshes are given.
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SALT MARSH DEVELOPMENT AND SEA-LEVEL
RISE: A LITERATURE REVIEW
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2.1 Introduction
2.1.1 General introduction
Salt marshes develop favourably on gently sloping shores with little wave energy and
sufficient sediment supply (e.g. Dijkema, 1987a). Additional important factors are
sufficient surface elevation, tidal amplitude and drainage to allow periods of soil aeration
necessary for plant growth (Armstrong et al., 1985). Under these circumstances pioneer
vegetation can develop and stimulate sedimentation. A natural creek system may evolve to
enhance drainage. Many of the world’s salt marshes developed during a relatively slow sea-
level rise (Orson et al., 1985). Salt marsh growth and salt marsh deterioration are
controlled by temporal variations in the rate of sea-level rise (Rampino and Sanders, 1981;
Stevenson et al., 1986; Patrick and DeLaune, 1990). However, variations in sediment
supply, tidal channel dynamics and anthropogenic effects are also of importance (Ward et
al., 1998).

Mudflats and salt marshes can be considered as part of the same geomorphologic unit
because they are closely related. Salt marshes develop in the wave shadow of the mudflats.
On the other hand the salt marshes provide additional wave attenuation and some
marshes supply sediment to the mudflat during severe storm events (Pethick, 1996). The
distance of a salt marsh to a mudflat strongly affects the vertical accretion rates of the salt
marsh (Esselink et al., 1998). In a stable intertidal system mudflats and salt marshes occur
in an integrated landform. The salt marshes are preserved when the processes of erosion
are at least counterbalanced by sedimentation in the pioneer zone (the transition zone
between mudflat and salt marsh). 

With respect to sea-level rise coastal salt marshes will be important in coastal protection.
The salt marshes can absorb wave energy and hence protect the hinterland (Moeller et al.,
1996; Boorman, 1999). On the other hand, when sea-level rise accelerates the equilibrium
between sedimentation and erosion may be disturbed and consequently the salt marsh
area may decrease in size. The extent of change not only depends on the magnitude of the
sea-level rise but also on the responsiveness of the coastal system (French et al., 1995).

The salt marshes of the Dutch Wadden Sea (Figure 2.1) are considered to be important
nature reserve areas. Plant and animal communities develop in close interaction with the
hydrologic and geomorphologic processes. Most plants and animals of the salt marshes are
highly specialised organisms. The salt marshes are areas, which provide resting, feeding
and breeding grounds for many migratory birds. The policy of the Dutch Government is
to preserve the intertidal mud flats and supratidal salt marshes as part of the natural
system in the tidal basins.

In this chapter a review of the literature on salt marsh development and sea-level rise is
given, with special attention to the Dutch Wadden Sea area. Hydrodynamic and morpho-
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dynamic processes are reviewed in Chapter 2.2. The influence of salt marsh vegetation is
treated in Chapter 2.3. The role of storm events in salt marsh development is explained in
Chapter 2.4. An overall view on qualitative and quantitative models concerning salt marsh
development is given in Chapter 2.5. In Chapter 2.6 the development of the Dutch
Wadden Sea in relation to sea-level rise is described. Finally, a discussion and conclusions
concerning the literature review are given in Chapter 2.7.

2.1.2 Salt marsh development and sea-level rise
In general, present-day tidal coastal salt marshes started to form around 4000 years B.P.
when a substantial decline in sea-level rise occurred from 2.5 mm/y to 1.0 mm/y. Before
4000 B.P. salt marshes did evolve but their development was brief and intermittent
because of the rapid marine transgressions (Milleman and Emery, 1962; Coleman and
Smith, 1964; Redfield, 1967). During rapid sea-level rise, sedimentation cannot keep up
and salt marshes drown.

Salt marshes and adjacent mud flats are very susceptible to climatic change. A rise in
global temperature of 2ºC would result in a eustatic rise in sea level of 0.15-0.95 m, with a
best estimate of 0.50 m in the year 2100 (IPCC, 1995). A change in storm frequency and
average wind direction may also occur when the global temperature rises. As a result, sea
level, mean high tide level (MHT) as well as mean low tide level (MLT) may also rise.
Slowly rising sea-level causes an increase in flooding frequency and duration of flooding,
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Figure 2.1 - Salt marsh areas of the Dutch Wadden Sea. 
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leading to an increase in sedimentation. When sedimentation cannot keep pace with sea-
level rise, water levels will rise and consequently wave action will increase. In the past,
accretion of salt marshes has approximately kept pace with sea-level rise (e.g. Nixon,
1980). The question is whether accumulation can continue as sea level rises. A positive
accretion balance depends upon the nature of the processes causing sedimentation and
overall marsh accretion (Reed, 1990). In general, there are three major sources supplying
sediment to the salt marshes: sand, silt and clay particles carried landward by wave action,
deposition of organic material from outside the system and in-situ deposition of organic
material from the salt marsh vegetation (Orson et al., 1985). The preservation of salt
marshes depends on the accretion balance in the salt marsh zone itself and in the pioneer
zone in front of it. 
Orson et al. (1985) propose three general models of salt marsh response to rising sea level
(Figure 2.2):

A. Propagating or advancing marsh model:
The marsh can expand both laterally and vertically when accretion rates are higher than
rates of coastal submergence. This situation may occur when large rivers are present
supplying great amounts of sediment allowing further propagation of the marsh.
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Figure 2.2 - Possible responses of salt marshes to sea-level rise (after Orson et al., 1985). 
HWST: High Water Spring Tide.
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B. Receding and accreting marsh model:
The marsh may remain stable if the sediment input equals the rate of coastal
submergence so that the surface elevations are maintained. The seaward edge of the
marsh (pioneer zone) will erode but deposition upon the remaining marsh can keep
pace with sea-level rise.

C.Drowning marsh model:
The marsh system could drown if rates of coastal submergence exceed the marsh ability
to accrete vertically. The salt marsh vegetation is unable to deal with the increased stress
caused by the increased inundation and dies. The subsequent loss of the ability to trap
sediment may result in sediment loss and lowering of the marsh surface.

Presently, model B applies for the mainland salt marsh areas of the Dutch Wadden Sea. In
general, a positive accretion balance occurs in the marsh zone itself because a dense
vegetation cover stimulates sedimentation and prevents erosion. In the pioneer zone,
however, the vegetation cover is not so dense and unable to decrease the wave energy
sufficiently. A negative accretion balance may develop in the pioneer zone. A height
difference can develop between the salt marsh and the pioneer zone because of the
accretion deficit of the pioneer zone. This can lead to cliff formation and receding of the
salt marsh (Dijkema et al., 1990; Houwing et al., 1995). Due to the fact that a sea dike
fixes the landward edge of the salt marshes along the Wadden Sea coast, the salt marshes
cannot move landward. Therefore, if salt marsh cliff erosion results in a retreating salt
marsh this process is irreversible.

The sea-level rise and negative accretion balance of the pioneer zone can result in
submergence if the rates of sea-level rise are high. Along the East Coast of the U.S.A.
progressive submergence has caused poor drainage and an increase in water logging of the
soils. Water logging imposes stress on the salt marsh vegetation by producing reduced soil
conditions leading to the accumulation of toxic sulphides (Mendelssohn et al., 1981; King
et al., 1982; Delaune et al., 1983; Koch et al., 1990). This will lead to lowered plant
productivity and eventually to plant die back. In low-lying, waterlogged areas surface
sediments will be more frequently saturated and more susceptible to resuspension than
those in higher, drier parts of the salt marsh. Therefore, the decrease in organic
accumulation is not compensated by inorganic sediment deposition. The ongoing
submergence may eventually result in drowning of the salt marshes (model C).

2.2 Hydrodynamics and morphodynamics
2.2.1 Transport of mud
Mud consists of sediment smaller than 53µm. It is a mixture of water, fine silts, clays and
organic material. Mud is cohesive sediment because the individual particles stick together
to form aggregates. Because of this, mud is more resistant to erosion as compared to sand.
The maximum effect of cohesiveness is reached when the mud content of the sediment is
30% (Houwing et al., 1995). The behaviour of mud is complex due to processes of massive
resuspension, liquefaction, deformation and failing occurring, as stress is applied. The low
fall velocities make the mud susceptible to advective transport. In the very extensive
shallow areas of mud flats and salt marshes, mud accumulates by settling lag and scour lag
processes. In Postma’s (1961) settling-lag model, totally suspended sediment accumulates
gradually onshore (Figure 2.3). Tidal asymmetry, with higher flood than ebb velocities,
may reinforce this pattern. A complementary process may be the preferential offshore
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movement of the more easily entrained sandy fraction, leaving the mud as an intertidal lag
deposit (van Straaten and Kuenen, 1957).
The mud content in the transported sediment increases landward because of the decrease
in flow velocity and wave action in this direction. The net mud deposition on mud flats
and salt marshes depends on the frequency and height of the tidal flooding and on the
rate of compaction of the deposited sediment. Flooding of the salt marsh occurs especially
during spring tides and storm events. 

Tidal currents are responsible for sediment transported into the salt marsh (Houwing et
al., 1995). The tidal currents over the flats of the Dutch Wadden Sea reach velocities of 0.3
to 0.5 m/s. The current velocities in gullies are less than 1 m/s and in large channels up to
1.5 m/s (Siefert, 1990). During storm events the effects of wave action contribute to the
sedimentation process. Sediment is stirred up due to wave orbital movement and wave
generated turbulence. Wave induced and tidal currents transport the sediment towards the
salt marsh. Storm events contribute to the sedimentation on the salt marsh as long as
supplied sediment is sufficient; otherwise erosion of the salt marsh may occur. The effect
of storm surges is treated extensively in Chapter 2.4. The current pattern and wave
activity, which determine the sediment distribution, depend on the morphology of the
basin and the foreland of the salt marshes (Houwing et al., 1995).

2.2.2 Deposition and erosion by currents and waves
Whether erosion or deposition of the bed occurs, depends on the equilibrium between the
frictional forces in the boundary layer. The frictional fluid forces in the boundary layer are
comprised of the current and wave induced shear stress and the bed shear strength. 
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Figure 2.3 - Postma (1961) put forward a simple model to explain the net landward transport of particles in
tidal bays and estuaries. Over a single tidal cycle a particle at point 1 will, on the flood tide, be entrained
into suspension when the tidal velocity reaches the value X. The particle will remain in suspension as long
as velocity X is exceeded (X to X’), thereafter it will settle out, coming to rest at point 2. As point 2 is some
distance inland of X’, the particle will only become re-entrained on the ebb tide at a later stage, ultimately
settling out at point 3. The distance between points 1 and 3 represents a net landward movement over a
tidal cycle and indicates a constant, although exponentially declining propensity for landward transport.



The total shear stress is a combination of the shear stress induced by waves and the shear
stress induced by currents. Wave induced bed shear stress and turbulence are responsible
for inducing sediment suspension in the boundary layer in case of non-breaking waves
(Clarke et al., 1982). The suspended particles are only dispersed above the boundary layer
under the influence of an additional current. In the salt marsh environment, the orbital
movement of wind-waves weakens the sediment bed resulting in resuspension of the
cohesive sediment but waves are not a mechanism for transporting sediment (Tubman
and Suhaya 1976, Maa and Mehta, 1987). Tidal and wind-driven currents are responsible
for the sediment transport. The water depth on mudflats and in salt marshes is restricted
and the velocity near the bed is very irregular due to wave propagation. This means that
the flow is fully turbulent (Van Rijn, 1990). Wind-waves develop in the shallow water
covering the mudflats and salt marshes and especially during ebbing tide this leads to
resuspension of sediment, which is then carried seaward by the ebb currents. 

The value of the bed shear stress due to the combination of currents and waves, which is
important for the sediment entrainment process, can be determined by vector addition of
the wave related and the current related shear stresses. The bed shear stresses are related to
the squares of the instantaneous near bed velocities. Therefore, the magnitude of the
combined time averaged bed shear stress can be calculated by adding τb,c and τb,w
(Chapter 3; Van Rijn, 1990). 

The shear strength is determined by the physical and chemical composition of the bed
and by biological binding effects (e.g. Vereet et al., 1986; Amos et al., 1988; Vos et al., 1988;
Amos et al., 1992a; Paterson, 1997; Augustinus, in press.). Consolidation of the bed results
in an increase of the strength of the bed and therefore in an increase of the shear stress
threshold for erosion. The effect of biochemical processes is twofold. The flocculation
process stimulates sedimentation. Algae and bacteria produce biopolymers, which bind
particles to form flocs. These flocs have a larger settling velocity than individual particles
and therefore sedimentation is stimulated. Filter feeders excrete faecal pellets and therefore
also stimulate sedimentation. Furthermore, the formation of algal mats, which strengthen
the surface, limits erosion (An overview can be found in Augustinus, in press.). 

It is difficult to mathematically describe the shear strength because it is not possible to
determine all parameters separately. Generally accepted relations are not available and
determination of the relations between the shear strength and the erosion of the bed must
be found experimentally from laboratory tests using natural mud (e.g. Kuyper et al., 1989)
or in-situ field tests (e.g. Dyer, 1989; Amos et al., 1992a,b; Kornman and De Deckere,
1998).

Stability of the bed can occur when the shear strength is greater than the shear stress.
When the shear stress exceeds the shear strength the process of bed erosion commences.
Erosion will be induced by an oscillatory flow due to wave propagation and by a
unidirectional flow induced by tidal and wind-driven currents. Erosion of the sediment
bed depends on the near bed flow and the composition and resistance of the bed (Dyer,
1986; Mehta, 1986, 1988; Partheniades, 1986.)
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2.2.3 Mud content along the Dutch Wadden Sea coast
There is a considerable spatial variability in mud content in the bed sediment of the upper
mud flats and salt marshes along the mainland of the Dutch Wadden Sea coast (De
Glopper, 1986; Figure 2.4). In general, the mud content in the salt marshes shows a
decreasing trend towards the east. The distance between the Wadden islands and the
mainland coast increases in eastward direction (Figure 2.1). This leads to an increasing
fetch length during northwestern winds, leading to an increase in turbulence and a
coarsening in sediment. Besides this, the orientation of gullies and tidal channels changes
from a pattern parallel to the coast in the western part (Friesland) to a pattern more or less
perpendicular to the coast in the eastern part (Groningen) of the Wadden Sea. This means
that in Groningen deep-water waves can propagate further landward through the main
channels resulting in high turbulence and coarser sediment transported closer to the salt
marshes than in Friesland where the deep-water waves are dissipated on the mud flats (De
Glopper, 1986). However, there are many exceptions of this model of De Glopper (1986).
Areas of high and low sedimentation occur in the salt marshes along the mainland coast of
the Wadden Sea. The exact locations depend on local morphology. Areas of high
sedimentation rates can partly be explained by the presence of the tidal watersheds
(Dijkema et al., 1990; 1995). According to Stodart et al. (1989) and French and Spencer
(1993) the amount of fine sediment supply mainly depends on the distance to the channel
system and proximity of major creeks within the salt marsh system. So, the spatial
variability in mud content along the mainland coast of the Wadden Sea (Figure 2.4)
results from a combination of the large-scale morphology and the small scale, local
morphology.

2.3 Salt marsh vegetation
2.3.1 Effects of salt marsh vegetation on sedimentation and erosion
The pioneer and salt marsh vegetation has an important influence on erosion and
sedimentation of the Dutch salt marshes (Dijkema et al, 1990). Bed consolidation can
occur when vegetation starts to develop and the plants extract water from the soil. A dense
vegetation cover will decrease near-bed turbulence and hence increase sedimentation
(Pethick et al., 1992, Boorman, 1999). Furthermore, the height of the vegetation influences
the effectiveness in trapping sediment. The erosion is also reduced by the root system of
the vegetation, which increases the strength of the bed (van Eerdt, 1985; Erchinger et al.,
1994). The reduction in erosion depends on the composition of the vegetation because the
roots of different types of vegetation have different tensile strengths. 
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Figure 2.4 - Decreasing mud contents from west to east in the mainland salt marshes of the Dutch Wadden
Sea (After De Glopper, 1986). For the location of Friesland and Groningen see Figure 1.1.

35

30

25

20

15

10

5

0

M
ud

 c
on

te
nt

 in
 %

Friesland Groningen



2.3.2 The zonation of the salt marsh vegetation
The zonation of the salt marsh vegetation is influenced by the flooding frequency and
modified by the processes of sedimentation and erosion induced by waves and tidal
movements. Any change in tidal movements will influence the vegetation pattern of a salt
marsh. The ability to tolerate the stress induced by waves and tidal inundation, the water
and soil salinity as well as soil aeration determine the seaward extend of the salt marsh
vegetation (Beeftink, 1977; Cooper, 1982; Vince and Snow, 1984; Armstrong et al., 1985;
van Diggelen, 1987). The landward extend of the vegetation is mainly affected by intra-
and interspecific competition (Vanderzee, 1988; Huiskens, 1990).

Year to year changes in MHT-level prove to have an impact on the occurrence of certain
plant species in the salt marsh zones (Beeftink, 1987b; Olff et al., 1988). The vegetation
zones will eventually shift parallel to the trend in water level. This has already been shown
to be the case for land uplift areas in the Baltic (Ericson, 1980; Cramer and Hytteborn,
1987). Even a change in MHT-level of 0.05 to 0.10 m in a single year can result in a shift
of some plant species (Beeftink, 1987a, 1987b). Because of the delayed reaction of the
vegetation to an increase in flooding frequency, an increase in accretion may occur first.
Due to the rise in water level, the sediment supply increases and because the protective
effect of the vegetation is maintained, the accretion increases temporarily (Dijkema et al.,
1990). In the long run, the balance between sedimentation, erosion, sea-level rise and soil
subsidence determine the development of the vegetation (Dijkema et al., 1990).

The salt marsh vegetation of the Wadden Sea can be divided in four zones (Erchinger,
1985; Figure 2.5). The first zone is the bare mud flat with Zostera and diatoms. 
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Figure 2.5 - Zonation of the salt marsh in relation to the frequency and duration of tidal flooding (after
Erchinger, 1985).
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This zone is located near the upper intertidal flat. The accumulation rate on this part of
the mud flat depends on the local turbulence during tidal flooding. The second zone is
the pioneer zone, which is frequently flooded (twice a day) and where accumulation is
higher than in the mud zone because of less turbulence due to the vegetation. This zone
contains the pioneer vegetation Salicornia dolichistachya and Spartina anglica. The lower
marsh zone is the third zone. This zone is flooded during spring and storm tides and
accumulation is high because of its dense vegetation cover of Puccinellia maritima and
Halimione portulacoidus. The fourth zone is the middle marsh zone, which is only flooded
during storm tides and therefore receives a rather small volume of sediment. Therefore, in
this zone sedimentation rates are lower compared to the pioneer zone and lower marsh.
The sediment that is supplied to the middle marsh zone is completely caught by dense
vegetation of Festuca rubra and Juncus gerardri (Houwing et al., 1995). The difference in
flooding frequency creates an environment for subsequent steps in marsh development
leading to this striking zonation pattern of vegetation types (Figure 2.5).

The survival of the salt marshes during changing hydrodynamic boundary conditions,
such as sea-level rise, depends amongst others on the reaction of the different species of
the vegetation to the change in applied shear stresses, interspecific competition and in
seed dispersion. In the lower marsh zone there is an increase in the annual species
Salicornia dolichistachya and Suaeda maritima with an increase in tidal flooding due to a
better dispersion of the seeds and the availability of bare soil. Some perennial species of
the pioneer and lower marsh zone also increase in cover. However, due to decreasing soil
aeration the lower and middle marsh species Puccinellia maritima, Glaux maritima,
Festuca rubra, Artemisia maritima and Elymus pycnanthus will show a decrease in cover
(Beeftink, 1987b). The species that have a positive correlation with increasing tidal
flooding are the most salt tolerant ones (Olff et al., 1988). Besides tidal flooding, wave
action also plays an important role in the development of the salt marsh vegetation. De
Leeuw et al. (1992) expected a seaward extension of the pioneer zone due to a man-
induced decrease in tidal flooding. However, the colonisation did not take place because
wave action did not change.

2.3.3 The pioneer zone
The pioneer zone is of particular significance in salt marsh development. When a positive
accretion balance is maintained in this transition zone between mudflat and salt marsh
area there is no problem concerning salt marsh development during sea-level rise
(Dijkema et al., 1990, Dijkema, 1997). Houwing et al. (1995) indicated that the transition
from the bare part to the vegetated part of the pioneer zone is characterised by an increase
in shear strength. When the sea level rises and the tide levels and the wave energy increase,
the mud/sand ratio of the sediment bed in the pioneer zone decreases (Houwing et al.,
1995). As a consequence the bed strength decreases (Mitchener and Torfs, 1997).
Organisms in the pioneer zone are very vulnerable to changes in the physical conditions.
A decrease in bed shear strength can lead to the washing away of seeds and therefore the
vegetation density of the pioneer zone will decrease (Houwing et al., 1999). This can result
in a bare mud flat. When vegetation disappears vertical accretion in the pioneer zone will
slow down and may not be able to increase in response to sea-level rise (Houwing et al.,
1995). At the same time, the lower marsh zone, with a denser vegetation cover, can
continue to accrete. As a result, a height difference develops between the salt marsh and
the pioneer zone and eventually this may lead to cliff erosion. The erodibilty of the cliff
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depends on the sedimentology and the vegetation type. Van Eerdt (1985) distinguishes two
cliff types for the Oosterschelde Estuary in the Netherlands. The first cliff type consists of
a cliff with an alternating sequence of sandy and clayey layers with vegetation of
Limonium vulgare. Slumping dominates erosion of this cliff due to subsequent removal of
the sand. The second cliff type is sandy with vegetation of Spartina anglica. In such
vegetation, with a more vigorous root system than the Limonium vulgare, only sand
grains are removed among its roots and therefore erosion rates are up to 60% lower than
erosion rates of the first cliff type. The lateral cliff erosion is often the dominant type of
land loss in clastic systems. Therefore, attention should be paid to the promotion of mud
accumulation in the pioneer zone and the subsequent consolidation of the sediment bed
to prevent cliff formation (French et al., 1995).

Salicornia dolichostachya is the pioneer vegetation in the salt marshes of the Wadden Sea.
This vegetation is unable to reduce wave energy or fix mud. In winter only a bare bush
remains. When waves propagate, the woody part is responsible for the stirring up of
sediment because the water rotates around it. However, Salicornia dolichostachya plays an
important role in spreading and seaward extension of Puccinellia maritime. Salicornia
dolichostachya is responsible for the dispersion of the seeds of this very important grass
species for sedimentation, also occurring in the pioneer zone and lower marsh zone
(Kamps, 1962; Houwing et al., 1995).

2.4 Effects of storm surges
Storms significantly influence the coastal barrier systems as in the Wadden Sea. Although
many sand and gravel barriers have migrated onshore during the Holocene time few have
maintained their overall geometry and sedimentological coherence (Orford et al., 1995).
Storms, rather than sea-level rise, induce the onshore migration. Orford et al. (1995) note
that particular sequences of storms, possibly combined with elevation of mean sea level at
a sub-decadal time scale, may be sufficient to result in catastrophic barrier breakdown due
to repeated overwashing. In the tidal basin behind the barrier the process relationship
between bare mudflat and vegetated salt marsh enables short-term morphological
responses to storm events (Pethick, 1996).

Storm events lead to large sediment fluxes to and from the mudflat and salt marsh areas,
sometimes resulting in net accretion and in other times in net erosion of the salt marshes.
During high energy wave events in estuaries, erosion of the upper mudflat can result in
the recession of the salt marsh edge, releasing volumes of sediment that are deposited on
the lower mudflat, so lengthening and flattening the intertidal profile. At the same time
the erosion of the marsh allows the mudflat profile to extend landwards so again providing
a flatter, wider profile and increasing the wave attenuation. However, the erosion of the
outer marsh edge progressively reduces the salt marsh extent. Once this process has
removed the marsh, erosion of the upper mudflat is accelerated resulting in a lowering of
the upper profile and intensification of the erosion processes (Pethick, 1996). The marshes
can disappear rapidly if there is a change in conditions resulting in exposure to increased
forces (Adam, 1990). Stormy hydrodynamic conditions are responsible for more sand
being transported into the pioneer zone. An increasing sand/mud ratio results in a
decrease in bed shear strength and therefore leads to surface erosion (Houwing et al.,
1999).
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The above-stated process of salt marsh deterioration during storms is valid in areas where
salt marsh development is limited to a narrow area such as along the mainland coast of the
Wadden Sea. Therefore extensive systems of brushwood groins are built in this area
between 1935 and 1965, to protect it against wave attack during stormy periods. In areas
with extensive marshes, major losses along the seaward edge are generally made up in
relatively few years. Salt marshes can be seen as a dynamic buffer between land and sea.
Vertical erosion of the front of the salt marsh is the result of high wave energy experienced
during storm events. Steers et al. (1978) described the effects of a severe storm surge (Bf 9)
on the East coast of England. The lower marsh showed massive and continuous blocky
collapse along the creek banks. But the material eroded from the marsh remained on the
fronting mudflats and was available for subsequent accretion during calmer interludes
(Pethick, 1992). Clearly there has to be a sufficient width of salt marsh for this system of
buffering to operate, as it would be much more difficult for recovery to take place if the
marshes were to be totally destroyed during a severe storm. The width of the marsh that is
necessary will vary considerably and it will depend both on the degree of exposure of the
site and on the nature of the vegetation (Pethick, 1992).

Besides vertical salt marsh edge erosion occurring during storms, there can be large
sediment fluxes to and from the vegetated salt marsh. This can result in net import or net
export of sediment. A significant increase in accretion rates during storms was highlighted
in studies in New England where, although rates were normally of the order of 2-6 mm
per year, a period of storms resulted in accretion rates of up to 24 mm per year (Roman et
al., 1997: in Boorman, 1999). Reed (1988) and Stumpf (1983) also report large sediment
inputs to the salt marshes as a result of turbulence and high water levels respectively in the
marshes of SE Essex, UK and Deleware, USA. Boorman et al. (1996) show that the
marshes along the North Norfolk coast at a relatively high level have only limited
opportunities for exchanges. Intermittent northerly storms and the associated tidal surges
can have major impact on salt marsh processes with large amounts of sediment and
organic matter being moved both within the system itself and to and from the area.
Stevenson et al. (1988) conclude that on most U.S.A. marshes, storm events lead to
sediment export. Although storms bring in sediment they also mobilise the salt marsh
sediment and turbulence prevents settling. Pethick (1996) also found an export of
sediment from the salt marshes towards the mudflats. Wheeler et al. (1999) studied salt
marsh deposition on the Northwest coast of Ireland and find that storms may be
responsible for erosion events in the salt marshes. They also relate decreasing storm surge
activity to increasing deposition.

The effect of storms on salt marsh development is ambiguous. Different researches
describe sediment import as well as sediment export as the result of storms. The effects of
storms on salt marsh development probably depend on the type and location of the salt
marsh.

2.5 Salt marsh development models
2.5.1 Qualitative models
Randerson (1979) examined the processes involved in salt marsh development and plant
succession by means of a modelling approach. As mentioned before, the potential rate of
salt marsh extension depends on the external factors that affect sediment supply and the
degree of exposure to tidal and wave induced erosion. Interaction between plants and
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their biotic and physical environment also plays an important role in salt marsh
development. Randerson (1979) developed a qualitative model that has not been
quantified or calibrated by field data. The ecosystem is summarised by a restricted number
of representative parameters. In the model the factors affecting vegetation growth also
include simplifications. It is assumed that tidal inundation controls the vegetation growth.
The initiation of growth occurs at a prescribed lower limit of inundation and the growth
rates are not subsequently modified by changes in tidal submergence. It has been stated
that the presence of the vegetation contributes a great deal to the accretion and is essential
in stabilising the salt marsh. It is also assumed that all species have an equal competitive
ability in proportion to their biomass. The model can only be applied in restricted
situations where the shear stresses applied by tidal currents and wave action do not exceed
the capacity of the system to retain sediment deposited during the incoming tide. The
basic model consists of a flow chart, showing the primary components and interactions
and a model behaviour graph, showing the changes in accretion rates, marsh surface level
and tidal submergence in time (Figure 2.6).
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Figure 2.6 - Basic model of salt marsh development:
(a) flow-chart, showing primary components and interactions
(b) model behaviour, showing temporal changes in rate of accretion, marsh surface level and tidal
submergence (After Randerson, 1979).
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Houwing et al. (1995) developed a qualitative model for salt marsh development as the
result of a rise in sea level. The model integrates the hydrodynamics and the biological
constraints for the Dutch Wadden Sea. The hypothesis states that during climatic change
sea level rises and storm frequency and duration increase. As a consequence of the increase
in wave and current action more sand will be transported into the pioneer zone and when
the percentage of fine sand in the bed sediment exceeds 70%, the consolidation of the bed
decreases. The increase in wave and current action also results in an increase in turbulence
in the pioneer zone causing washing away of the seeds and seedlings. So the vegetation
density decreases. As a result erosion of the pioneer zone occurs and a height difference
between the lower salt marsh and the pioneer zone increases. Eventually this leads to the
formation of a cliff. Landward retreat of the salt marsh will take place because this cliff
will be eroded by wave action. To confirm this hypothesis Houwing et al. (1995) examined
the boundary conditions for salt marsh development in the Dutch Wadden Sea. In the
bare part of the pioneer zone a seed loss of 99% was measured when the bed sediment
contains 10-15% mud and the shear strength of the bed is 0.11 N/m2. In the vegetated part
of the pioneer zone the bed shear strength equals 0.25 N/m2 and the seed loss reduces to
70%. The bed sediment in this zone consists of >30% mud. These results show that the
composition and the related strength of the bed are important factors influencing the
establishment of the salt marsh vegetation. The influence of currents and waves on salt
marsh development was also examined. The measured current velocities never exceeded
0.10 m/s, so currents are not strong enough to cause resuspension and erosion of the bed.
Wave induced shear stress, however, exceeds the critical value for erosion of 0.11 N/m2 at
wind velocities of 6 Beaufort. Wave induced shear stress is the main factor causing erosion
of the bed and washing away of the seeds and seedlings in the Dutch salt marshes
(Houwing et al., 1995).

The increase in wave action can be reduced by the construction of brushwood groins.
Additional brushwood groins were placed in the sedimentation fields along the mainland
coast of the Dutch Wadden Sea to reduce the fetch. As a result the wave heights remain
low. As a consequence the wave-induced shear stress is small and unable to erode the bed.
Because at this moment enough sediment is supplied to the salt marshes they will be able
to maintain their position. However, the seaward extension, which depends on the
pioneer vegetation, will be limited because of the decrease in mud/sand ratio and related
decrease in bed shear strength resulting in washing away of the seeds and seedlings
(Houwing et al., 1995).

2.5.2 Quantitative models
Physically based simulations of medium to large scale salt marsh development are few in
number in literature because of the difficulties in extrapolating the sedimentation
parameters as time-averaged suspended sediment concentration, characteristic settling
velocities, autochthonous peat production and tidal inundation periods (French, 1993).
Krone (1987) used a simple one-dimensional mass balance model to describe marsh
response to historical sea-level rise in San Francisco Bay. The model is restricted to the
hydrodynamics thus the biological constraints are left out. The method of simulation
includes calculation of the amount of sediment deposited during each inundation period
and adding the amount deposited over the recording period. 
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A mass balance of suspended sediment over a unit area of marsh during flooding is
described by:

(2.1)

C
*

= C0 during rising tide, 

C
*

= C  otherwise, 

Yw = elevation of the water surface [m]
Ym = elevation of the marsh surface [m]
C = concentration of suspended sediment in flooding waters [mg/l]
t = time [h]
ws = median settling velocity of suspended particles [m/s] 
C0 = concentration of suspended sediment in flooding waters [mg/l]

The first term is the change in mass of suspended particles per unit area of salt marsh, the
second term represents the flux of particles to the salt marsh surface and the third term
calculates the change in concentration of suspended particles due to the addition of
sediment laden water during rising tide.

French (1989, 1991) developed a similar model formulated around a sedimentation sub-
model driven by surface elevation, tidal height/frequency data and parameters to represent
sediment supply, settling and deposit characteristics (Figure 2.7).

Each tide is assumed to introduce a fixed sediment load depending on the depth and
duration of inundation. The simulation consists of a quasi-continuous deposition
function with incremental change in elevation during a single tide of height (H):

(2.2)

dH = incremental change in elevation during a single tide of height H [m]
ws = median settling velocity [m/s]
C = inorganic suspended sediment concentration [mg/l]
P = parameter to represent the probability of particle resuspension
ρm = inorganic bulk density of the marsh surface deposits [kg/m3]
t0, t1 = times of successive LW [h]
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French (1993) extended this model to the following equation: 

(2.3)

in which:
dE/dt= the rate of change in absolute surface elevation [m/s]
Sext = net accretion rate due to externally derived (predominately clastic) 

sediment [m/s]
Sint = net accretion rate due to internally derived plant detritus [m/s]
A = rate of deposit thinning due to auto-compaction [m/s]
D = rate of surface change due to regional crustal movement [m/s]

Eustatic change can be modelled explicitly via an upward or downward adjustment of the
tidal frame.

Allen (1990) also developed a deterministic sediment budget model to predict the change
in marsh elevation. The model is based on the assumption that the tide is the only
supplier of new sediment to the marsh surface. The organic input is included in the model
but Allen (1990) assumes that the amount is negligible. Consequently, the model can only
be applied to partly or wholly minerogenic salt marshes. Allen (1990) included the
parameters organic input and accumulation, minerogenic input, relative sea-level rise and
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Figure 2.7 - Conceptual model of long-term adjustment of marsh surface elevation. Bold linkage represents
a main negative feedback loop. Dashed linkage not yet incorporated into 1-dimensional simulation model
(after French, 1989).
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the rate of long term compaction of the marsh sediments:

(2.4)

∆E = change in the elevation of the marsh surface [m]
∆ME = minerogenic input adjusted for auto-compaction [m]

k = the fraction of the annual input of sediment resident in the 
marsh after a one year period [m]

p = porosity of the deposit
A = one year [y]
T = the duration of the wetting over each tide cycle [h]
CH,t = the suspended sediment concentration at a given tide height (H) and 

a given time (t)
wt = settling velocity of the sediment over time [m/s]

∆OE = organic input adjusted for auto-compaction [m]
∆SE = relative change in sea-level [m]
∆PE = long term compaction of the marsh system [m]

This model is limited in application to morphodynamics since it only predicts surface
elevations for single locations. It does not accommodate profile changes, fluid dynamics
and similar physical processes. Especially the relation between fluid velocity and
concentration seems to be important and Osborne and Greenwood (1994) defined this
relation by:

(2.5)

<qs> = time-averaged and depth averaged suspended sediment transport rate 
[m/s]

T = time interval of integration [h]
η = water surface [m]
h = water depth [m]
uz,t = horizontal fluid velocity at height z and time t [m/s]
cz,t = suspended sediment concentration at height z and time t [mg/l]

Atkins (1993) demonstrated that the computation of concentration through time under
oscillatory flow for a single elevation is indeed possible:

(2.6)

ct = suspended sediment concentration [mg/l]
f = empirical factor
ut = fluid velocity [m/s]
∆t = time lag [h]
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The presently existing numerical models should only be used in a deterministic way. The
models are not yet reliable in predicting salt marsh development. Despite this, it can be
useful to examine the factors used in the models for a system analysis of salt marsh
development. For the organic salt marshes of the Dutch Wadden Sea the numerical model
developed by French (1993) or Allen (1990) could be applied. However, some of the
parameters in the model will have to be represented by empirical relations.

2.6 The Dutch Wadden Sea
2.6.1 Geologic-historic development of the Dutch Wadden Sea
The Wadden Sea area has a relatively short geological history. The Pleistocene substratum
of the Dutch Wadden Sea consists of an irregular surface of moraine and glacio-fluvial
deposits, which was formed in the Saale ice age (180.000-130.000 years ago). In the
following interglacial period (Eemien) and in the next ice age (Weichsel, 110.000-10.000
years ago) the Wadden Sea area was not reached by the ice cap. During this period, a thick
layer of eolian sands was deposited on the irregular surface (Oost en Dijkema, 1993). 

After the Pleistocene, the warmer Holocene period (10.000 BP-present) commenced. In
the beginning of the Holocene, large parts of the land ice melted and sea level rose rapidly
along the coast of the Netherlands (10 mm/y). After 6000 BP the rate of sea-level rise
decreased to 1.3-1.4 mm/y. Due to the sea-level rise the coast retreated and submerging of
the Wadden Sea area began (Oost and De Boer, 1994). At that time, the supply of alluvial
sediment to the area was too small to cause accretion of the Wadden area. Simultaneously
with the sea level, the ground water level rose and peat was formed in coastal areas. As sea
level kept rising, the marine influence increased in the Wadden area. Between 6000 and
5000 BP the sea invaded the eastern part of the Wadden Sea area (Sha, 1992). In this
process islands, tidal inlets, tidal flats and lagoons were formed (Oost and Dijkema, 1993;
Louters and Gerritsen, 1994). 

Between 5000 and 3700 BP the North Sea coast and the foreshore of the Wadden islands
continued to erode, supplying sand to the Wadden area. The supply of sediment exceeded
the rate of sea-level rise and because of sedimentation, part of the elevated tidal flats were
transformed into salt marshes or even became dry land. Since the Middle Ages the
Wadden area developed under the influence of human activities. Over the years, parts of
the islands and mainland coast were fixed by dikes, limiting the Wadden system in its
freedom to move. Fixing large portions of the island coast can disturb the balance between
sand supply of the eroding island coast and sedimentation in the Wadden area. If this state
of imbalance means that the present rate of sea-level rise(2 mm/y) is greater than the rate
of sedimentation, the tidal basins will not receive enough sediment to maintain the
intertidal areas. In this situation, the sea starts to erode the tidal flats and salt marshes
(Van der Spek and Beets, 1992; Oost and Dijkema, 1993; Louters and Gerritsen, 1994).
Especially along the mainland coast of the Dutch Wadden Sea, where the wetlands are
constrained by fixed sea defences the system is very vulnerable. The sea dike along the
Dutch Wadden Sea coast limits natural transgressive adjustment of the intertidal zone. 

Future degradation of the mudflat and salt marsh system of the Dutch Wadden Sea may
even be enhanced by subsidence due to gas extraction (Dijkema, 1997). The relative sea-
level rise will increase due to the subsidence and the effects of a (theoretical) future sea-
level rise of 60-100 cm for the next century will arise 10-15 years earlier (Oost et al., 1998).
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Mass balance calculations for the mainland salt marshes show that presently, the vertical
accretion on the lower marsh in the Dutch Wadden Sea is sufficient to compensate for
present sea-level rise and possible subsidence due to gas extraction (Van Duin et al., 1997;
Oost et al., 1998). However, in the pioneer zone the accretion rates are usually lower and
erosion problems may arise (Oost et al., 1998). In some salt marsh areas of the Dutch
Wadden Sea, the middle marsh zone is behind in accretion because the supply of sediment
to this zone is insufficient to compensate for subsidence. This negative accretion balance
resulted in a change in vegetation (Eysink et al., 2000). 

2.7 Discussion and conclusions
Salt marshes and tidal flats are susceptible to climatic change. In order to understand salt
marsh development during rising sea level, the physical and biological boundary
conditions have to be studied. The equilibrium between sedimentation and erosion is very
important in this respect, especially in the pioneer zone, which is vulnerable to changes in
the hydrodynamics. The pioneer zone is an important transition zone between the upper
mudflats and the salt marshes for sediment transport to and from the salt marshes. A main
question is whether sedimentation in the pioneer zone is able to keep pace with sea-level
rise. Another important issue is the development of the salt marsh vegetation during an
increase in current and wave action resulting from a rise in water level. Furthermore, in
case of increasing storm frequency and duration, the role of storm events in salt marsh
development becomes more important.

Previous studies showed that it is difficult to understand erosion and sedimentation
processes on upper mudflats and in the pioneer zone of salt marsh areas. The behaviour of
mud is complex due to the fact that it is cohesive sediment. Mud is more resistant to
erosion compared to sand. The balance between shear stresses applied by currents and
waves to the bed and the shear strength of the bed defines whether erosion or
sedimentation occurs. When sea level rises, and tidal inundation duration and frequency
increase, current and wave energy increases. As a consequence the total shear stress applied
to the bed increases and may cause erosion. Due to the complexity of the behaviour of
muddy environments, in-situ measurements are needed to understand the effects of shear
stress on the bed.

The shear strength cannot yet be determined adequately because of its complexity. The
shear strength depends on physical, biological and chemical parameters and it is difficult
to determine these parameters separately. Due to climatic change storm frequency and
duration may increase. Because of this, more sand will be transported into the pioneer
zone of the salt marshes and the mud/sand ratio of the bed decreases. As a consequence
the bed becomes less stable and the shear strength may decrease. Erosion due to current
and wave action can occur more easily. The pioneer and salt marsh vegetation also
influence the shear strength of the bed and hence the sedimentation and erosion
processes. A dense vegetation cover stimulates sedimentation by decreasing near-bed
turbulence (Pethick et al., 1992). The root system of the vegetation increases the strength
of the bed and therefore reduces erosion (van Eerdt, 1985; Erchinger et al., 1994). The
vegetation of the pioneer zone is very liable to changes in the physical processes. When
the mud/sand ratio of the bed sediment and hence the bed shear strength decrease, seeds
and seedling are washed away and the vegetation density of the pioneer zone decreases.
This can result in the development of a bare mud flat. Without a vegetation cover, vertical
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accretion will not be able to keep pace with sea-level rise and a height difference between
the pioneer zone and the salt marsh will develop. A cliff may evolve and this will be
eroded by wave action. This will result in a landward retreat of the salt marsh (Houwing
et al., 1995).

To counteract salt marsh erosion, attention should be paid to the stimulation of mud
accumulation and the consolidation of the bed in the pioneer zone. The equilibrium
between shear stresses applied to the bed and the bed shear strength should be preserved
during rising sea level.

It is clear that storms have a great impact on salt marsh development. Large shear stresses
induce large amounts of sediment transport. It is not so clear, however, whether the
sediment transport during storms is directed onshore or offshore. This depends on the
type of salt marsh, the type of available sediment and the severity of the storm. The salt
marshes of the Dutch Wadden Sea form a narrow strip along the mainland coast and
these are man-made. Storms can cause permanent erosion in this fragile environment, so
the effect of storms has to attain special attention.

Several qualitative and quantitative models have been developed to describe salt marsh
development. When describing salt marsh development by a numerical model many
assumptions have to be made. The use of these models is restricted because they do not
include all parameters in a numerical way. Parts of the models include empirical
relationships. The numerical models should only be used in a deterministic way; they are
not yet reliable enough in predicting salt marsh development. Despite this, it is useful to
examine the factors used in the models for a system analysis of salt marsh development.

The literature overview presented in this chapter still shows a lack of knowledge about salt
marsh development at different temporal and spatial scales. Additional knowledge
concerning erosion and sedimentation processes at a small scale is needed. Especially to
define the relative importance of different governing processes in salt marsh development.
This subject is treated in Chapter 4. Furthermore, it is not clear whether storm surges
effect salt marsh development in a positive or negative way. Field measurements are
needed to define and quantify the role of storm surges in salt marsh development. Results
regarding this subject are described in Chapter 5. Finally, salt marsh development under
changing boundary conditions at a timescale of decades is not well understood. Past salt
marsh development and the process knowledge (Chapters 4 and 5) have to be combined
(Chapter 6 and 7) to enlarge the knowledge concerning this subject.
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STUDY AREA AND METHODOLOGY
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3.1 Introduction
In this chapter a description of the instruments used in the field campaigns as well as their
calibration is given. The field data are used in the analysis of Chapter 4 and 5. This process
knowledge is used to understand salt marsh development on a meso scale, as is described
in Chapter 6. For this long-term analysis, a database of Rijkswaterstaat (Department of
Public Works and Water Management) was used, containing elevation data of 27 locations
along the salt marsh coast since 1965 and wind and water level data of a station in
Lauwersoog (Figure 1.1) since 1971. The way in which this database and GIS were used in
analysing the long-term salt marsh development is explained in this chapter. Furthermore,
the use of a wave model (SWAN) is described.
Before the methodology is discussed, morphological and hydrodynamical descriptions of
the study area are given.

3.2 Morphological description
The northwest European Wadden area can be subdivided in a Dutch, German and
Danish part (Figure 3.1). The Wadden area consists of several barrier islands, which are
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Figure 3.1 - The northwest European Wadden area (After Ehlers, 1988).
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separated from the mainland coast by extensive tidal flats. Part of the mainland is fringed
by tidal salt marshes that are only inundated during spring tides and storm surges. Tidal
inlets between the barrier islands are deeply incised (up to 50 m) and branch out into the
Wadden Sea. At the North Sea side of the tidal inlets ebb tidal deltas are formed. Tidal
divides or tidal watersheds separate the tidal basins behind the barrier islands. The
sediment in the Wadden area is mainly a mixture of sand and silt. The grain size of the
sediment decreases from the inlets towards the mainland coast. The grain size of the
sediment present on the tidal flats and in the salt marshes ranges from fine sand to mud.

The Dutch part of the Wadden Sea includes seven barrier islands. The western part is
about 25 km wide and up to one third of the area emerges during the ebb tidal period.
This study focuses on the eastern part, which is about 10 km wide (Figure 1.1).
Approximately two thirds of this area is intertidal. Land reclamation over the last four
centuries has straightened the mainland coast of the provinces of Friesland and Groningen
in the eastern Dutch Wadden Sea (Figure 1.1). Most of the natural inlets are closed and the
natural development of the salt marshes has stagnated. Presently, the growth of the salt
marshes is slow and only occurs under controlled conditions in two areas along the
mainland coast, in the north of the provinces Friesland and Groningen (Figure 1.1). The
construction of brushwood groins reduces the incoming wave and current energy
(Dijkema et al., 1990). Brushwood groins are built parallel and perpendicular to the coast
and form sedimentation fields (Figure 3.2). In these fields sand and mud can be deposited
more easily and the salt marsh vegetation can establish more rapidly.
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Figure 3.2 - Construction of sedimentation fields along the mainland salt marsh coast.



Before 1900 the stimulation of salt marsh accretion could be achieved by constructing small
dams and drainage channels. However, by the beginning of the 20th Century new marshes
were hardly produced by this method (Dijkema, 1987). Around 1935 the government
started large-scale salt marsh stimulation by constructing brushwood groins and the
subsequent creation of sedimentation fields of 200 by 400 meters. At most locations along
the coast three sedimentation fields are present between the sea dike and the mudflats
(Figure 3.2). By digging drainage channels in the vegetated part of the salt marsh and the
pioneer zone the drainage was regulated (Kamps, 1962; Dijkema et al., 1988). In the first
four years after the completion of the constructions of sedimentation fields high
sedimentation rates occurred. Afterwards accretion rates decreased and from 1978 on, the
seaward extension of the salt marshes has stopped. 
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Figure 3.3 - Measuring locations along the Dutch salt marsh coast; Friesland (top) and 
Groningen (bottom).
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This negative development can probably be ascribed to an acceleration in the relative rise of
MHT-level of 0.44 cm/y up to 1983 (Dijkema et al., 1988; Dijkema et al., 1995). Presently,
the extent of the salt marsh area has stabilised due to stabilisation in MHT-level in
combination with the effect of a better maintenance of the brushwood groins and a
decrease in size of the sedimentation fields.

The alongshore extension of the Friesland and Groningen sedimentation fields is about 55
kilometres. Each 100 meters of these sedimentation fields is numbered from west to east,
from 1 to 550. Rijkswaterstaat collected height data in 27 of these sedimentation fields
from 1965 onwards. Figure 3.3 shows 11 out of the 27 sedimentation fields of 200 meters
wide selected for the field measurements, six in Friesland (F21-22, F53-54, F85-86, F123-
124, F147-148, F171-172) and five in Groningen (G286-287, G324-325, G356-357, G392-393,
G428-429). 

3.3 Hydrodynamical description
3.3.1 Tidal range
In the Wadden area a mean tidal range between 1.35 m and 2.90 m occurs (Figure 3.4).
This is defined as microtidal (0-2m) to mesotidal (2-4m) according to the classification of
Davies (1964). At the North Sea side of the Wadden barrier islands the tidal range
increases regularly from west to east. In the Wadden Sea itself the tidal range pattern is
altered. The tidal ranges are large in the tidal inlets and decrease in the direction of the
tidal divides where the tidal range reaches a minimum.
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Figure 3.4 - Lines of equal tidal range at spring tide (after Reineck, 1978)
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In the Dutch Wadden Sea two major dam constructions are responsible for a decrease in
size of the tidal basins; the closure of the Zuiderzee in 1932 and the closure of the
Lauwerszee in 1969. A decrease in size of the tidal basins led to an increase in tidal range
and tidal currents. Water levels also rise under the influence of strong winds during storm
surges. After the construction of the dams, the storm-surge heights rose because of the
narrowing of the tidal basin (Klok and Schalkers, 1980).

3.3.2 Currents
Along the Wadden area in the open North Sea the flood tidal current is directed towards
the east to southeast. The ebb tidal current direction is opposite in a west to northwestern
direction. The Wadden Sea is a shallow sea and therefore the tidal current is largely
influenced by the morphology. This causes large spatial variations in current velocity.
Average maximum currents of 1 m/s occur in channels. During storm surges this can
increase up to 2 m/s. On tidal flats maximum current velocities do not exceed 0.5 m/s. On
the tidal flats the ebb tidal current velocities are higher than the flood tidal current
velocities (Ehlers, 1988). 

Almost every tide, the lower parts of the salt marshes (pioneer zone) are flooded. During
flooding tides the water is first confined to the creek system. When the creeks are filled up,
the water flows over the tidal flats and salt marshes and the current is slowed down due to
the increase in cross sectional area and decrease in water level gradient. In the creek the
current velocity increases strongly. After the turn of the tide, the water level decreases and
at the end of the ebbing tide current velocities increase (e.g. Postma, 1961; Dankers et al.,
1984; Ehlers, 1988). The water flows back to the creeks from the mudflats and salt marshes
and is transported back to the Wadden sea.

3.3.3 Waves
Wind waves play an important role in the Wadden Sea because of the relatively shallow
water. Swell can hardly develop because long period waves break on the outer margins of
the tidal flats. Waves can occur on the tidal flats under influence of the wind. The water
depth restricts the height. The effect of the waves is strongest behind tidal inlets, where
the fetch is the greatest (Ehlers, 1988). On the mainland salt marshes of the eastern Dutch
Wadden Sea the effect of waves is reduced by the construction of brushwood groins.
Waves break on the groins so the greatest part of the energy is lost. Within the
sedimentation fields waves built up somewhat again in the direction of the wind, but the
fetch is very limited. Waves still have a great influence on the sediment redistribution
because of the very small water depths within the salt marshes.

3.4 Measurement methods
3.4.1 Studied factors
The following variables were measured to examine the present coastal behaviour along the
salt marsh coast of Friesland and Groningen. The methods to measure the factors are
described.

Sedimentation and erosion
Patterns of sedimentation and erosion in the pioneer zone along the salt marsh coast of
Friesland and Groningen were determined by levelling profiles within the sedimentation
field, perpendicular to the coast. At each measuring location two profiles were measured
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(in total twenty-two cross sections) four times during half a year in order to obtain an
image of present sedimentation and erosion patterns. The heights were read with an
accuracy of 2 mm. The levelling data were connected to a fixed level: NAP (Dutch
Ordinance Level). A measuring inaccuracy of 1 cm was estimated as the result of walking
on the soft sediment bed. In the time between the measurements most of the disturbances
by footprints in the study area had disappeared. 

Strength of the bed
The bed shear strength depends on physical, chemical and biological parameters. These
parameters cannot be determined separately. The composition of the bed sediment
indirectly indicates the strength of the bed. When the bed sediment contains 30% mud,
the maximum effect of cohesiveness is reached. When this percentage decreases, the
strength of the sediment decreases. Values from the literature were used for the bed shear
strength (Houwing et al., 1995; Kornman and De Deckere, 1998). In addition many bed
sediment samples were taken in alongshore and cross-shore direction in the pioneer zone
using a core slicer (see Chapter 3.4.2). The grain size distribution of the top 2-mm of the
bed was used to get an indication of the strength of the recently deposited sediment bed,
determined by the percentage mud.

Large scale morphology seaward of the pioneer zone
The effect of differences in large-scale morphology seaward of the pioneer zone on
sedimentation and erosion patterns was studied by using detailed hydrographic maps of
the Wadden Sea (Hydrografic Map for Coast and Rivers Part 1811 and 1812, 1998). Studied
parameters were distance to the nearest channel bank, the size and orientation of the
nearest channel, the distance to the tidal inlet, the slope and the morphology of the area
seaward of the sedimentation fields.

Characteristics of the sedimentation fields
Size of the sedimentation fields as well as height of the brushwood groins was determined
in the field by use of measuring tape. A compass and maps were used to measure the
orientation of the sedimentation fields to incoming wave and current energy.

Shear stress and suspended sediment transport
Meteorological and hydrodynamic parameters were measured to calculate the shear
stresses imposed upon the bed: wave height, wave direction, current velocity, current
direction, water depth, tidal amplitude, wind velocity and wind direction. The suspended
sediment concentration was measured in order to gain information about the transport of
fine particles. The instruments (described in paragraph 3.4.2) were attached to frames or
portable and measured within and just seaward of the sedimentation fields. 

3.4.2 Description of the instruments
Frames were placed in the pioneer zone to continuously measure the hydrodynamic
conditions and suspended sediment concentration. One measuring frame was placed in
the Friesland study area (F171) and another one in the Groningen study area (G324). The
measuring frames were built of steel and about 7 meters high (Figure 3.5A). A solar panel
on top of the frames supplied the energy needed to operate the instruments. An additional
frame was placed on the tidal flat seaward of the salt marshes. This was a battery operated
stand-alone frame of one meter high (Figure 3.5B). The instruments, a level switch and a
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computer system in a waterproof tube were attached to all three frames. The frame-
instruments included pressure sensors, electro-magnetic flow meters and MEX-turbidity
sensors (Figure 3.6). 
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A description of all instruments used for the field measurements: 
The pressure sensor measured the total pressure, which means the pressure of the water
column plus the air pressure. The air pressure was measured separately using a pressure
sensor attached to the top of the frame. This air pressure was used to correct the sensor, so
water level and height of the passing waves could be calculated. The water height
calculation was based on the linear relation between the water depth and the water
pressure at that certain depth. One meter of water generates a pressure of 100hPa (=100
mbar). The wave heights were calculated from the water level fluctuations superimposed
on the water depth. The pressure sensor measured in bursts of 10 minutes every 30
minutes with a sampling frequency of 2 Hz. The inaccuracy of the measured wave height
is approximately 0.01 m.

A 2-m long CAP-wire measured wave heights by the capacitor principal. The capacity of
the wire has a direct relationship with the water height. A data logger operated the device
and the data was stored in a storage module. Each measurement with the CAP-wire had
duration of three minutes and a frequency of 10 Hz. A water depth of 20 cm restricted
this portable CAP-wire. The inaccuracy of the measured wave height is 0.001 m.

The EMF device measured the magnitude of the flow of water in X (cross-shore, 0º) and
Y (alongshore, 90º) direction. The flow direction was calculated by vector decomposition.
The EMF is based on a deformation of the magnetic field by water flowing along the
device. This causes an electrical signal, which has a linear relation with the current velocity
of the water. One EMF was located near the bed to measure bottom current velocities.
The other EMF was located 25 cm above the bed to measure current velocities higher in
the water column. The measuring protocol is the same as for the pressure sensor, namely
in bursts of 10 minutes every 30 minutes with a sampling frequency of 2 Hz. The
inaccuracy of the measured current velocity is 0.0001 m/s.

The floaters were driven by the surface current because they were situated just below the
water surface. They were attached to a wire with a length of 15 meters. The average current
velocity could be calculated when the floating time was measured with a stopwatch. A
compass was used to measure the current direction.

The MEX turbidity sensor measured the suspended sediment concentration. This optical
device measured the amount of particles in suspension by the amount of reflected light.
The measuring protocol was the same as for the pressure sensor and EMF, namely in
bursts of 10 minutes every 30 minutes with a sampling frequency of 2 Hz. The error of the
MEX measuring device is about 20%.

The surface water samples of half a litre were collected by use of a measuring jug. The
water samples were filtered, and the amount of sediment was determined by drying and
weighing of the filters. The samples were collected in duplicate to reduce the measuring
error.

The levelling instrument was used along a transect line. The results were used to calculate
the heights and the distances of all measuring points.

The core slicer consisted of a 15 cm long tube with a diameter of 5 cm that is pushed into
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the substrate. Then the tube was removed from the substrate and the bed sample was
pushed through the tube. Subsequently the top 2 mm was sliced of the sample with a ring
and stored in a petri-dish. The samples were used for the grain size analyses.

3.5 Methods of analysis
3.5.1 Analysing present salt marsh development

Calibration of the instruments
In order to make an appropriate comparison between the pressure sensor of the frame and
the portable CAP-wire, the two instruments were calibrated during the fieldwork in
Friesland. It appeared from the calibration that waves measured by the CAP-wire had a
greater height and a shorter period than the same waves measured by the pressure sensor.
This difference was more pronounced during rough weather than during calm weather.
When executing a regression analysis on the data, the correlation between wave heights
measured by the pressure sensor and the CAP-wire was 0.70 (Figure 3.7). The calibration
was carried out in a range of 0-5 cm. It is assumed that the same relation exists for higher
waves. The difference between the instruments was taken into account when comparing
the data from the pressure sensor with the data from the CAP-wire.

The EMF sensors of the frame and the portable floaters were used in a complementary
way. The EMF sensor measures the current velocity accurately in one point. The floaters
were used as a spatial measurement, by which the average current velocity and direction
could be determined. The magnitude of the current velocities measured by the two
different instruments was similar. The direction of the current was not well represented by
the floaters. The floaters appeared to be very sensitive to influences of the wind in shallow
water.

The MEX was calibrated in the laboratory before the beginning of the fieldwork. The mud
used for this calibration originated from the Dollard Estuary, located in the most eastern
part of the Dutch Wadden Sea. During the fieldwork additional in-situ calibrations were
carried out. The in-situ calibrations were used to adjust the laboratory calibration (Figure
3.8). Regression analysis was used to determine the adjustment that fits the MEX data to
the water sample data. The correlation between the MEX and water samples was 0.95. The
calculated calibration equation MEX [g/l] = 1.25 [g/l] * Water Samples – 0.33 [g/l] was
used to correct the MEX values. During the entire fieldwork in Friesland the MEX was
out of order, so for this field site only the water sample data were used. 

Calculating bed shear stress by waves and currents
The bed shear stress due to the combination of currents and waves is important for the
sediment entrainment process. A simplified method was used to determine an estimate of
the shear stress due to the restricted measurement data set. The total shear stress was
calculated by vector addition of the wave related and the current related shear stress. This
method to calculate the bed shear stresses is based on many simplifications and
assumptions. The assumption was made that the bed shear stresses were related to the
squares of the instantaneous near bed velocities. In that case the magnitude of the
combined, time averaged bed shear stress can be calculated by adding τb,c and τb,w (Van
Rijn, 1990). 
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Bed shear stresses induced by waves (τb,w) were calculated using H1/3 and for bed shear
stresses induced by currents (τb,c) the mean current velocity was used following the
approach of Van Rijn (1990). Bed roughness was not measured and therefore a value for
the roughness length (ho) of 0.2 mm appropriate to mud was used (Soulsby, 1994).
Current velocities were only measured at two heights above the bed so no logarithmic
velocity profiles could be calculated. An average velocity was used in the calculations.
Furthermore, no large gradients in the shear stress and bed profile were assumed. The
calculated bed shear stresses for the pioneer zone were only used as estimates because of
these restrictions. 

The bed shear stresses were calculated using the following formulas (Van Rijn, 1990):

(3.1)
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Figure 3.7 - Correlation between the pressure sensor and the CAP-wire
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= time average current related bed shear stress [N/m2]

= time average wave related bed shear stress 
(averaged over half a wave period) [N/m2]

The wave induced bed shear stress (τb,w) depends on the friction coefficient (ƒw) and the
horizontal velocity (Ûδ). The friction coefficient (ƒw) is defined within the wave boundary
layer and changes with the amplitude and the period of the orbital velocity and with the
bed roughness. In general, the flow over a cohesive bed is hydraulically smooth.

(3.2)

τb,w = instantaneous bed shear stress [N/m2] 
(averaged over half a wave period)

ρ = fluid density [kg/m3]
fw = friction coefficient (constant over a wave cycle)
Ûδ = peak value of the horizontal fluid velocity just outside the boundary 

layer [m/s]

ƒw is represented by:

(3.3)

Âδ = peak value of the horizontal excursion just outside thboundary layer [m]

ω = 2π/T
ν = kinematic viscosity coefficient [m2/s]

The horizontal velocity (Ûδ) was defined at the edge of the wave boundary layer and is a
function of wave height (H), wave period (T) and water depth (h). The horizontal orbital
velocity was calculated by formulae based on different wave theories. The linear wave
theory was used for non-breaking waves. Due to the shallow water depths in combination
with small wind waves this theory could be applied.

(3.4)

Ûδ = peak value of the horizontal fluid velocity just outside the boundary 
layer [m/s]

ω = 2π/T
k = 2π/L
L = wave length [m]
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The current induced shear stress (τb,c) is responsible for a friction close to the bed. This
friction is also referred to as the friction velocity U

*
.

(3.5)

τb,c = bed shear stress induced by a current [N/m2]
ρ = fluid density [kg/m3]
fc = Darcy-Weisbach coefficient [-]

U = velocity averaged over the depth [m/s]

h = water depth [m]
κ = Von Karman’s constant [-]
h0 = 0.2 [mm]
U*,c = friction velocity due to the current [m/s]

Uz = velocity at depth h [m/s]

Grain size analysis
The bed sediment samples were analysed in the laboratory in order to determine the grain
size distribution. The coherence of the mineral parts of the bed sediment samples was
broken up before the grain size analyses commenced. The calcareous and organic coatings
were removed by adding hydrogen peroxide and hydrochloric acid to the samples. The
loose particles were separated in sand and silt/clay fractions by sieving. The grain size
distribution of the sand fraction (>53µm) was determined by weighing of the different
sieves before and after the sieving procedure. The grain size distribution of the silt/clay
fractions was determined by using the difference in fall velocity of the particles. To use
this principle the particles have to move separately through the liquid. In order to disperse
the particles, a salt mixture of Na4P2O7 and Na2CO3 was added.

The position of a particle as a function of the temperature was determined by considering
a spherical particle with a diameter of 2r and a density of ρs that starts moving at t=0 at
the surface of a cylinder filled with a liquid of density ρl. Assuming a unanimous
movement of the particle, the position after t seconds is:

(3.6)
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x = vertical position [cm]
r = radius [cm]
η = viscosity of the liquid [poise]=[g/cm/s]
g = gravitational acceleration [cm/s = 981]
ρs = particle density [g/cm3 = 2.65]
ρl = fluid density [g/cm3 = 1.00]
t = time [s]

A suspension in which the particles are homogeneously distributed at t=0 was considered.
After a period of time the particle distribution has changed because the settling velocity
depends on the diameter of the particles. Particles smaller than a certain diameter remain
above surface x(r,t). At different times a known amount of the suspension was sampled at a
certain depth. The liquid was evaporated and the amount of solid matter that stayed
behind was measured. In this way the grain size distribution of the silt/clay fraction was
determined.

3.5.2 Analysing past salt marsh development
The following factors were analysed to examine the past coastal behaviour along the salt
marsh coast of Friesland and Groningen. 

Morphological analysis in a raster GIS
The elevation data gathered by Rijkswaterstaat since 1965 was processed using a raster
based Geographical Information System (GIS) called PCRaster. The yearly collected
elevation data of 27 locations of 50 ha were interpolated along the 55 km wide coast. The
measuring data are very accurate. At each location 16 transects of 100 m consist of 100
levelling points. The method universal kriging was used for the interpolation. The
geostatistical interpolation (kriging) is based on assumptions contained in the regionalised
variable theory (Burrough and McDonnell, 1998). According to this theory the spatial
variation of each variables is comprised of three components:

• a structural component (trend) (m(x));
• a random, spatially correlated component (ε’(x)) and
• random noise or a residual error term (ε’’).

In formula:

(3.7)

Besides the regional variability, the elevation data set contained a rather large deterministic
trend. This trend needed to be removed before the interpolation. Universal kriging was
used to remove the trend. Universal kriging combines the kriging theory with an
empirical regression model. In this case the trend was caused by the slope from the sea
dike to the mudflats and was defined by a regression model. These regression equations
were subtracted from the data and afterwards the kriging commenced and estimates of
height and variance were made. A semi-variogram derived from the measuring data was
used to describe the variation between data points (Isaaks and Srivastava, 1989). This was a
curve fitted through the data points, which showed different important characteristics as
sill, range and nugget (Figure 3.9). The sill begins where the line becomes horizontal. 
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This means that from this point on no spatial relation between the data existed anymore.
The range determines the area where spatial relations did exist. The smaller the distance
between the points, the greater the spatial relation. The nugget is the random noise term.
The curve in the variogram was described as:

(3.8)

c0 = the nugget variance
c1 = the sill variance
a = the range
Mod = Gaussian type of model

The Gaussian type of model fitted best through the elevation data. For every measuring
year the best variogram model was determined by the use the statistical module named
GSTAT (Pebesma, 1996). These variograms were used to create interpolated maps of
elevation for every year from 1965 until present. In the dynamic modelling module of
PCRaster elevation maps of subsequent years were subtracted to create maps with
accretion rates. The average interpolation error in the elevation data was low and varied
between 1.6 and 2.4 mm (Van der Meer and Janssen-Stelder, submitted). Maps with
accretion rates were calculated for periods of 5, 10, 15 and 20 years. 

Calculation of the salt marsh area and seaward extension was also done in PCRaster. The
dike represents the reference point at the landward side of the map. The most seaward
brushwood groin represents the seaward boundary of the data. The extension of the
pioneer zone functions as another reference point. In general, this point corresponds with
a height of NAP (Dutch Ordinance Level) + 1m. The area and seaward extension was
followed in time.

Furthermore, two digital hydrographic maps were available to calculate changes in
morphology of the Wadden Sea in time. The maps were constructed of data collected
during a number of years. The first map comprised data from 1986-1990 and the second
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map included data from 1992-1995. The maps have a grid size of 20 x 20 m. By subtracting
these maps in PCRaster a map of difference was calculated and changes in morphology
were analysed (Chapter 6).

Wind and water level analysis
Wind data were available from a station in Lauwersoog (Figure 1.1) from 1971-1998. The
data consisted of hourly values for wind speed based on an average value of ten minutes
per hour. From these wind data the average wind velocity was calculated for each year.
Furthermore, the top 10% of the wind velocity was used as a measure for storm frequency
and strength. Wind data from a southwest to northeastern direction were encountered in
the analysis. Winds from these directions cause set-up of the water level, because of the
orientation of the coastline and the shallowness of the Wadden Sea (Bossinade et al.,
1993).

Water level data were also measured at a station in Lauwersoog from 1971-1998. The data
consisted of hourly values for water level based on an average value of ten minutes per
hour. The high water levels of this data set were used because only then the salt marsh area
is submerged and morphological changes can occur. The average, maximum and top 10%
of the high water levels were calculated for each measuring year. Moreover, the high water
levels during the storm days (determined by the wind data) were calculated and used as a
measure for storm surge levels.

A wave model (SWAN version 30.62) was used to calculate water depths and wave
patterns during a storm along the salt marsh coast. Field data were extrapolated to
simulate storm conditions. SWAN (Simulating Waves Nearshore) is a mathematical wave
model, developed by Delft Technical University (Ris, 1997; Ris et al., 1997). SWAN is a
stationary wave model that predicts a two-dimensional wave field in a rectangular grid. In
the Wadden area a grid size of 20x20 m was used (Hurdle and Banning, 1999). Wave fields
were calculated as far as the sea dike of the mainland coast. The model calculates with
energy density spectra in direction and frequency. Wind, water level and wave interaction
influence the amount of wave energy or the distribution of the wave energy between one
calculation point to another. This is translated in spectral differences between calculation
points.

The model contains different wave propagation processes:
• Spatial propagation 
• Refraction by bed and current variations
• Shoaling by bed and current variations
• Blocking and reflection of waves by currents

The model contains the following physical processes of increase and dissipation of wave
energy:
• Wind generated wave energy
• Dissipation of wave energy by white capping
• Dissipation of wave energy by depth induced breaking of waves
• Dissipation of wave energy by bottom friction
• Redistribution of wave energy within the spectra by non-linear wave interactions
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A compound depth configuration of the Wadden Sea of depth measurements between
1991 and 1996, levelling measurements, data from coastal and shore maps from 1980 and
laser-altimetry from 1996 was used in the model (Wolf et al, in press). The model starts to
calculate with equal water levels in the entire area. After a wind field is applied, the water
levels are altered, depending on the depth configuration. 
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SPATIAL VARIABILITY IN EROSION AND 
SEDIMENTATION ALONG THE COASTS OF 
FRIESLAND AND GRONINGEN
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4.1 Introduction
4.1.1 General introduction
In the present situation both net erosion and net sedimentation occur in the salt marshes
along the Wadden Sea coast. The intensity of wave and current processes and the stability
of the bed determine whether erosion or sedimentation occurs. The magnitude of the
shear stress due to the combination of waves and currents is important with regard to the
sediment entrainment process because it determines the stirring up of the sediment. The
direction of the transport is mainly in the direction of the velocity vector. The delicate
balance between applied shear stress of waves and currents and the bed shear strength in
the pioneer zone determines salt marsh development (Chapter 2; Houwing et al., 1995;
Janssen-Stelder, 2000a). The pioneer zone is the transition area between mudflat and salt
marsh, is flooded twice a day and has a discontinuous vegetation cover.

Insight into the relations between the governing processes in the pioneer zone can help to
explain long-term salt marsh behaviour (Chapter 6). Determining factors in this
behaviour are wind speed and direction, wave height, current velocity and direction,
strength of the bed, morphology and sediment transport. A field study in the pioneer zone
of the mainland salt marsh coast of the Dutch Wadden Sea (Figure 3.3) is used to scale the
importance of various factors in salt marsh processes and determine whether these results
are representative for other salt marsh areas. 

The main objective of this chapter is to determine and explain present spatial differences
in erosion and sedimentation in the pioneer zone of the salt marshes along the mainland
coast of the Dutch Wadden Sea in order to determine the relative importance of the
governing processes in salt marsh development. 

Salt marshes of two different tidal basins were studied. The Friesland salt marshes are
situated behind the barrier island of Ameland. The Groningen salt marshes belong to the
tidal inlet between the barrier islands Schiermonnikoog and Rottumerplaat. 

Fieldwork was conducted in the pioneer zone of Friesland in the period of May to
December 1997 and in the pioneer zone along the coast of Groningen in the period of
April to November 1998. Hydrodynamic and meteorological data were collected in periods
of rough (wind force 4-6 Beaufort) and calm (wind force 0-4 Beaufort) weather during
this fieldwork. Furthermore, erosion and sedimentation and bed sediment composition
were studied monthly. The morphology seaward of the pioneer zone was analysed with
hydrographic maps (Hydrografic Map for Coast and Rivers Part 1811 and 1812, 1998). 

4.1.2 Description of the study area
The mainland salt marsh coast of the Dutch Wadden Sea is characterised by the presence
of sedimentation fields of 200 by 400 meters separated by brushwood groins, partly
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protecting the salt marshes from the influence of waves. The drainage channels in the
fields are straight. The salt marsh area is completely managed by dredging the channels
and deposition of the spoil near the channels. The alongshore extension of the Friesland
and Groningen sedimentation fields is about 55 kilometres. These sedimentation fields are
numbered from west to east, from 1 to 550 with a spacing of 100 m. Figure 3.3 showed the
eleven selected sedimentation fields of 200 meters wide: six in Friesland (F21-22, F53-54,
F85-86, F123-124, F147-148, F171-172) and five in Groningen (G286-287, G324-325, G356-
357, G392-393, G428-429). Rijkswaterstaat (Department of Public Works and Water
Management) collected height data in these sedimentation fields over the last 50 years.
The meso scale coastal behaviour is based on this database (Chapter 6). 

4.2 Methods
4.2.1 Measurement methods
Cross profiles of the pioneer zone (slope) and the associated variations in height in the
period of half a year in all sedimentation fields were measured by levelling perpendicular
to the coast. The seaward limit of the profiles was set in the mud zone beyond the end of
the pioneer zone. The landward limit was defined at the position of the lower marsh
boundary. The width of the pioneer zone varied between 200 and 650 meters.

A core slicer was used to obtain bottom sediment samples. Bottom sediment samples were
collected in four periods between May and November 1997 and 1998 at six locations
within each sedimentation field (Figure 4.1). 

The hydrodynamic conditions and suspended sediment concentrations in the pioneer
zone were continuously measured at the stand-alone frames described in Chapter 3. One
frame was placed in Friesland (F171) and another in the Groningen study area (G324).

Portable instruments were used to determine the hydrodynamic conditions and the
suspended sediment concentrations in the remaining studied sedimentation fields along
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the coast. The portable instruments were deployed during different conditions in six
sedimentation fields of the Friesland study area and in five sedimentation fields of the
Groningen study area (Table 4.1). In two fields (F171 and G324) continuous measurements
were conducted while the portable instruments measured only for a short period of time
simultaneously in various sedimentation fields. One measurement during rough and one
measurement during calm weather were carried out in each of the 11 sedimentation fields
along the coast, in order to quantify hydrodynamics and suspended sediment
concentrations during different weather conditions in the measuring period (Table 4.1).

4.2.2 Methods of analysis
Morphological analysis at a small scale
For the small-scale morphological analysis levelling data and bed sediment samples were
used. The levelling data were made equidistant by an interpolation programme. 
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Table 4.1 - High water measuring dates and conditions

Friesland field site 1997

Date Wind Conditions
F171 3 Oct. W 2-4 Calm
F171 20 Oct. NNE 5-6 Rough
F147 29 Sept. SSW 0-1 Calm
F147 27 May NNW 5-6 Rough
F123 30 Sept. N 0-1 Calm
F123 23 June W 4-6 Rough
F85 1 Oct. S 1-2 Calm
F85 24 June NW 5-6 Rough
F53 25 June SSW 2-3 Calm
F53 - - Rough
F21 26 June E 4 Calm
F21 12 Dec. NNE 3-5 Rough

Groningen field site 1998

Date Wind Conditions
G286 8 June SWW 2-4 Calm
G286 6 May SWW 4-5 Rough
G324 5 May SWW 3 Calm
G324 10 June SW 4 Rough
G356 5 Oct. NEE 3 Calm
G356 11 May NNE 3-5 Rough
G392 13 May E 2-3 Calm
G392 - - Rough
G428 12 May NE 2 Calm
G428 - - Rough

- = no measurement



Differences in area and height of each profile were calculated. The grain size characteristics
of the sediment samples were described in six fractions ranging from sand to clay: >53µm
(very fine sand), 53-32µm, 32-16µm, 16-8µm, 8-2µm and <2µm. Average percentage values
were used for each sedimentation field in order to be able to make an alongshore
comparison for the Friesland and for the Groningen field site.

Morphological analysis at a large scale
The large scale morphology seaward of the sedimentation fields was studied by examining
hydrographic maps of the Wadden Sea (Hydrographic map, 1998). The examined aspects
were the distance to the nearest channel bank, the size and orientation of the nearest
channel, the slope of tidal flats seaward of the sedimentation fields and the distance to the
tidal inlet.

Analysis of hydrodynamics
The data of the hydrodynamic measurements were analysed with computer programmes.
One programme was used to split and calibrate the data files and another to calculate
wave parameters according to linear wave theory. This theory was developed for deep
water but could be used in the pioneer zone because of the small waves. The average
values and standard deviations for every ten minutes of the following parameters were
computed.

• Water depth (h)
• Cross-shore current velocity (uc)
• Alongshore current velocity (ua)
• Suspended sediment concentration (C)
• Significant wave height (H1/3)
• Maximum wave height (Hmax)

The water depth, current velocities and suspended sediment concentrations were averaged
over 10 minutes and the standard deviation over this time frame was determined.

Bed shear stresses induced by waves (τb,w) and currents (τb,c) were calculated using H1/3
and the mean current velocity following the approach of Van Rijn (1990). The calculated
bed shear stresses for the pioneer zone were only used as estimates because of many
restrictions of this method (Chapter 3).

4.3 Results
4.3.1 Small-scale morphodynamics
Morphological description of the field sites
The regular composition of the sedimentation fields in squares of 200 by 400 meters and
the north-north-western orientation results in a comparable morphology within the
different fields along the Wadden Sea salt marsh coast. In general, two fields are situated
between the brushwood groins built perpendicular and parallel to the coast. A straight
drainage channel and an opening in the coast parallel groin (Figure 4.2) separate the two
fields. At the eastern side of the groins erosion occurs and in many cases a natural channel
is formed. In the northern corners of the fields and on the levees of the main channel a
man-made maximum accumulation of sediment occurs. The pioneer vegetation Salicornia
dolichostachya is spread up to halfway in the fields, with a coverage up to 50%. 
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The entire fields are flooded with an average water depth of about 0.5 m during high water.
In general, the field east of the main drainage channel (Figure 4.2) is situated at a higher
level than the western field and therefore the vegetation has colonised further seaward. 

Rijkswaterstaat maintains the brushwood groins and the drainage channels of the
sedimentation fields. The maintenance has decreased since 1982 because the general
objective changed. Now, the preservation of the present salt marsh area is the main goal
rather than stimulating salt marsh development. Structures of former drainage channels
are still visible. They are situated at a lower level and filled with unconsolidated mud. 

The salt marshes in Groningen are less well developed than the salt marshes in Friesland.
The marshes are less extensive (450 m versus 800 m in length), the pioneer zone is situated
at a lower level (0.4 m above NAP versus 0.6 m above NAP) and the pioneer zone is
limited to a very small area (50 meters versus several 100 meters). From grain size analysis
appears that the sedimentation fields in Friesland are built up of muddier, less
consolidated sediment than the ones in Groningen. 

Besides the general differences between the Friesland and Groningen salt marshes and
pioneer zones, there are some exceptional sedimentation fields in the study area. Fields
F21-22 in the western part of Friesland and G356-357 in the central part of Groningen
(Figure 3.3) are relatively high and muddy. Here, the main drainage channel has almost
disappeared and maintenance has ceased. Natural development of new meandering
channels starts in these fields. At higher parts in the fields sometimes the vegetation
species Spartina anglica appears in the pioneer zone. Other fields, like F85, F147-148 and
G428-429 in the Friesland and Groningen study areas, show signs of past and present cliff
erosion. The elevation of the pioneer zone occupied with Salicornia dolichostachya
is several centimetres to decimetres lower than the lower marsh zone occupied with
Puccinellia maritima. In these cases the pioneer zone eroded while sedimentation
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continued in the lower marsh zone. In sedimentation fields G428-429 this erosion was
terminated by the placement of an additional, coast parallel, brushwood groin. In these
fields the salt marsh cliff remains as a relict feature.

Height development
Average sedimentation/erosion rates varied along the coast in the pioneer zones of
Friesland and Groningen between –3 to 7 cm/0.5y during the measuring period (Figure
4.3 and 4.4). 
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The main difference between Friesland and Groningen was that net sedimentation
occurred in Friesland and net erosion in Groningen between April and November. 
This could be caused by the location of the salt marshes or by the fact that the
measurements took place in two different years. The Friesland salt marshes are part of a
different tidal basin than the Groningen salt marshes. The Friesland salt marshes are
situated just behind the Wadden Island Ameland, whereas the Groningen salt marshes are
located behind the tidal inlet between the Wadden Islands Schiermonnikoog and
Rottumerplaat. Due to these differences the Friesland and Groningen areas are treated
separately.

Friesland field site
Sedimentation dominated over erosion in the period of May until October 1997 in the
Friesland study area. Along the 15 km wide study area an average vertical accretion of 3 cm
± 2.4 occurred in this summer half year. There was a large variation and no trend was
observed in the sedimentation rates along the coast (Figure 4.3). 
At a smaller scale, the sedimentation was affected by location east or west of the drainage
channel, surface height in relation to NAP (Dutch Ordinance Level) and orientation and
maintenance of the brushwood groins. The sedimentation was higher in the field to the
east of the channel, than in the western field (Table 4.2 and Figure 4.3). The relatively
high sedimentation occurred in fields that were located at a high level, like F21 and F22,
situated in the most western part of the area. Fields F53-54 and F147-148 were situated at a
low level and low sedimentation rates occurred. Field F123 (western field) showed more
sedimentation than field F124 (eastern field) because the brushwood groins in
sedimentation fields F123-124 were not perpendicular to each other but at a smaller angle.
Therefore a different circulation of the flow may have occurred and induced a larger
sedimentation in the western field compared to the eastern field.
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May/June May or June/Sept Sept/Oct Total
(cm/month) (cm/month) (cm/month) (cm/0.5 years)

F21 - 3.4 2.6 6.0
F22 - 3.1 4.0 7.1
F53 - 1.2 -1.7 -0.5
F54 - 0.7 - 0.7
F85 - -0.8 0.9 0.1
F86 - 4.1 0.3 4.4
F123 - 3.4 1.0 4.4
F124 - 0.6 2.0 2.6
F147 - 1.2 - 1.2
F148 - 2.0 0.1 2.1
F171 -0.2 2.2 0.5 2.5
F172 0.1 4.0 0.0 4.1

- = no measurement

Table 4.2 - Height changes within the Friesland transects, 1997



Groningen field site
Erosion dominated over sedimentation in the period of April until November 1998 in the
Groningen study area. Along the 15 km wide study area an average erosion of 1 cm ± 1 cm
occurred in this summer half year (Figure 4.4). 
Along the coast of Groningen the erosion rate increased from the most western part
towards the central part of the study area. Going further to the east the erosion rate
decreased again. 

At a smaller scale, the same factors influence the sedimentation rate as in Friesland,
location east or west of the drainage channel, surface height in relation to NAP and
orientation and maintenance of the brushwood groins. The erosion was higher in the field
to the east of the channel than in the western field (Table 4.3 and Figure 4.4). High
erosion rates (up to 3 cm/0.5y) were measured in fields G324 and G357, which are situated
at a low level. Field G324 (western field) showed more erosion than field G325 (eastern
field). This was probably caused by the position of the main channel along the side of the
western brushwood groin instead of a central position between the western and eastern
field. The migration of this channel was the result of a lack in maintenance of the shore
parallel, seaward brushwood groin. It resulted in a different circulation pattern for the
sediment flow. In the eastern part of the study area (G392-G393 and G428-G429) the
brushwood groins are 50 cm higher than in the rest of the study area resulting in lower
erosion rates or even in sedimentation (G392).

Summarising, sedimentation rates in the pioneer zone vary along the coasts of Friesland
and Groningen. High sedimentation rates occurred east of the drainage channel in
Friesland. Low or negative sedimentation rates occurred when surface height in relation to
NAP was low. Furthermore, low or negative sedimentation rates occurred when
brushwood groins were low or badly maintained.

Grain size patterns along the Wadden Sea coast
In general, the mean grain size of the sedimentation fields of the Groningen field site was
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Table 4.3 - Height changes within the Groningen transects, 1998

April/May May/June June/Oct. Oct./Nov. Total 
in cm/month in cm/month in cm/month in cm/month in cm/0.5 years

G286 -0.1 -0.4 -0.6 0.1 -1.0
G287 0.8 -0.5 -0.6 -1.0 -1.3
G324 0.6 -1.8 -0.2 -0.7 -2.1
G325 0.3 0.2 0.0 -0.6 -0.1
G356 0.1 -0.3 -0.3 -0.2 -0.7
G357 0.5 -0.9 -0.7 -1.6 -2.7
G392 0.2 -0.1 0.5 0.3 0.9
G393 0.6 -0.9 -0.4 -0.1 -0.8
G428 0.0 -0.6 0.9 -0.6 -0.3
G429 0.1 -1.1 0.1 -0.2 -1.1



coarser than the mean grain size of the sedimentation fields of the Friesland field site
(Figure 4.5 and 4.6). The Friesland field site shows an obvious coarsening trend towards
the east. In Groningen the coarsest sedimentation fields were situated in the west. In the
centre, the sedimentation fields had very fine sediment. 
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Towards the east, the sediment in the sedimentation field became coarser again. These
grain size distributions were obvious in the spring but the patterns faded in the fall due to
rougher hydrodynamic conditions in the fall. In the fall the grain sizes are coarser than in
the spring.

Friesland field site
For the first period, May/June, the Friesland sedimentation fields could be divided in two
groups considering the grain size distribution (Figure 4.5). The first group consisted of
fields F21-22, F53-54, F85-86 and F123-124 and had a clay percentage of 30-40% and the
coarsest fraction decreased from 12-0% from west to east. The second group comprised
the two eastern fields (F171-172 and F147-148) with a clay percentage of about 12% and the
highest percentage of the coarsest fraction of 32-53µm, with values around 45%. The
sedimentation fields in the west of the study area contained muddier sediment than the
sedimentation fields in the eastern part. Quiet conditions were necessary for the very
muddy sediment to be deposited in the western fields. Extensive tidal flat areas are located
seaward of the western fields, resulting in quieter hydrodynamic conditions in the
sedimentation fields leading to the deposition of fines.

In the second period (September) the western fields (F85-86, F53-54, F21-22) still
contained a dominant clay fraction, although in fields F85-86 and F21-22 the percentage
decreased. The remaining sedimentation fields were also coarser than in the spring. From
west (F85-86) to east (F171-172) there was a coarsening trend. The sand fraction increased
from 11% to 45% and the clay fraction (<2µm) decreased from 23.5% to 12.5%. A
coarsening of the bed sediment in these fields could indicate higher wave energies and
higher current velocities in the fall.

In the third period (October), all sedimentation fields contained coarser sediment. Fields
F53-54, F85-86 and F123-124 had similar grain size distributions: a sand fraction of about
15% and a clay fraction of about 17%. The most western field (F21-22) had a larger sand
fraction, but the remaining fractions had a distribution that is comparable to F53-54, F85-
86 and F123-124 (Figure 4.5). The two most eastern fields (F147-148 and F171-172) were
coarser with a sand fraction of 45% and 55% respectively. Coarsening of all fields occurred,
probably due to higher wave energies and higher current velocities in the fall.

Summarising, the sedimentation fields of the Friesland field site could be divided into two
groups considering the grain size distribution in the spring. Fields F21-22, F53-54, F85-86
and 123-124 showed a dominance of the finest fraction. In the two most eastern fields
(F147-148 and F171-F172) the coarsest fraction dominated in the spring. In the fall
coarsening occurred in all sedimentation fields. The differences in grain size distribution
along the Friesland coast decreased towards the winter. The percentage mud (< 53mm)
does not decrease below 30%, so the cohesive strength of the sediment does not decrease
substantially. The properties of the sediment < 53mm do change and cohesive strength will
therefore vary as a function of such changes.

Groningen field site
For the first period (May) the Groningen sedimentation fields could be divided in three
groups considering the grain size distribution (Figure 4.6). The two most western fields
(G286-287 and G324-325) formed the first group containing a large sand fraction of

72



respectively 69% and 67%. Bed load was the dominant form of transport in these
sedimentation fields. Going to the east, the next fields (G356-357) formed the second
group, which only contained 25% of sand. The clay fraction (<2µm) was best represented
in these fields with 32%. This group had a bimodal distribution in which the coarsest and
the finest fraction were well represented. This indicates two different processes were
responsible for the bed sediment composition. The third group consisted of the two
eastern fields (G392-393 and G428-429). The grain size distribution in these fields showed
a dominance of the sand fraction, like the first group. However, the sand fraction of 40-
45% was almost half of the sand fraction in the first group. The remaining fractions were
evenly distributed. 

In the second period (June) minor changes occurred in the bed sediment composition of
the sedimentation fields compared to the first period (Figure 4.6). Only the clay content
increased somewhat in all sedimentation fields. During quiet conditions in the spring this
fine sediment could settle.

Overall coarsening occurred in the third period (October). However, the sand content in
fields G286-287 decreased to 60%. On the contrary, in fields G324-325 the sand content
increased to 82% (Figure 4.6). It is no longer possible to differentiate between the second
and the third group. In the three eastern fields (G356-357, G392-393 and G428-429) the
grain size distribution pattern was similar in this period, 45% to 55% in the sand fraction,
then decreasing percentages in the silt fractions and an increase in clay content of 10%-
25%. A bimodal distribution was obvious for these three fields, with a dominance of the
sand fraction and also a large clay fraction. This indicated at two different processes that
were dominant in the formation of the sediment bed. The clay content increased from
G324-325 to G428-429, showing an increase in the settling of suspended sediment from
west to east. The dominance of the sand fraction in all sedimentation fields could be the
result of higher wave energies and higher current velocities during the fall.

In the fourth period (November), all sedimentation fields contained over 50% of sand,
with a maximum of 90% in fields G324-325 (Figure 4.6). Coarsening of the bed sediment
occurred in each sedimentation field. The bimodal distribution, which occurred in three
of the five sedimentation fields in the third period, is not present anymore. This
coarsening of the sedimentation fields could be the result of the higher wave energies and
higher current velocities in September, October and November.

Summarising, the sedimentation fields of the Groningen field site could be divided into
three groups with respect to the grain size distribution in the spring. The two western
fields (G286-287 and G324-325) showed high percentages of very fine sand that were
always over 60%. The two most eastern fields (G392-393 and G428-429) also showed high
percentages of very fine sand but these were around 40-50%. The sedimentation fields in
the centre of the Groningen field site (G356-357) showed a dominance of the finest
fraction. The coarsest fraction of very fine sand was the second largest. It can be
concluded that in the spring the sediment in the sedimentation fields of the Groningen
field site was coarse except for the sedimentation field in the centre of the area, which had
very fine sediment. In the fall all sedimentation fields showed a coarsening trend. The
sediment in Fields 324-325 was particularly coarse. In the western fields the mud
percentage (< 53 mm) decreases below 30%, which indicates a decrease in the cohesive
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strength of the sediment. Furthermore the differences in grain size distribution, which
occurred in the spring, disappeared in the fall.

4.3.2 Large-scale morphodynamics
Morphology of channels and flats seaward of the pioneer zone
Variation was found in sedimentation rates and grain size distributions along the coast.
This may partially be the result of a difference in sediment supply. This different supply
may be caused by variation in the large-scale morphology seaward of the pioneer zone
(Janssen-Stelder, 2000a). Important aspects are the distance to the nearest channel bank,
the size and orientation of the nearest channel, the distance to the tidal inlet, the slope
and the morphology of the area seaward of the sedimentation fields. These factors were
examined (Table 4.4 and 4.5) using hydrographic maps of the Wadden Sea (Hydrographic
map, 1998). Figure 4.7 and 4.8 give a general picture of the hydrography.

Friesland field site
In Friesland, the measured sedimentation rates in fields F123-124 and F171-172 were
comparable (3 cm/0.5y). The characteristics of the large-scale morphology seaward of these
fields are also comparable and suitable for high sediment supply to the sedimentation
fields (Table 4.4 and Figure 4.7). 
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Table 4.4 - Factors influencing sediment supply for the Friesland field site

Sedimentation Sedimentation Distance to Size of nearest Orientation Slope of tidal Distance to
field rate in field channel channel of nearest flat seaward nearest tidal

(cm/0.5y) bank (m) Width (m) channel of field in inlet (km)
/depth (m) ° (*10-3)

F21-22 6 1850 200/0.3 = 667 E-W 15 13.9
F53-54 0 2850 250/2.7 =  93 E-W 8 14.2
F85-86 1 5250 750/7.0 = 107 W-E 7 14.7
F123-124 3 1600 350/6.0 = 58 N-S 14 16.1
F147-148 1.5 1750 250/4.0 = 63 W-E 7 17.4
F171-172 3 1000 200/3.4 = 59 N-S 11 18.9

Table 4.5 - Factors influencing sediment supply for the Groningen field site

Sedimentation Sedimentation Distance to Size of nearest Orientation Slope of tidal Distance to
field rate in field channel channel of nearest flat seaward nearest tidal

(cm/0.5y) bank (m) Width (m) channel of field in inlet (km)
/depth (m) ° (*10-3)

G286-287 -1 900 100/1.2 = 83 W-E 32 10
G324-325 -2 3100 150/1.1 =136 N-S 13 10
G356-357 -2 3500 100/2.4 = 42 N-S 15 10
G392-393 0 1400 500/2.7 =185 W-E 16 10
G428-249 -0.5 1500 150/1.0 =150 W-E - 12



This means almost equal distance to the nearest channel bank, almost equal size and
orientation of the nearest channel and an equal slope of the tidal flat seaward of the fields.
The sedimentation rate in the field F147-148 of 1.5 cm/0.5y was only half of the
sedimentation rate in F123-124 and F171-172. 
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The characteristics of the large-scale morphology also differ. The orientation of the nearest
channel is W-E instead of N-S and the tidal flat seaward of the sedimentation fields has a
milder slope of 7*10-3° (Table 4.4). Under these circumstances more sediment is
transported to the east than in a landward direction. 
Fields F53-54 are comparable to fields F147-148 with respect to the west-east orientation of
the nearest channel (Table 4.4). The slope of the tidal flat seaward of the sedimentation
fields is similar (7*10-3° and 8*10-3°). However, the sedimentation rates in fields F53-54 of 0
cm/0.5y were lower than the rate of 1.5 cm/0.5y in fields F147-148. The large distance of
2850 m to the nearest channel bank may have caused this low sedimentation rate. Waves
and currents have to propagate over a large shallow tidal flat before the sedimentation
fields are reached, so a larger part of the sediment is deposited on the tidal flat seaward of
the salt marshes. 

Low sedimentation rates of 1 cm/0.5y were measured in fields F85-86 (Table 4.4). The
distance to the nearest channel bank is large (>5 km). A well-developed channel bank of
over a meter in height is situated at an elevation of almost 2 m above Dutch Ordinance
Level. Distal from the channel bank, the elevation decreases again to about 1.2 m above
Dutch Ordinance Level. During rising tide, waves and currents propagate through the 7-
meter deep channel towards the east and not in the direction of the coast. At high water
when the tidal flats are submerged, much of the sediment is deposited on the channel
bank. Only a small percentage of the sediment transported within the banks of the large
channel can reach the sedimentation fields and accumulate.

High sedimentation rates of 6 cm/0.5y were measured in fields F21-22 (Table 4.4). Only a
very shallow channel of 0.3 meter deep is present seaward of the fields. These
sedimentation fields are situated directly landward of the tidal inlet between Ameland and
Terschelling, the Borndiep (Figure 4.7). The tidal divide is located in the vicinity of these
fields. At a tidal divide the current velocities from two directions meet and decrease to low
velocities. Therefore sediment can settles and accumulate at a tidal divide. During stormy
conditions this sediment is resuspended and may be transported from the tidal divide into
the sedimentation fields. Sedimentation fields F53-54 lie about 3 km east of fields F21-22,
also behind the tidal inlet, but there was no sedimentation during the measuring period in
these fields. During dominant storm surges from northwestern direction the sediment
supplied from the tidal divide could probably not reach this area. 

Groningen field site
In Groningen, the erosion rates were high with an average of –2 cm/0.5y in fields G324-
325 and G356-357, located in the centre of the study area (Table 4.5 and Figure 4.8).
Seaward of these fields the tidal flats are shallow (13-15*10-3°) and the distance to the
nearest channel is over 3000 meters. Waves have to propagate over the tidal flats before
they reach the sedimentation fields. It is likely that sediment is deposited on the tidal flats
seaward of the salt marshes rather than in the salt marshes. The erosion rate of fields
G286-287 was smaller with –1 cm/0.5y than the erosion rate of-2 cm/0.5y of fields G324-
325 and G356-357. 900 meters seaward of fields G286-287 a small channel is present. More
wave and current energy can reach the sedimentation fields and supply sediment, so less
erosion than in fields G324-325 and G356-357 occurred.
In fields G392-393 and G428-429 hardly any erosion occurred (0 to -0.5 cm/0.5y). The
large scale morphology seaward of both sedimentation fields is very similar. The distance
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to the channel bank, the size of the nearest channel and the W-E orientation of the
nearest channel are similar. The channel is located as close as 1400-1500 meters to the
sedimentation fields and waves and currents propagating through the channels can supply
sediment to the fields. 
Despite the fact that the salt marshes at the Friesland field site are accreting and the salt
marshes at the Groningen field site are eroding similar relations exist between
sedimentation rates in the pioneer zones and large scale morphology seaward of the
pioneer zones. Channels near to the salt marshes correlate with either high sedimentation
rates or low erosion rates in the sedimentation fields, depending on the study site. Low
sedimentation rates for the Friesland study case and high erosion rates in the Groningen
study case were measured when large tidal flats extent seaward from the salt marshes.

The most important factor in supplying sediment towards the coast is the presence of
tidal channels at a distance of less than 2000 m seaward of the salt marshes. Besides
supplying sediment to the coast tidal channels are responsible for eroding the bed.
However, the nearest tidal channels seaward of the study area are located at a distance of at
least 900 m from the sedimentation fields and are therefore not able to erode the pioneer
zone directly. Secondly, the size and orientation of the tidal channel is of importance.
Large channels orientated perpendicular to the coast can supply a larger amount of
sediment towards the coast than small channels with a coast parallel orientation (Table 4.4
and 4.5). When tidal flats are present seaward of the sedimentation fields, waves and
currents are slowed down towards the coast. Sediment settles on the tidal flat rather than
being transported towards the salt marshes during calm weather. During rough weather
conditions the majority of the wave and current energy is dissipated on the tidal flats
before reaching the sedimentation fields.

4.3.3 Hydrodynamics and suspended sediment concentrations

Waves
The wave data of the pressure sensors of the measuring frames collected in Friesland in
F171 and Groningen in G324 showed that wave heights depend on weather conditions.
During calm weather (0-4 Beaufort) wind-induced waves approached from any direction
and the brushwood groins had no function in breaking the waves. During rough weather
conditions (4-6 Beaufort) wind induced waves had a southwest to northeastern
orientation (Table 4.1) and the brushwood groins interrupted the wind-induced waves.

Wave heights varied along the coast of Friesland (Figure 4.9). During calm weather waves
were higher in sedimentation field F21 and during rough weather waves were higher in
sedimentation field F85, compared to the other Friesland sedimentation fields, due to low
and badly maintained brushwood groins. 
When the simultaneous measurements of the measuring frame in F171 and the portable
instruments in one other sedimentation field are compared, it appears that during calm
weather maximum wave heights of 0.09 m were measured in F21, while in F171 wave
heights did not exceed 0.04 m. In sedimentation field F85 maximum wave heights of 0.22
m were measured during rough weather, while simultaneously maximum wave heights of
0.14 m were measured in F171. For the remaining sedimentation fields F53, F123, F147, the
measured wave heights were similar to the ones measured in F171 during calm weather as
well as during rough weather.
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In Groningen wave heights also varied along the coast but the variation is less than in the
Friesland case. During calm weather there was little variation in wave height along the
coast. Only in sedimentation field G356 waves exceeded 0.08 m. During rough weather
greater wave heights (0.10 to 0.15 m) were measured in sedimentation fields G324 and G356
compared to the other Groningen sedimentation fields (0.05 m). In this part of the study
area the brushwood groins are 50 cm lower, allowing the waves to retain their height.

Summarising, brushwood groins interrupted wind-induced waves. When the weather
conditions became rougher and wave heights exceeded 0.05 m, the height and maintenance
of the brushwood groins started to influence the wave height. During rough weather
conditions the wave heights increased to 0.10-0.15 m. Within the sedimentation fields there
was a maximum wave height of 0.30 cm during extremely rough weather, which was
enforced by the brushwood groins. In sedimentation fields where the groins are low or
badly maintained, waves were able to propagate much further into the sedimentation field.
The waves retained their height instead of being forced to break by the groins. 

Current velocities
The current velocities were low (< 0.17 m/s) during calm and rough weather conditions
(Figure 4.10 and 4.11). For sedimentation fields F171 and G324 the EMF data were used to
calculate average values and standard deviations in maximum flood and ebb tidal current
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Table 4.6 - Current velocities in F171 and G324 during calm and rough weather conditions

Average and standard deviation

Calm Rough
F171
Vmax. Flood 0.10 m/s ±0.03 0.18 m/s ±0.01
Vmax. Ebb 0.08 m/s ±0.02 0.13 m/s ±0.03

G324
Vmax. Flood 0.08 m/s ±0.03 0.15 m/s ±0.04
Vmax. Ebb 0.11 m/s ±0.03 0.11 m/s ±0.01
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Figure 4.9 - Maximum wave heights during calm and rough weather conditions.



velocities during calm and rough weather conditions around spring tide. This was used to
detect variations in current velocities along the coast. The average values and standard
deviations are shown in Table 4.6.
In general, it can be stated for Friesland as well as for Groningen that during calm weather
conditions flood and ebb tidal current velocities were about 0.10 m/s. During rough
weather conditions flood tidal currents increased up to 0.18 m/s. For Friesland the ebb
tidal current velocities also increased to about 0.13 m/s but for Groningen the ebb tidal
current velocities remained similar to the ones during calm weather.

The alongshore maximum flood and ebb tidal current velocities are shown for the
Friesland study area in Figure 4.10. Part of the alongshore variation in current velocity can
be ascribed to differences in water level during the measurements but trends can be
recognised. The current velocities were higher during rough weather than during calm
weather. The eastern part of the study area (F123, F147 and F171) appeared to be
dominated by the flood tidal current. The western part of the study area (especially F21
and F85) seemed to be dominated by the ebb tidal current.

The alongshore pattern in maximum flood and ebb tidal current velocities is shown for
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Figure 4.10 - Maximum current velocities during flood and ebb tide under calm and rough weather
conditions (Friesland).
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Groningen in Figure 4.11. Along the shore there was little variation in current velocities
and the flood tidal current velocities were similar to the ebb tidal currents. The current
velocities hardly changed when weather conditions changed from calm to rough. 

Shear stress and shear strength
Shear stresses imposed on the bed by waves and currents during different weather
conditions are calculated by the formulations of Van Rijn (1990). The balance between the
shear stresses imposed on the bed and the shear strength of the bed defines the magnitude
of the erosion or sedimentation in the pioneer zone of the salt marshes. In the pioneer
zone of the Dutch salt marshes, the shear stress was dominated by the wave-induced
component. The current velocities were low and did not contribute substantially to the
shear stress. However, the current was responsible for the advective transport of the
sediment. The magnitude of the shear stress induced by waves depended on the weather
conditions and on the height and condition of the brushwood groins. 

The shear stresses determined by currents did not exceed 0.02 N/m2, even during rough
weather conditions. Shear stresses determined by waves increased substantially when the
weather conditions become rougher. During calm weather conditions, when wave heights
did not exceed 0.05 cm, the wave-induced shear stress imposed on the bed was only 0.04
N/m2. However, when wave heights increased to 0.10 cm, the wave-induced shear stress
increased to 0.16 N/m2. During rough weather, wave heights increased to 0.15 cm and the
shear stress by waves became 0.32 N/m2. When adding the shear stresses imposed by
currents and waves, the total shear stress during calm weather equalled 0.06 N/m2 and
during windy weather 0.18 N/m2. During rough weather the total bed shear stress became
0.34 N/m2.

Houwing et al. (1995) conducted bed shear strength measurements in the pioneer zone of
the Groningen salt marshes in 1995. They concluded that the average bed shear strength
equals 0.11 N/m2, except for beds containing >30% mud. The shear strength of muddy
beds is >0.25 N/m2. Kornman and De Deckere (1998) also found bed shear strengths in
the Dollard estuary in the order of 0.10-0.15 N/m2. This means that only during rough
weather conditions the wave and current induced shear stresses exceeded the bed shear
strength and erosion of the pioneer zone is likely to occur.

Suspended sediment concentrations
The amounts of suspended sediment concentrations all were < 0.7 g/l. The water sample
measurements along the coast of Groningen were compared with the MEX data that were
collected simultaneously in field G324. The results are based on eight high water
measurements, three during rough and five during calm weather conditions (Figure 4.12).
The suspended sediment concentration values were normalised in relation to the values
measured simultaneously by the MEX-sensor in order to filter out differences due to
temporal variations in suspended sediment concentrations. Two separate normalisations
were used for calm and for rough weather conditions. In fields G286, G392 and G428
lower suspended sediment concentrations were measured than the suspended sediment
concentrations in field G324 (Figure 4.12). In field G356 suspended sediment
concentrations were as high as in field G324. Low brushwood groins border fields G324
and G356. Therefore relatively high waves could develop within the sedimentation fields
and resuspend high amounts of sediment (Figure 4.12).
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A similar comparison of suspended sediment concentrations is not possible for the
Friesland field site because of the malfunctioning MEX sensor during the measuring
period in Friesland in 1997. The water sample data was not collected simultaneously in
different sedimentation fields and can therefore not be compared spatially.

4.4 Discussion
The spatial variation in erosion and sedimentation in the pioneer zone along the salt
marsh coast is difficult to explain because of the interrelations between the examined
governing factors. This hampers the study of each separate factor on the sedimentation
and erosion patterns. Therefore, field measurements were used to study a combination of
factors (sediment supply, hydrodynamic energy and brushwood groins), which helps to
understand why differences occur in salt marsh development along the coast and
determine a relative importance in the controlling factors.

The measuring period from April-November lacks the winter storm period. Despite this,
general relations between the morphodynamic behaviour in the pioneer zone and the
seaward morphology were recognised. Sedimentation rates on a time scale of 6-8 months
appear to be related to the seaward morphodynamic structure of tidal flats and tidal
channels. Whether these relations also occur at a larger time scale is treated in Chapter 6.

Measurements within the sedimentation fields were insufficient to explain spatial
variability in erosion and sedimentation in the pioneer zone. It was observed that tidal
channels with an orientation perpendicular to the coast at a distance between 900 m and
2000 m from the pioneer zone supply sediment towards the sedimentation fields. Tidal
flats directly seaward of the sedimentation fields are responsible for the dissipation of wave
and current energy and sediment may settle here instead of being transported into the
sedimentation fields. 

Besides the role of seaward morphology, the construction of the sedimentation fields affects
the sedimentation rates in the pioneer zone. The brushwood groins were built to interrupt
wind waves and stimulate sedimentation. In the summer half-year low or negative
sedimentation rates occurred in sedimentation fields with low or badly maintained
brushwood groins. Waves retain their heights in these fields and resuspension of sediment
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Figure 4.12 - Maximum suspended sediment concentrations during calm and rough weather conditions,
normalised in relation to the MEX-sensor.
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occurs. The brushwood groins interrupt the wind waves, but within the sedimentation
fields wave heights may grow in height locally during windy weather conditions (4-6
Beaufort) to heights between 0.15 m and 0.30 m. Due to the shallow water depths, the
wave induced bed shear stresses become high enough to cause erosion in the pioneer zone. 

Results from the grain size analysis show a decreasing mud content towards the East. The
same trend was found by De Glopper in 1986 and was shown in Chapter 2.2.3 (Figure
2.4). However, De Glopper (1986) describes peaks in mud content along the coast and
relates these to the seaward morphology. These distinct patterns in mud content and the
relation with seaward morphology were not found during this study.

The results from the measurements at the field sites of Friesland and Groningen are
expected to be representative for salt marsh area along the entire Wadden Sea mainland
coast. Along the mainland coast of Germany and Denmark the same constructions of
sedimentation fields are used. The results may also be extrapolated to other salt marsh
areas because in this study it was inferred that the development of salt marshes within
sedimentation fields is not isolated but plausibly related to the morphodynamic behaviour
of the area seaward of the sedimentation fields.

4.5 Conclusions
The morphology within the sedimentation fields is comparable due to the similar
constructions of the brushwood groins. Highest sedimentation rates occur east of the
drainage channels. Sedimentation rates, however, do vary along the coast. Sedimentation
fields that are located at a high elevation, have high sedimentation rates. Where
brushwood groins are badly maintained low sedimentation rates occur.

The grain size of the bed sediment is coarser in the Groningen part of the salt marshes
compared to the Friesland part. In the autumn, the mud percentage in Friesland does not
decrease below 30%, but in the western part of Groningen it does. This means that the
cohesive strength of the bed sediment decreases in Groningen during the winter.

Tidal channels located at a distance between 900 m and 2000 m from the salt marshes
with an orientation perpendicular to the coast, supply sediment to the salt marshes. Tidal
flats as well as tidal divides are sources as well as sinks of sediment.

Waves play an important role in salt marsh development when they exceed 0.06 m. In
sedimentation fields where brushwood groins are badly maintained waves are significantly
higher. Current velocities are very small and their role in salt marsh development is minor.

The interaction between sediment supply and hydrodynamic conditions, especially waves,
determines the balance between sedimentation and erosion in the pioneer zone of the salt
marshes along the mainland coast of the Dutch Wadden Sea. Alongshore differences in
hydrodynamics and sediment supply explain a large part of the alongshore variation in the
height development of the eleven sedimentation fields. Sediment supply appeared to be an
important boundary condition and is related to the geomorphology seaward of the
sedimentation fields. However, whether the sediment is deposited (when the net supply is
positive) depends on the wave conditions within the sedimentation fields. The wave
heights are influenced by the height and maintenance of the brushwood groins.

82



THE ROLE OF STORM SURGES IN SALT MARSH
DEVELOPMENT

83

5.1 Introduction
One of the conditions for salt marshes to extend seaward is that sedimentation exceeds
erosion on the upper tidal flats. The interaction between tidal currents and wind waves is
responsible for a great deal of the development of the upper tidal mudflats and salt
marshes. Small wind waves can already erode large amounts of sediment, which are
transported by the tidal currents (Anderson et al., 1981). Changes in hydrodynamic
conditions affect the balance of erosion and sedimentation processes (Janssen-Stelder,
2000b). As described in Chapter 2.4, during storm surges large amounts of sediment are
transported to and from the salt marshes. Storm surges are probably normative in salt
marsh development (Allen and Duffy, 1998; Christie and Dyer, 1998).

The aim of this chapter is to empirically quantify the effect of storm surges on the pioneer
zone and the upper tidal flats to define their role in salt marsh development along the
mainland coast of the Dutch Wadden Sea. Thereby, threshold values for wave heights in
resuspending sediment and the transport capacity of currents will be given special
attention. This process knowledge is used in Chapter 6 to explain past salt marsh behaviour
on a decadal time scale.

Brushwood groins enclose sedimentation fields of 200 by 400 m along the coast and
protect the pioneer zone of the salt marshes. Currents are interrupted by and waves break
on these brushwood groins, so relatively calm conditions occur within the sedimentation
fields. The tidal flats just seaward of the salt marshes and sedimentation fields are more
exposed, higher waves and stronger currents are expected on the mudflat compared to the
sedimentation fields. The construction of the sedimentation fields may lead to differences
in effects of storm surges on the pioneer zone compared to the mudflats.

5.2 Methods
Two measuring frames were situated in the pioneer zone of the salt marshes, one in
Friesland and one in Groningen (see Chapter 4). A third measuring frame was located on
a tidal flat just seaward of the Groningen salt marshes and sedimentation fields (Figure
5.1). A description of the measuring frames and instruments was given in Chapter 3.

Rijkswaterstaat provided actual wind and predicted water level data. Wind velocities and
directions were measured about 15 km North of the study sites. For each tide, the actual
water levels were computed from the measuring data and compared to the predicted water
levels collected near the measuring sites at Lauwersoog. The differences were a measure for
the set-up and set-down of the water level. The set-up of the water level was used to define
storm surge periods for the three measuring sites. The following characteristics of these
storm periods were studied: water level, significant wave height, current velocity, bed shear
stress, suspended sediment concentration, sediment flux and transport rate. The amplitudes
of the fluctuations within a burst were used to calculate the significant wave height (H1/3). 
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Figure 5.1 - Measuring sites in the Friesland and Groningen Wadden Sea area. Measuring frames 1 and 2
are located in the pioneer zone of the salt marshes in Friesland and Groningen and measuring frame 3 is
located on a tidal flat just seaward of the Groningen salt marshes.

The mean current velocity and the mean suspended sediment concentration of each burst
measured by the current meters and the turbidity sensors were multiplied to calculate
sediment fluxes. Because of the very fine sediment (<53 mm) in the study area, the majority
of the sediment is transported in suspension. Therefore the flux was integrated over the
water depth to calculate the transport rate. The assumption of the sediment flux being
constant in the water column was used to eliminate the water level differences between the
sites. To estimate erosion thresholds, the wave (τb, w) and current (τb, c) induced bed shear
stresses were calculated using H1/3 and the mean current velocity following the approach of
Van Rijn (1990; Chapter 3).

5.3 Results
5.3.1 Meteorological conditions and hydrodynamics
The predicted and actual maximum water levels at the three measuring sites are shown in
Figure 5.2. Periods of set-up and set-down of the water level occurred. For each site 11
flooding periods, in which a considerable set-up of the maximum water level occurred,
were selected as storm surge period (circles in Figure 5.2). Water level, wave height,
current velocity and suspended sediment concentrations were examined extensively for the
entire period (11 flooding periods) and at a smaller scale, within the tide (1 flooding
period). For the analyses within the tide, example tidal curves of the following dates were
used; Friesland pioneer zone: 13th of April, Groningen pioneer zone: 15th of September and
Groningen mudflat: 28th of October (Figure 5.2).

During the selected storm surge period in April 1999 in the pioneer zone of the Friesland
site, average wind velocities of 11.5 m/s occurred with maximum velocities up to 16 m/s
from a southwest to western direction. An average set-up of the water level of 0.30 m
occurred. The maximum set-up was 0.90 m (Figure 5.2). 
During the selected storm period in September 1998 in the pioneer zone of the Groningen
site, average wind velocities were 10.5 m/s with maximum velocities of 17 m/s from a
western direction. The average set-up of the water level was 0.50 m and the maximum set-
up was 1 m (Figure 5.2). 



During the storm period in October 1998 on the tidal flat seaward of the Groningen salt
marshes, average wind velocities were 14.5 m/s with maximum velocities up to 23 m/s
from a western direction. An average set-up of 1 m occurred. The maximum set-up was
1.70 m (Figure 5.2).

For the selected storm periods in the three sites (Friesland pioneer zone, Groningen
pioneer zone and Groningen mudflat), the hydrodynamics are shown in Figure 5.3. In the
Friesland and Groningen pioneer zone the storm surge periods were comparable (Figure
5.3). The difference between the maximum and minimum water high tide level was 0.75
m for both sites. Peaks in the wave height occurred simultaneously with peaks in the water
depth (Figure 5.3). The maximum wave height was similar with values of 0.27 m for
Groningen and 0.21 m for Friesland. 

On the mudflat the average maximum water level in the selected storm period was more
then twice as high as in the pioneer zone of the salt marshes. The difference in water level
was caused by the lower elevation of the mudflat compared to the elevation of the pioneer
zones. On the mudflat, the difference between the maximum and minimum water level
was 2.00 m. 

The relative wave height (H1/3/h) was used to compare the different sites and H1/3/h was
similar for all three sites, which means that waves had a similar ability for eroding the bed.
For the Groningen marsh site and the Groningen mudflat site the average relative wave
height was 0.11 and for the Friesland marsh site it was 0.09.
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In Figure 5.4 examples of water levels and wave heights within the tide are shown. During
flooding tide, the wave height increased gradually with increasing water levels and
maximum wave heights occurred around high water. Within the tide, relative wave heights
were almost constant at a level of 0.15 for the mudflat site (Figure 5.4). In the pioneer zone
of Friesland and Groningen relative wave heights were almost constant around high water
at a level of 0.20. However, during ebbing tide when water levels dropped below 0.75 m,
wave heights decreased rapidly and the relative wave heights decreased to less then 0.10. 

In the pioneer zone as well as on the mudflat a linear relation existed between water depth
and significant wave height (Figure 5.5). This means that the water depth restricts the
wave heights in the pioneer zone as well as on the tidal flat. The pioneer zone is located
within sedimentation fields, but the brushwood groins do not influence the significant
wave height when they are below 0.30 m. The water depth can exceed 1.20 m in the
pioneer zone, but waves do not increase above a height of 0.30 m due to the presence of
the brushwood groins.

The ebb current velocities showed a stable pattern for the three sites considering the storm
period (Figure 5.3). The current velocity did not seem to react to changes in the water
depth. In the pioneer zone of Friesland and Groningen, the average ebb current velocity is
respectively 0.12 ± 0.04 and 0.13 ± 0.03 m/s. The average values as well as the minimum
and maximum values of the current velocities were similar for the Friesland and
Groningen pioneer zone. For the Groningen mudflat site the current velocities were
higher with an average of 0.27 ± 0.04 m/s. Even though the brushwood groins of the
sedimentation fields are submerged during storm surges, they are still able to considerably
reduce the tidal current in the pioneer zone. 
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Within the tide (Figure 5.6), the current velocities gradually increased with flooding tide
for the Groningen mudflat site. Due to the set-up of the water level, the ebbing tide lasts
longer than the flooding tide and current velocities stayed at a high average value of 0.22
m/s. In the Groningen pioneer zone, the current velocities were quite stable within the
tide, around 0.12 m/s. In the Friesland pioneer zone there were peaks of 0.20 m/s in
current velocity at the start of the flooding tide and at the end of the ebbing tide.

Summarising, hydrodynamic characteristics during storm surge periods were very similar
for the pioneer zones of Friesland and Groningen, during the entire selected storm surge
period as well as within the tide. Therefore, these two sites are furthermore combined to
examine the effect of storm surges on the pioneer zone. Effects on the pioneer zone will be
compared to the mudflat, where a storm surge period had different hydrodynamic
characteristics, with higher water depths, longer flooding periods and higher current
velocities.

5.3.2 Shear stresses and shear strengths
The magnitude of the shear stress due to the combination of waves and currents is
important with regard to the sediment entrainment process, because it determines the
potential for resuspension (see Chapter 4). Waves are mainly responsible for bringing
sediment in suspension and the direction of the suspended sediment transport is mainly
in the direction of the velocity vector. During flooding tide, the current direction was in a
south-south-eastern (onshore) direction. During ebbing tide, the current direction was
north-northwest (offshore). The predominant wind directions from southwest to west
influenced the current directions. 

The wave and current induced shear stresses were calculated for the entire selected storm
periods and within the tide for the pioneer zone and the mudflat. The bed shear stresses
and water depths are presented in Figure 5.7 and 5.8 and the average values are shown in
Table 5.1. The bed shear stress values shown in Figure 5.7 were calculated with maximum
water levels, H1/3 at maximum water level, maximum ebb tidal velocity. Therefore, these
bed shear stress values represent the maximum values for each tide.

Overall, the shear stress calculations show that the wave-induced shear stress was the
dominant part of the total shear stress (Table 5.1). On the mudflat the contribution of the
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Figure 5.6 - Current velocity within the tide for the three measuring locations.



wave-induced shear stress was more than five times larger than the current induced shear
stress. Peaks in total shear stress occurred simultaneously with peaks in the water depth,
because of the linear relation between water depth and wave height. This occurs in the
pioneer zone as well as on the mudflat (Figure 5.7). Two obvious threshold values were
derived. The shear stress suddenly increased up to 0.20 N/m2 when water depths
increased above 0.75 m. This increase was especially obvious in the pioneer zone. Another
rapid increase in shear stress occurred when water depths exceeded 1.75 m. This increase
was the result of large wave-induced bed shear stresses (greater than 0.60 N/m2). The
second threshold is only valid on the mudflat because in the pioneer zone the water depth
did not exceed 1.75 m due to the higher surface elevation. When the water depth exceeded
2.50 m on the 25th of October, the shear stress did not increase. This is caused by a
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Table 5.1 - Average shear stresses due to waves and currents according to the formulations of Van Rijn (1990)

τw (N/m2) τc (N/m2) τw,c (N/m2)

Pioneer zone 0.11 0.01 0.12
Upper mudflat 0.38 0.07 0.45

Figure 5.7 - Maximum bed shear stress in relation to the water depth during the storm periods for
measuring locations Groningen pioneer zone and Groningen mudflat.
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decrease in wave height (Figure 5.3). The wind-waves reacted instantaneously to a decrease
in wind speed, whereas the set-up of the water level reacted with a time lag. 

In Figure 5.8 the bed shear stresses during the tides are shown. In the pioneer zone the bed
shear stress was highest at high water. This was mainly caused by the contribution of the
wave-induced part of the shear stress. On the mudflat, the bed shear stresses stayed high
during ebbing tide due to the large ebb tidal current velocities. Approaching low water the
shear stresses decreased due to shallow water depths and decreasing wave heights and
current velocities.

5.3.3 Suspended sediment concentrations and sediment fluxes
Maximum values for suspended sediment concentrations in the pioneer zone and on the
upper mudflat are given in Figure 5.9. During the storm periods, the suspended sediment
concentration increased when the set-up of the water level increased (Figure 5.2 and 5.9).
Peaks in the concentration simultaneously occurred with peaks in the water depth and
bed shear stress (Figure 5.7 and 5.9). When water depths exceeded 0.75 m, wave heights
increased to 0.20 m and bed shear stresses increased to 0.20 N/m2. Then peaks in
suspended sediment concentrations were found (up to 1 g/l in the pioneer zone).
Therefore at that threshold, erosion of the pioneer zone and mudflat commences. 

Waves are responsible for resuspending sediment. In Figure 5.10 the relation between
suspended sediment concentration and significant wave height is shown. In the pioneer
zone it is clear that when wave heights increased, suspended sediment concentrations
increased (R2 = 0.82). This means that sediment was mainly suspended in-situ by waves.
There is some advective transport of sediment shown by the scatter in the diagram.
Concentrations did not exceed values of 1 g/l, which can therefore be defined as the
saturated concentration during these storm conditions. On the mudflat, concentrations
also increased with increasing wave heights, but the relation is not as clear as in the
pioneer zone (R2 = 0.53). This means that on the mudflat sediment more sediment was
advectively transported. Due to the presence of the brushwood groins in the pioneer zone,
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Figure 5.9 - Suspended sediment concentrations in relation to water depth during the events for measuring
locations Groningen pioneer zone and Groningen mudflat. Note: For the mudflat site, the values for
suspended sediment concentrations are given in mV instead of g/l because there were problems calibrating
the OBS-sensor. A linear relation of the OBS-output and the concentration in gl-1 is assumed.
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the current was interrupted and advective sediment transport was obstructed. On the
mudflat where measured current velocities were more than twice as high compared to the
pioneer zone more advective sediment transport could take place. 

Due to the presence of advective sediment transport, the suspended sediment con-
centrations within the tide are not only the result of hydrodynamic conditions at the
measuring locations. Consequently, there is no use in describing the suspended sediment
concentration and sediment fluxes within the tide for the pioneer zone and mudflat
measuring locations.

The net sediment flux and transport rate for the pioneer zone and mudflat are shown in
Figure 5.11. Positive values represent a net sediment flux in the onshore direction; negative
values represent a net sediment flux in the offshore direction. Onshore-directed peaks in
the net sediment flux and net transport rate occurred in the pioneer zone when maximum
water depths were below 0.75 m. At maximum water depths around 1.50 m, onshore-
directed peaks occurred on the mudflat. Offshore-directed peaks occurred when water
depths exceeded 0.75 m and wave heights increased up to 0.20 m. This was especially
obvious in the pioneer zone. When the water depth exceeded 1.75 m on the mudflat and
wave heights reached values of 0.40 m. At that point, offshore-directed peaks occurred in
the net sediment flux and net transport rate. 

The influence of the waves on the net sediment flux is shown in Figure 5.12. In the
pioneer zone net sediment fluxes were around zero or positive when significant wave
heights were below 0.20 m. When significant wave heights exceeded 0.20 m, net sediment
fluxes became negative, which means that offshore-direction transport of sediment
occurred. On the mudflat the same threshold of 0.20 m generated a large increase in the
offshore-directed net sediment flux (Figure 5.12). 

However, when water depths further increased and significant wave heights became larger,
more sediment was advectively transported to the mudflat and the relation between
significant wave height and net sediment flux was affected.
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Figure 5.10 - Linear relation between significant wave height and suspended sediment concentration for the
Friesland and Groningen pioneer zone and the mudflat.
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Figure 5.12 - Relation between wave height and sediment flux.
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Figure 5.11 - Net sediment fluxes and net transport rates calculated for the storm periods at measuring
locations Friesland pioneer zone and Groningen mudflat. Note: Because one of the OBS-sensors could not
be calibrated only the direction of the fluxes is considered. Therefore, no flux-units are displayed.

W
at

er
 d

ep
th

 (m
)

3

2.5

2

0

1.5

1

0.5

0.6

-0.6

0

-1.2

-1.8

0.4

0

0.2

-0.2

-0.4

W
at

er
 d

ep
th

 (m
)

1.2

1

0.8

0

0.6

0.4

0.2

Date

06/04 07/04 13/04 14/0411/04 12/04

Fl
ux

Fl
ux

Date

25/10 26/10 29/10 30/1027/10 28/10

onshore

offshore

onshore

offshore

Net flux

h max.

Net transport rate

Groningen mudflat

Sediment Fluxes

Friesland pioneer zone

Sediment Fluxes



Summarising, the wave height was linearly related to the water depth. Furthermore, the
wave-induced component dominated the total shear stress. Therefore, the bed shear stress
increased when water depth increased. During the storm surge periods, the bed shear stress
rapidly increased up to 0.20 N/m2 at a threshold value of a water depth of 0.75 m. Then
the suspended sediment concentrations increased up to 1 g/l, and erosion of the sediment
bed occurred. When wave heights exceeded 0.20 m, offshore-directed net sediment fluxes
and transport rates occurred so sediment was transported away from the pioneer zone. On
the mudflat, a second erosion threshold was found when water depths exceeded 1.75 m and
bed shear stresses suddenly exceeded 0.6 N/m2. This induces offshore-directed net
sediment fluxes and transport rates and sediment transport away from the mudflat. At that
point advective sediment transport occurred due to large water depths inducing sediment
transport towards the mudflat and therefore decreasing the net offshore sediment flux. 

5.4 Discussion
An important difference of storm surge effects on the pioneer zone compared to the
mudflat is caused by the presence of brushwood groins in the pioneer zone. The
brushwood groins interrupt the currents and thus obstruct advective sediment transport.
In the pioneer zone, the main portion of the sediment was suspended in-situ and
transported offshore during storm surges by tidal currents. On the mudflat more advective
sediment transport occurred. Because sediment is also supplied to the mudflat area from
the pioneer zone, net offshore-directed sediment transport flux became smaller.

Threshold values of water depths less than 0.75 m were found to cause onshore-directed
peaks in sediment transport. On the mudflat onshore-directed peaks also occurred around
water depths of 1.50 m. Two threshold values for erosion were found in the pioneer zone
and on the mudflat at water depths of 0.75 m and 1.75 m. The exceedence frequency of
these thresholds can be used as an indicator for offshore-directed sediment transport.
When the exceedence frequency increases through time, erosion effects are expected. 

The measurements showed that the net effect of storms on mudflats and in the pioneer
zone is an offshore-directed sediment flux. However, at the start of the storms an onshore-
directed sediment transport is measured. It depends on the severity of the storm whether
the effect is net erosion or deposition. The above-mentioned thresholds can be used to
identify the dominant process. The literature that was discussed in Chapter 2.4 showed
ambiguous results concerning the net effect of storm surges. Apparently there was a
variety in the severity of the storms examined during the different researches. The present
study provided threshold values for net onshore and net offshore-directed sediment
transports. However, the results of these measurements are restricted to the mudflat and
pioneer zone. The effects on salt marsh itself were not encountered. In Chapter 6 the
meso scale effects of storms on the sediment balance of the entire salt marsh, including
the pioneer zone and upper mudflats, will be examined.

5.5 Conclusions
During storm surge periods hydrodynamic characteristics were very similar for the pioneer
zones of Friesland and Groningen, during the entire storm surge period as well as within
the tide. Effects on the pioneer zone were compared to the mudflat, where a storm surge
period had different hydrodynamic characteristics, with higher water depths, longer
flooding periods and higher current velocities.
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Threshold values of water depths less than 0.75 m in the pioneer zone and around 1.50 m
on the mudflat were found to cause onshore-directed peaks in sediment transport. Two
threshold values for erosion were found to describe effects of storm surges on the pioneer
zone and mudflat. When water depths increase to 0.75 m, wave heights increase to 0.20
m, bed shear stresses increased to 0.20 N/m2 and suspended sediment concentration
reached values of 1 g/l. Then offshore-directed net sediment fluxes and transport rates
occurred so sediment was transported away from the pioneer zone and mudflat. The
second threshold was only valid for the mudflat because water depths in the pioneer zone
do not exceed 1.50 m. When water depths exceeded 1.75 m on the mudflat, wave height
reached values of 0.40 m and bed shear stresses exceeded 0.6 N/m2. This also induced
offshore-directed net sediment fluxes and transport rates and sediment transport away
from the mudflat. 

In the pioneer zone the sediment is mainly suspended in-situ by wave action, whereas on
the mudflat advective processes influenced the net sediment transport. Despite the
advective transport, the net sediment transport was directed offshore during storm surges
in the pioneer zone as well as on the mudflat, so net erosion of the areas occurred.

During storm surges, the net offshore sediment transport is greater on the mudflat in
front of the pioneer zone of the salt marshes than in the pioneer zone itself. The mudflat
is flooded for a longer period of time and greater water depths occurred. The combination
of in-situ erosion and advective transport resulted in more net offshore sediment
transport.
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SALT MARSH DEVELOPMENT ALONG THE 
MAINLAND COAST OF THE DUTCH WADDEN SEA
FROM 1965 UNTIL PRESENT
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6.1 Introduction
6.1.1 General introduction
Quantitative analyses of long-term salt marsh behaviour can contribute to a better
understanding of the behaviour. Thereby, an understanding of the processes at a smaller
scale is needed and therefore the process knowledge of Chapters 4 and 5 is integrated in
this chapter. In the long-term analysis, data concerning the entire salt marsh, the pioneer
zone and part of the upper mudflats is studied. A temporal and spatial variation in erosion
and sedimentation patterns and salt marsh growth curves are used to describe salt marsh
development. Temporal and spatial variation in wind, water level, wave height and
morphology determine salt marsh development and can therefore be used to explain the
salt marsh development. Long-term data sets of Rijkswaterstaat (Department of Public
Works and Water Management) were used to study salt marsh behaviour along the Dutch
mainland salt marshes from 1965 until present. 

The main objective of this chapter is to explain past decadal salt marsh behaviour along
the mainland coast of the Dutch Wadden Sea in order to gain knowledge about long-term
salt marsh behaviour. 

6.1.2 Development of the study area
Land reclamation over the last four centuries and enclosures have straightened the
mainland coast of the provinces of Friesland and Groningen in the eastern Dutch Wadden
Sea. Most of the natural embayments are closed and the natural development of the salt
marshes has stagnated. Presently, the growth of the salt marshes is slow and only occurs
under controlled conditions in several areas along the mainland coast, especially in the
north of the provinces Friesland and Groningen (Figure 1.1). Before 1900, small dams and
drainage channels were constructed to stimulate salt marsh accretion in order to reclaim
land along the mainland coast of the Dutch Wadden Sea. However, at the beginning of
the 20th century this method hardly resulted in new marshes (Dijkema, 1987). Around
1935, the government started constructing brushwood groins and subsequently created
sedimentation fields to stimulate salt marsh development along the mainland coast on a
large scale (tens of km). Most of the present mainland salt marshes are the result of these
activities (Dijkema, 1987b). The location of sedimentation fields is shown in Figure 1.1.
Channels were dug in the vegetated part of the salt marsh and the pioneer zone to regulate
the drainage (Kamps, 1962; Dijkema et al., 1990). Initially, in the first four years after the
completion of the construction of sedimentation fields, high sedimentation rates
occurred. Afterwards accretion rates decreased and from 1978 on, the seaward extension of
the salt marshes has stopped. This development can probably be ascribed to a rise in the
mean high water level from 1978 to 1983 of 0.44 cm/y (Dijkema et al., 1990; Dijkema et
al., 1995). Presently, despite a continuing rise in sea-level, the extent of the salt marsh area
is steady due to stabilisation in mean high water level, a better maintenance of the
brushwood groins, and a decrease in size of the sedimentation fields (Chapter 3.2).
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6.2 Methods
The long-term height data set of Rijkswaterstaat consists of elevation data collected from
1965 until present. The data is collected in 27 locations along the mainland coast with the
dike as a landward boundary and the most seaward brushwood groin as the seaward
boundary. This means that the entire salt marsh, the pioneer zone and part of the upper
tidal mudflat are included in the data set. This data set was used for interpolation in
PCRaster (see Chapter 3.5.2). In the dynamic modelling module of PCRaster, elevation
maps of subsequent years were subtracted to calculate temporal and spatial accretion and
erosion surfaces (m2), volume changes (m3) and seaward extension (% of total measured
area). With PCRaster, maps with areas above and below 0 m NAP (Dutch Ordinance
Level) of the height difference maps were calculated to determine the size of the erosion
and accretion surfaces per 5 years. Volume changes were calculated by multiplying the
erosion and accretion surfaces with the average height change of these surfaces. Erosion
volumes were subtracted from accretion volumes to attain net changes of volume over the
area. The area above 1 m NAP (Dutch Ordinance Level) was used to calculate the seaward
extension of the vegetated salt marsh. According to Dijkema et al., 1990, the 5% cover of
Puccinellia maritima determines the salt marsh edge. In general, this corresponds with a
height of NAP + 1m. 

Two digital hydrographic maps were available to calculate changes in morphology of the
Wadden Sea in time. The first map comprises data from 1986-1990 and the second map
includes data from 1992-1995. By subtracting these maps in PCRaster a map of differences
was calculated and changes in morphology were analysed. 

Wind and water level data were available from a station in Lauwersoog (Figure 1.1) from
1971-1998. From these wind data the average wind speed was calculated for each
measuring year. Furthermore, the top 10% of the wind speed was used as a measure for
storm frequency and strength. From the high water level data the average, maximum and
top 10% were calculated for each measuring year. Moreover, the high water levels during
the storm days (determined by the wind data, see Chapter 6.3.1) were calculated and used
as a measure for storm surge levels.

A wave model (SWAN) was used to calculate water depths and wave patterns during a
storm along the salt marsh coast. At the sea dike of the mainland coast of the Wadden Sea,
the spectral parameters (e.g. water depth, significant wave height and wave period) were
calculated during a storm. 

6.3 Results
6.3.1 Morphological development of the mainland salt marsh coast between 1965 and 1995

Accretion and erosion patterns
For the Friesland and Groningen salt marsh areas surface changes (m2) and volume
changes (m3) between 1965 and 1995 from the sea dike up to the seaward side of the
brushwood groynes are shown in Figure 6.1. The values shown are instantaneous values.
For both locations the figures show that the surface where accretion occurs is always larger
than the surface where erosion occurs. This implies that the total salt marsh area
(including the pioneer zone) has been growing since 1965. For the Friesland salt marshes
the figures show that from 1965-1975 and from 1985-1995 the accretion surface was
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approximately 15 km2. The erosion surface was smaller than 4 km2 over the same periods.
Between 1975 and 1985 there was a decrease in accretion surface to 12 km2 and an increase
in erosion surface to 8 km2. For the Groningen salt marshes the figures show that from
1965-1980 the accretion surface was approximately 24 km2 and the erosion surface was
around 4 km2. After 1980 the accretion surface decreased to 19 km2 and the erosion
surface increased to 9 km2. 

The volume of the salt marshes has increased between 1965 and 1995 (Figure 6.1). In the
Friesland salt marshes the accretion (volume change) was decreasing from 1965 until 1985
and was especially low between 1970 and 1985. After 1985 the accretion increased. For the
Groningen salt marshes the accretion decreased in the period 1965-1975. Afterwards the
accretion recovered but from 1980-1990 the accretion decreased again. By 1995 a small
increase in volume change occurred.

The area of the vegetated salt marsh is shown in Figure 6.2 as a percentage of the total
measurement area. The measured area extends in seaward direction as far as the most
seaward brushwood groin that borders the area of sedimentation fields. The boundary of
the vegetated area corresponds with a height of NAP + 1m. From Figure 6.2 it appears that
the vegetated salt marsh area of Friesland almost linearly grows in time. The Groningen
vegetated salt marshes show an asymptotic growth. A second-degree polynomial trend was
fitted through the data of Groningen and those of Friesland to calculate the following
growth curves:
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Figure 6.1 - Erosion and accretion surfaces (top) and net volume changes (bottom) between 1965 and 1995.



Friesland: y = -0.006x2 + 1.69x – 71.2 (R2 = 0.990)
Groningen: y = -0.025x2 + 4.66x – 186.1 (R2 = 0.995)

In the Friesland salt marsh area, accretion surface and accretion volume have recovered
over the last ten years whereas in the Groningen salt marsh area, accretion surface and
volume changes have remained stable. Similar conclusions can be drawn upon the salt
marsh growth results. The salt marsh surface is still growing almost linearly in Friesland
whereas the salt marshes grow asymptotically and show growth stagnation after 1985 in
Groningen.

Wind and water levels
In Figure 6.3 the average and top 10% of the wind speed from southwest to northeast is
shown for the period 1971-1998. Until the mid eighties there is a small increase in wind
speed. Despite this increase there are no large standard deviations in the average top 10%
wind speed (11.3 ± 0.7 m/s). All measuring days with a wind speed over 11.3 m/s were
selected to calculate the number of storm days per year. This is also shown in Figure 6.3. A
trend of an increase in number of storm days through time is visible until 1983, despite the
large variation in number of storm days between 1971 and 1998.
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Figure 6.3 - Average and top 10% wind speed (A) and number of storm days (B) between 1971 and 1998 in
Lauwersoog. 1990 is defined as the storm year.
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The average and top 10% of the high water levels for the period of 1971-1998 are shown in
Figure 6.4. There is an increasing trend in high water level over the period of 1971-1983.
Despite the increase in the first period, the top 10% of the high water levels for the entire
period does not show high standard deviations. The average of the top 10% high water
levels of all measuring years is 1.40 ± 0.07m. 

The combination of high wind speeds and high water levels define a storm surge.
Comparable trends appear in wind speed from a southwest to northeastern direction and
high water level variations. Winds induce a set-up of the water level almost
instantaneously due to the shallowness of the Wadden Sea. The correlation between the
top 10% of the wind speed and high water levels was calculated and is shown in Figure
6.5. When the top 10% of the wind speed increases the top 10% of the high water levels
also increase. The correlation R2=0.63 is significant at a 5% confidence interval. The
correlation coefficient is only 0.63 due to the fact that average values per year of the top
10% of the wind and high water levels were used, instead of time series.

Long term effects of storm surges on salt marsh development
An increase in storm surge levels characterises the period from 1971 until 1983 (Figure 6.3B
and 6.4). This coincides with a period in which the erosion surface increases, the accretion
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Figure 6.5 - Correlation between the top 10% wind speed and top 10% high water levels.
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surface decreases and the changes in volume decrease in the Friesland salt marshes (Figure
6.1). When the storm surge levels increase, the salt marshes are flooded more often and
due to the high turbulence in the water, less of the supplied sediment can be deposited or
even erosion can occur. No net erosion takes place, shown by an increasing salt marsh
volume, but accretion occurs at a lower rate. In Groningen the same effect is recognised
with a delay in time of five years relative to Friesland. 

The storm surge levels decrease and stabilise after 1983. This coincides with a recovery of
the accretion surface and the volume changes and a decrease in erosion surface in the
Friesland salt marshes. When the storm surge levels decrease, the turbulence during the
flooding of the salt marshes decreases and more sediment can settle. This results in an
increase in net accretion rate. In the Groningen salt marshes the size of accretion and
erosion surfaces stabilises after 1983 but does not recover. The volume changes keep
decreasing until 1990. 

In summary, the results show different effects of storm surges on the long-term salt marsh
development in Friesland and Groningen. The causes of this different salt marsh
behaviour along the mainland coast of the Wadden Sea will be treated in the discussion of
this chapter. 

Short term effects of storm surges on salt marsh development
The effects of specific calendar years with high storm surge levels on salt marsh
development were studied. The water levels during the storm days were averaged for each
measuring year (Figure 6.6). Five years with high storm surge levels were selected as storm
years and shown in Table 6.1.

Effects of these storm years, followed by calm years (see Figure 6.4), on the salt marsh
morphology were analysed and the same patterns appear. The year 1990 is used as an
example to treat these patterns. In this year, 31 storm days occurred with an average wind
speed of 12.2 m/s in combination with an average high water level during the storm days
of 2.06 m. These values are high compared to the average amount of 16 storm days per
year, the average top 10% of the wind speed of 11.3 m/s and the average high water level of
1.75 m during storm days for all years. 
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Figure 6.6 - Average and maximum water levels during storm days between 1971 and 1998. 1990 is defined
as the storm year.
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In Figure 6.7 the accretion and erosion surfaces are shown before, during and after the
storm year of 1990. Both salt marsh areas of Friesland and Groningen showed the same
patterns. At the beginning of the storm year the accretion surface decreased and the
erosion surface increased. The decrease in accretion surface is 8.7% in Friesland and 3.1%
in Groningen. The increase in erosion surface is 139.2% in Friesland and 4.0% in
Groningen. During and at the end of the storm year the accretion surface started to
increase and the erosion surface started to decrease. The increase in accretion surface was
6.7% in Friesland and 14.6% in Groningen. The decrease in erosion surface is 17.7% in
Friesland and 17.8% in Groningen. Two years after the storm year the accretion and
erosion surfaces approximately returned to the state prior to the storm year. For Friesland
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Table 6.1 - Five years with a large number of storm days, high average wind speed and high average high
water levels during the storm days

Number of storm days Top 10% wind speed Average high water 
level during storm days

1977 20 11.8 1.98
1981 22 11.5 1.90
1983 27 12.2 1.86
1990 31 12.2 2.06
1994 22 12.1 1.82

Figure 6.7 - Erosion and accretion surfaces (top) and net volume changes (bottom), before, during and after
the storm year of 1990.

Friesland
Erosion and accretion surfaces

Groningen

Accretion Erosion

24

20

16

0

8

12

4

24

20

16

0

8

12

4

Friesland Groningen

Net volume changes

500000

0

-1000000

1000000

500000

0

-500000

vo
lu

m
e 

(m
 )3

1000000

-1000000

-500000

Su
rf

ac
e 

(k
m

 )

Su
rf

ac
e 

(k
m

 )

vo
lu

m
e 

(m
 )3

2 2

Time (y)

1989 1990 1991 19931992

Time (y)
1989 1990 1991 19931992

Time (y)
1989 1990 1991 19931992

Net volume change

Time (y)

1989 1990 1991 19931992



the accretion surface was 16 km2 and the erosion surface was 4 km2 and for Groningen the
accretion surface was 19 km2 and the erosion surface was 12 km2.

The net changes of the volume also showed the same pattern for the Friesland and
Groningen salt marshes (Figure 6.7). At the start of the storm year there was a decrease in
volume change. This means that there was less accretion than before the storm year. The
decrease in accretion is 25.5% in Friesland and 45.5% in Groningen. During the storm
year there was an increase in volume change, so more accretion took place. This accretion
is almost twice as high as before the storm year. The year after the storm year, there is a
decrease in volume change resulting in less accretion. The decrease is 62.9% in Friesland
and 76.3% in Groningen. Two years after the storm year there is another increase in
volume change, resulting in more accretion. This accretion is more than twice as high as
before the storm year in Friesland and even almost three times as high in Groningen. Two
years after the storm both salt marsh areas have been recovered. The above-described
patterns of volume changes are comparable but there is an important difference between
the development of the Friesland and Groningen salt marsh areas as a result of a storm
year. In the Friesland salt marshes, there is a decrease in volume change but negative
values are never reached, whereas in the Groningen salt marshes from the start of the
storm year and in the year after the storm year show negative volume changes. This means
that in the Friesland salt marshes net accretion continues despite of a storm year whereas
in the Groningen salt marshes net erosion occurs. 

The results show that a storm year has a temporarily negative influence on salt marsh
development, because it causes a decrease in accretion or even erosion at the start and in
the year after the storm year. In the Groningen salt marshes there is a delicate balance
between the accretion volume and the erosion volume. As a result of a storm year this
balance becomes negative and erosion occurs. The Friesland salt marshes, which have a
more stable positive accretion balance, show continuous accretion despite the storms in
1990. Both salt marsh areas return to the initial state after some years, which has a positive
accretion balance.

The development of the vegetated salt marsh is shown in Figure 6.8. The storm year 1990
lead to net growth of the vegetated salt marsh in the Friesland salt marsh area. There is no
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Figure 6.8 - Development of the Friesland and Groningen vegetated salt marsh areas, before, during and
after the storm year of 1990.
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net effect of storm year on the vegetated salt marsh in the Groningen salt marshes. These
patterns agree with the almost linearly growth of the vegetated salt marsh in Friesland and
the growth stagnation after 1985 in Groningen (Figure 6.2). It is remarkable that the long-
term trend of accretion is not permanently disturbed by periods of stormy years.

6.3.2 Morphological development within the Friesland and Groningen part of the salt marsh
coast between 1965 and 1995

Accretion and erosion patterns
Besides general temporal changes in accretion and erosion surfaces and volumes, variation
in salt marsh development occurs within the study areas of Friesland and Groningen. The
height development within the Friesland salt marshes between 1965 and 1995 is shown in
Figure 6.9. The net erosion and accretion patterns that appear showed hardly any net
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Figure 6.9 - Height development of the Friesland salt marshes 1965-1995. See Figure 1.1 for location of 
the area.
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Figure 6.10 - Height development of the Groningen salt marshes 1965-1990. See Figure 1.1 for the location of
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erosion in this period for the Friesland salt marshes. Furthermore, the accretion increased
in the direction of the lower and middle marsh. The Friesland salt marsh coast was
divided in four areas considering the accretion patterns. Accretion and erosion surfaces
and height changes in these areas are shown in Table 6.2.

Between 1965 and 1995, the accretion surface (Table 6.2 and Figure 6.9) decreased in an
eastern direction. However, in the east (area F4), the accretion surface still covered 89% of
the salt marsh. The accretion and erosion rates are low with values between 0.05m and
0.27m over a period of 30 years. In the western part of the Friesland (area F1) salt marshes
have accreted with 0.70 m between 1965 and 1995. Salt marsh development in the central
and most eastern part of Friesland (area F2 and F4) is comparable with accretion rates of
0.27 and 0.20 m and erosion rates of 0.03 and 0.06 m between 1965 and 1995. But the
area in which erosion occurred is larger in the east compared to the central (11% versus
1%). In between the central and eastern part of the Friesland salt marshes (area F3) there is
an area with a higher accretion rate of 0.34 m, bordered by areas that have eroded at a rate
of 0.07 m between 1965 and 1995. 

The height development of the Groningen salt marshes is shown in Figure 6.10. Height
differences could only be calculated between 1965 and 1990. Due to a lack of
measurements after 1993, the last period of five years was left out of the analysis. More and
larger areas of net erosion appear in the Groningen salt marshes between 1965 and 1990,
compared to the Friesland salt marshes. 

Furthermore, the accretion increased towards the lower and middle marsh in areas G1, G2
and G4, but decreased towards the lower and middle marsh in area G3. The Groningen
salt marsh coast was divided in four areas considering the accretion patterns. Accretion
and erosion surfaces and height changes for these areas are shown in Table 6.3.

There was a large variation in accretion and erosion surface percentages along the Groningen
salt marsh coast from 1965 to 1990. In the most western and most eastern area (area G1 and
G4) respectively 55% and 70% of the area has eroded at a rate of 0.12 m. In the accretion
area of area G1 and G4, the accretion rates were low with values of 0.17 and 0.14 m,
compared to area G2 and G3, which have accretion values of 0.27 and 0.23 m. 
The accretion surfaces in area G2 and G3 were very large with values of 99.5% and 92%.
The erosion rates were similar for area G2 and G3 with values of 0.05 and 0.06 m. The main
difference between area G2 and G3 is the cross-shore accretion pattern. In area G2 accretion
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Table 6.2 - Accretion, erosion surfaces and height changes in the Friesland salt marshes between 
1965 and 1995

Erosion surface Erosion rate Accretion surface Accretion rate 
(in %) (m/30y) (%) (m/30y)

Area F1 0 0 100 0.70
Area F2 1 0.03 99 0.27
Area F3 4 0.07 96 0.34
Area F4 11 0.06 89 0.20



increased towards the lower and middle marsh, whereas in area G3 accretion decreased
towards the lower and middle marsh. This difference will be explained in the next
paragraph. 

Morphological changes in the Wadden Sea
In Figure 6.11 and 6.12 morphological changes of two tidal basins between 1986 and 1995
are shown. The area considered does not include the salt marshes along the mainland
coast. The Friesland salt marshes are part of the tidal basin shown in Figure 6.11 and the
Groningen salt marshes are part of the tidal basin shown in Figure 6.12. Budget
calculations show that the area in which erosion occurred and the area in which accretion
occurred between 1986 and 1995 both covered approximately 50% of the basin area. For
both basins volumetric changes between 1986 and 1995 in erosion and sedimentation were
equal; 11*106 m3 for the Friesland basin and 36*106 m3 for the Groningen basin. The
Groningen basin is more than twice as large as the Friesland basin, but the volumetric
calculations showed that relatively more sediment has been moving around in the
Groningen system compared to Friesland. 

The largest morphological changes took place in the channels of the tidal inlets between
the barrier islands (Figure 6.11 and 6.12). Closer to the coast the morphological changes
were small and channel migration was slower than in the tidal inlets (Figure 6.11 and 6.12).
Therefore the migration of channels cannot explain the differences in accretion and
erosion patterns along the mainland salt marsh coasts between 1965 and 1995. 

Water level and wave energy 
Because the sediment budget and the location of the tidal channels (within the basin)
have not significantly changed over the last decade, the present morphology of the
Wadden Sea (Figure 6.13) could be related to the different accretion and erosion patterns
occurring between 1965 and 1995 along the salt marsh coasts.

The influence of the seaward morphology on accretion patterns in the salt marshes was
studied through differences in water level and wave heights along the coast. A wave model
(SWAN) was used by Wolf et al. (2000) to calculate water levels and wave height in the
salt marshes during a storm from north-north-western direction with wind speeds of 14
m/s. The wind speed of 14 m/s was the closest model possibility to the top 10% wind
speed of 11.3 m/s, which was used in Chapter 6.3.1. Storms like this appear to be
important in salt marsh development along the Wadden Sea mainland coast (see 6.3.1;
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Table 6.3 - Accretion, erosion surfaces and height changes in the Groningen salt marshes between 
1965 and 1990

Erosion surface Erosion rate Accretion surface Accretion rate 
(in %) (m/25y) (%) (m/25y)

Area G1 55 0.12 45 0.14
Area G2 0.5 0.05 99.5 0.27
Area G3 8 0.06 92 0.23
Area G4 70 0.12 30 0.17
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Chapter 5; Janssen-Stelder, 2000b). A fixed water level of 3 m + NAP was used at the start
of the modelling because then the salt marshes are completely submerged. A compound
depth configuration, of data collected between 1980 and 1996, was used in the model. 

The model results are shown in Figure 6.14, 6.15 and 6.16. Figure 6.14 indicates that
during the storm, wave propagation from the North Sea into the Wadden Sea is limited.
Waves break on the ebb tidal deltas and wave heights reduce to an order of 50% when
propagating through the main tidal channels in the tidal inlets. On the tidal flats behind
the barrier islands, waves do not achieve heights higher than about 1 m, diminishing to
approximately 0 m at some locations in the salt marshes along the coast. Figure 6.15 and
6.16 show modelled water levels, significant wave heights and wave periods during the
storm at the sea dike in the study area along the salt marsh coasts of Friesland and
Groningen. Average values of the modelled water depth (h), wave height (H1/3) and wave
period (T1/3) are given in Table 6.4.

At the dike along the Friesland coast (Figure 6.15) greater significant wave heights and
significant wave periods occur in the most western and most eastern part of the area
during the storm. In the western part of the area especially higher wave periods occur. At
the dike along the Groningen coast (Figure 6.16) greater water depths, significant wave
heights and significant wave periods occur around coordinate 225000 and especially in the
most eastern part of the area.

At the dike along the Groningen coast the average water depth is 0.22 m higher than at
the dike along the Friesland coast. Water depth is related to significant wave height (as
shown in Chapter 5.3) and therefore the average significant wave height is higher for the
Groningen part of the coast (0.60 m versus 0.43 m), but also the relative wave height
(H1/3/h) is higher along the Groningen coast (0.34 versus 0.28). The average significant
wave period is 4.2 s for Groningen and 2.7 s for Friesland. Longer waves reach the
Groningen coast, meaning that more wave energy from the North Sea can propagate to
the Groningen coast as compared to Friesland.
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Figure 6.11 - Height differences between 1986-1995 in the Friesland part of the Wadden Sea.

Figure 6.12 - Height differences between 1986-1995 in the Groningen part of the Wadden Sea.

Table 6.4 - Modelled water depth (h), wave height (H1/3) and wave period (T1/3) at the dike of the
Friesland and Groningen salt marsh coast

h average H1/3 average T1/3 average H1/3/h average
(in m) (in m) (in s) (-)

Friesland 1.52 0.43 2.7 0.28
Groningen 1.74 0.60 4.2 0.34

➧

➧



Morphological development of the salt marshes
This paragraph treats the way in which alongshore variation in water depth and wave
parameters is a function of the morphology of the Wadden Sea, and how this affects the
accretion patterns in the salt marshes. The assumption is made that the modelled storm is
a representative one for salt marsh development along the mainland coast of the Wadden
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Sea. This assumption is based on the results of Chapter 5 and Chapter 6.3.1.

The spatial variation in water levels and wave parameters is related to the morphology of
the Wadden Sea and helps to explain the spatial variation in height development of the
salt marshes along the mainland coast between 1965 and present. Relations between height
development and Wadden Sea morphology were already treated in Chapter 4.3.2.
The salt marsh areas with different accretion patterns between 1965 and present,
distinguished in Figures 6.9 and 6.10, are indicated in the figures showing the Wadden Sea
morphology (Figure 6.11 and 6.12) and in the diagrams showing the alongshore patterns in
water levels and wave parameters during the modelled storm (Figure 6.15 and 6.16). 

In Table 6.5 average water levels and wave parameters of the modelled storm are shown for
the four different accretion areas along the salt marsh coast of Friesland.

In area F1 the average relative wave height (H1/3/h) of 0.36 and the average significant wave
period of 3.4 s are high compared to the other three areas. Area F1 is located behind a tidal
inlet (Figure 6.11). During stormy conditions higher and longer waves can propagate in
the direction of the coast (Figure 6.14). These waves have a larger transport capacity than
the waves approaching the coast in areas F2, F3 and F4. Due to the fact that area F1 is
located in the vicinity of a tidal divide (Figure 6.11), large amounts of sediment are
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available for transport. At a tidal divide, currents from opposite direction meet and
sediment settles during calm conditions. During stormy conditions this sediment can be
resuspended and transported towards the coast. The combination of high and long waves
during storms and a source of sediment may have resulted in accretion in area F1 in the
period of 1965-1995 at high rates of 0.7 m (Figure 6.9 and Table 6.2).
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h average H1/3 average T1/3 average H1/3/h average
(in m) (in m) (in s) (-)

Area F1 1.42 0.51 3.4 0.36
Area F2 1.28 0.35 2.2 0.27
Area F3 1.13 0.33 2.5 0.30
Area F4 1.81 0.48 2.8 0.27

Table 6.5 - Modelled water depth (h), wave height (H1/3) and wave period (T1/3) at the dike of the
Friesland salt marshes
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Areas F2, F3 and F4 have similar average relative wave heights and the average significant
wave periods (Table 6.5). Short wind waves characterise the areas during stormy
conditions. However, there are some fluctuations in the modelled water levels and wave
heights along the shore (Figure 6.15). High values in significant wave height (0.5 m) and
period (3 s) occur at the sea dike along the salt marsh coast where tidal channels are
present seaward of the salt marshes (Figure 6.11 and 6.15). 

In Table 6.6 average water levels and wave parameters of the modelled storm are shown
for the four different accretion areas along the salt marsh coast of Groningen.

The average water depth decreases from area G1 towards area G3, but average significant
wave heights are similar in areas G1, G2 and G3 (Figure 6.16). In area G4 the average
water depth and average significant wave height are significantly larger. Despite these
differences, the modelled relative wave heights are fairly similar along the entire coast
(Table 6.6). There are two clear peaks in the significant wave period along the coast, in
area G2 and G4 (Figure 6.16). Through two main channels of the tidal inlets longer waves
can propagate towards the coast in these areas (Figure 6.13).
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Directly seaward of area G1 a tidal channel is eroding towards the coast (Figure 6.12). Due to
a lack of sediment supply, 50% of this area has been eroding in the period from 1965 to 1995.
Area G2 is located behind a large tidal channel with an orientation perpendicular to the
coast (Figure 6.13). Therefore longer waves can propagate towards the coast (Table 6.6).
Large mudflats on the tidal divide are located directly seaward of the salt marshes of area
G2. These mudflats are a source of sediment that is supplied to the coast by currents and
long waves propagating through the large channel system during storms. This may have
resulted in accretion in 100% of area G2 at a rate of 0.27 m in the period of 1965-1990.
The development in this area is rather similar to area F1 along the Friesland salt marsh
coast.

A large tidal channel with an orientation parallel to the coast is present directly seaward of
area G3 (Figure 6.13), and accretion occurred in 92% of the area. Most of the accretion
occurs in the front of the salt marshes and decreases towards the sea dike (Figure 6.10).
This accretion zone can be interpreted as a kind of channel bank deposit. Furthermore,
the water levels west and east of area G3 are higher than within the area (Table 6.6)
leading to a sediment supply towards the area during storms.

In area G4 significant wave height and period increase towards the east (Figure 6.16). The
outer bend of a large and deep channel of the Ems estuary lies in front of the salt marshes
of area G4 (Figure 6.13). This channel is eroding the mudflats in front of the salt marshes
and therefore leaving no sediment source for the salt marshes. High hydrodynamic energy
and no sediment source resulted in erosion of 70% of the salt marshes in area G4 at a rate
of 0.12 m in the period of 1965-1990.

In general, during storms, higher (0.50 m) and longer (3-5 s) waves can approach the salt
marshes when the salt marshes are situated behind tidal inlets or in the vicinity of large
tidal channels. Whether this results in a larger sediment supply towards the salt marshes
depends on the presence of a sediment source in the vicinity of the salt marshes. A
sediment source can be located at a tidal divide or on extensive mud flats seaward of the
salt marshes. Furthermore, the morphology causes variations in water level during storms
and sediment is transported towards a salt marsh area with lower water levels.

6.4 Discussion
Rijkswaterstaat have already studied the morphological development of the salt marshes of
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Table 6.6 - Modelled water depth (h), wave height (H1/3) and wave period (T1/3) at the dike of the
Groningen salt marshes

h average H1/3 average T1/3 average H1/3/h average
(in m) (in m) (in s) (-)

Area G1 1.70 0.54 3.1 0.31
Area G2 1.64 0.56 4.1 0.34
Area G3 1.45 0.52 3.7 0.36
Area G4 2.24 0.77 5.2 0.34



the Dutch mainland coast since the completion of the sedimentation fields in 1960.
However, the studies were restricted to the salt marsh development along separate
transects. In this study, spatial interpolation was used to examine the development of the
mainland salt marsh area. In this way temporal and spatial salt marsh surface
development, volume changes and seaward extension have been quantified for the coasts
of Friesland and Groningen.

The effect of variations in water level on salt marsh development was already recognised
by Dijkema et al. (1990). They ascribed the retreat in salt marsh development between
1975 and 1985 to an increase in mean high water level from 1971 until 1983. The present
study reveals that the combination of an increase in the amount of days with high wind
speed per year and increasing high water levels up to 1983 have had a temporary
deteriorating effect on salt marsh development. 
At a small time scale, one year with high storm surge levels followed by calm years has the
same effect on salt marsh development in Friesland and Groningen (Figure 6.8). At the
start a year with high storm surge levels induce erosion. During and at the end of the
storm year accretion takes place. During a year with many storm surges much fine
sediment is transported towards the shores and is available for accretion. Erosion occurs in
the year after the storm year because in a storm year many seeds and seedlings are washed
away (Houwing et al., 1995). Therefore, in the next year the pioneer zone is less well
developed and protects the salt marsh to a lesser extend. This results in erosion of the salt
marsh. Two years after the storm year sedimentation in the salt marsh has recovered. The
long-term trend of accretion as shown in Figure 6.2 is not permanently disturbed by
stormy years.

The modelled storm (Chapter 6.3.2) is used as indicative for differences in salt marsh
development along the mainland coast. Depending on the Wadden Sea morphology,
sediment can be transported into the salt marshes or not. Therefore, in some cases storms
can locally lead to onshore deposition of sediment. This seems in contradiction with the
offshore fluxes measured during storms as discussed in Chapter 5, but in that chapter only
the upper mudflat and pioneer zone were considered. In this chapter the entire salt marsh,
pioneer zone and upper mudflat are part of the studied area. During a storm, erosion of
the pioneer zone/mudflat and deposition on the vegetated salt marsh can occur
simultaneously. This can have a net result of deposition over the entire area. 

Results from this chapter showed that during sea level rise and an increase in storm
frequency and duration, the salt marshes of Groningen have been susceptible to erosion.
The Friesland salt marshes have adjusted better to such changes in the past. The salt
marshes have a stable accretion balance at the moment and are therefore robust. The
difference in long-term accretion balance between the coast of Friesland and Groningen
may be related to differences in embankment history. In Groningen more extensive
embankments were executed than in Friesland (Dijkema, 1987b). Therefore the salt
marshes that were formed after the constructions of the brushwood groins were located at
lower levels than the Friesland salt marshes. The first part of the salt marsh growth curves
(Figure 6.2) is linear for both areas. Assuming that this linear fit is valid for the past, the
starting point of the development of the vegetated salt marsh is both Friesland and
Groningen lies around 1945. This seems reasonable since almost all of the present salt
marshes have developed as a result of the brushwood groins (after 1935). The Groningen
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salt marshes are part of a tidal basin that is still adjusting to the closure of the Lauwerszee.
This could explain why the growth curve of Groningen (Figure 6.2) is sloping to a
maximum, while the Friesland salt marsh area is still extending.

Another part of the explanation to why the long-term accretion balance differs between
the coast of Friesland and Groningen may lie in the different type of tidal basin and the
different exposure of the salt marshes. The Groningen salt marshes are part of a more
dynamic tidal basin than the Friesland salt marshes because more sediment is being
moved around in the Groningen tidal basin. Furthermore, the Groningen salt marsh coast
is located behind a system of large tidal inlets with very small barrier islands and is
therefore more exposed than the Friesland salt marsh coast, which is located almost
entirely behind a large barrier island. Therefore, the hydrodynamic conditions during
storms are rougher in the Groningen salt marshes and less accretion can occur. 

Soil subsidence due to gas extraction in the Wadden Sea also influences the net accretion
rates in the salt marshes. Presently, subsidence rates of 0.02 m are calculated for the
eastern half of the Friesland salt marshes in the year 2000 (Oost and Dijkema, 1993). In
the period of 1965-1995 accretion rates in this area varied between 0.30 m and 0.50 m. An
influence of the subsidence of 0.02 m will therefore not be noticeable here. For the eastern
part of the Groningen salt marshes subsidence rates between 0.04 m and 0.08 m are
predicted for the year 2000 (Oost and Dijkema, 1993). This will also not be noticeable
compared to the accretion rates between 1965 and present.

6.5 Conclusions
The salt marsh coast of the Dutch Wadden Sea has been accreting since 1965. The
accretion is almost linear for the Friesland part of the salt marshes. In the Groningen salt
marshes the growth is asymptotic, with near stagnation since 1985. 

At a large time scale (decades), the Friesland salt marshes rapidly respond to changes in
wind speed and high water levels. The Groningen salt marshes react slower to changes in
wind speed and high water levels compared to the Friesland salt marshes.

At a small time scale, the effect of one year with many storm days in combination with
high water levels, followed by calm years, is similar for the Friesland and Groningen salt
marshes. At the beginning of the storm year and in the year after the storm year erosion
occurs and in the storm year accretion occurs. The salt marsh area recovers in some years
after the storm year.

Differences in hydrodynamic energy during storms can explain spatial differences in
accretion patterns within the Friesland and Groningen salt marsh areas. The presence of
tidal channels or mudflats seaward of the salt marshes cause differences in hydrodynamic
energy. Mudflats are sources of sediment, but tidal channels are needed to transport the
sediment to the salt marshes. Similar relations between Wadden Sea morphology and
accretion patterns in the salt marshes were also treated in Chapter 4. The salt marshes of
the Wadden Sea are part of a larger system and will therefore be affected if the
morphology of the Wadden Sea changes.
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A SYNTHESIS OF SALT MARSH DEVELOPMENT
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7.1 Introduction
The main objective of this thesis is to enhance the understanding of salt marsh
development along the mainland coast of the Dutch Wadden Sea at different spatial and
temporal scales. Therefore, in Chapter 4 present spatial differences in erosion and
sedimentation in the pioneer zone of the salt marshes along the mainland coast of the
Dutch Wadden Sea were analysed in order to determine the governing processes in salt
marsh development. In Chapter 5 effects of storm events on the pioneer zone and upper
mudflat were determined in order to define their role in salt marsh development. In
Chapter 6 past salt marsh development along the mainland coast was analysed in order to
gain knowledge about the spatial variation in long-term salt marsh behaviour. In this
chapter the gained knowledge about salt marsh behaviour is integrated to enhance the
understanding of salt marsh development.

7.2 A synthesis of salt marsh development
Present changes in the boundary conditions of the Wadden system occur slowly and the
effects are difficult to detect. At the moment, the system is able to adjust to the slowly
changing boundary conditions. An enlargement of system knowledge is essential to
estimate the consequences of future natural and anthropogenic changes in the boundary
conditions of the Wadden system.

In Chapters 4 and 6 it is shown that the development of salt marshes along the mainland
coast of the Dutch Wadden Sea cannot be treated as an entity. On a timescale of 6 months
as well as on a timescale of 30 years, spatial differences in accretion and erosion rates
occurred in the salt marshes along the mainland coast. These spatial differences seem to be
related to the morphology seaward of the salt marshes. Tidal channels with an orientation
perpendicular to the coast at a distance between 900 m and 2000 m from the pioneer
zone supply sediment towards the sedimentation fields. When channels are located at a
distance closer to the sedimentation fields this can lead to erosion of the pioneer zone.
Tidal channels with a coast-parallel orientation or at a distance larger than 2000 m does
not supply appreciable amount of sediment to the sedimentation fields. 

Tidal divides and tidal flats present in the vicinity of the pioneer zone have a function as
sediment sources. Waves and currents are dissipated and sediment can settle in these
shallow intertidal areas. When tidal channels are absent sediment cannot be transported
towards the salt marshes and hardly any sedimentation can occur. Behind tidal inlets and
in the vicinity of large tidal channels, waves are significantly higher during storms. This
can lead to a large sediment supply to the salt marshes when sediment sources are
available. When sediment sources are absent, erosion will occur. Because spatial accretion
and erosion patterns in the salt marshes are related to the seaward morphology salt marsh
management along the mainland coast does not have to be uniform.
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Wind-waves play an important role in the development of the pioneer zone and adjacent
tidal mudflats along the mainland coast. Within the sedimentation fields as well as on the
upper tidal flats wave induced shear stress dominates over current induced shear stress
(Chapter 5 and 5). During calm weather conditions the wave-induced shear stress is twice
as high as the current induced shear stress. In the sedimentation fields the wave-induced
shear stress can become 10 times higher (up to 0.32 Pa) than the current induced shear
stress during rough to stormy conditions. On the upper mudflat the wave induced shear
stress can become 5 times higher (up to 0.38 Pa) than the current induced shear stress. 

The brushwood groins that form the sedimentation fields have a dominant effect on
processes in the pioneer zone and on the adjacent tidal mudflats. The construction of the
brushwood groins reduces wave and current energy during calm weather. A lack of
maintenance of the brushwood groins has resulted in an increase in wave energy and
therefore in erosion of the pioneer zone. During rough to stormy weather when the groins
are completely submerged, waves preserve their heights and can resuspend sediment in the
pioneer zone within the sedimentation fields. The tidal current is still interrupted by the
groins during rough to stormy weather so less sediment is being transported away from
the salt marshes compared to the upper mudflat. Management decisions concerning the
maintenance of the brushwood groins should be considered carefully taking into account
the possible future accelerations in sea-level rise or a changing wind climate.

Storm surges have an important role in salt marsh development along the mainland coast
(Chapter 5 and 6). In Chapter 6 is shown that the salt marshes erode in the year after a
year with many storm surges. This may be caused by the fact that many seeds and
seedlings are washed away during storm surges. Therefore the pioneer zone has problems
developing after a year with many storm surges. In general, the salt marsh needs two calm
years after a year with many storm surges to recover. In Chapter 5 two threshold values for
erosion were found in the pioneer zone and on the mudflat at water depths of 0.75 m and
1.75 m respectively (Chapter 5). When the water depth exceeds these values, a sudden
increase in the bed shear stress results in an increase in the suspended sediment
concentration. This means that sediment is suspended in-situ and transported offshore.
The exceedence frequency of these thresholds can be used as an indicator for offshore-
directed sediment transport. Due to the fact that longer flooding periods and higher water
depths occurred on the mudflat, more sediment was transported offshore than in case of
the pioneer zone in a storm surge period. While the storms cause offshore-directed
sediment transport on the mudflat and in the pioneer zone, deposition can continue on
the vegetated salt marsh itself (Chapter 6). If, for example, the storm climate intensifies in
the future, the salt marsh will not have enough time to recover and the difference in net
sediment transport between the mudflat/pioneer zone and the salt marsh will occur more
often. As a result the coastal profile will become steeper and a height difference will
develop between the mudflat, the pioneer zone and the lower marsh. Consequently, cliff
formation may take place. This can lead to landward retreat of the salt marsh because the
cliffs will be eroded by wave action (Figure 7.1).

At a larger time scale (decades) salt marsh development along the mainland coast has
responded to changing storm surge levels in the past (Chapter 6). Increasing storm surge
levels have led to a decrease in sedimentation rates in the salt marshes. After a decrease in
the storm surge levels the accretion rates in the salt marshes recovered. In the past the
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accretion trend in the salt marshes has not been permanently disturbed periods with
higher storm surge levels. Until now, the system is able to adjust and recover. During
possible future increasing changes in wind climate, changes in accretion patterns in the
salt marshes may be expected.

The analysis of salt marsh behaviour as described in this thesis is limited to the small scale
and the meso scale. The behaviour of the salt marshes and Wadden Sea area at a century
(macro) scale is beyond the scope of this study but would be interesting for further
research.

7.3 Coastal management implications
This thesis aimed to improve the system knowledge on salt marsh development, which
may be especially applicable for coastal zone management. Not only in the concept of
future changes in boundary conditions but also in all kinds of management issues.

Large and small scale monitoring of the development of the Wadden Sea is necessary to
further enlarge the knowledge about the system and anticipate to changes in the future.
Due to a decrease in monitoring of the Groningen salt marshes after 1993, a quantitative
analysis of salt marsh development after 1993 was not possible during this study. That is
unfortunate, because a growth stagnation of the salt marsh area was observed after 1985. In
order to anticipate to salt marsh development in the future, it is advisable that past and
present trends in salt marsh development are followed by monitoring.

Salt marsh management along the mainland coast may vary because spatial differences in
accretion and erosion patterns in the salt marshes appear to be related to the seaward
morphology. For example, at locations where tidal channels and sediment sources are
nearby, sufficient sediment is supplied to the salt marshes and a more extensive
management could be carried out.

The salt marshes along the mainland coast need a recovery period of a few years after a
year with many storm surges. Coastal management may anticipate erosion of the pioneer
zone when several stormy years succeed each another.

The maintenance of the brushwood groins of the sedimentation fields is important. In
sedimentation fields where the maintenance has decreased in the past years there has been
an increase in wave attack, which resulted in erosion of the pioneer zone during storms.
Testing of different methods or configurations of the brushwood groins to reduce 
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Figure 7.1 - The effect of storm erosion on the mudflat and pioneer zone of the salt marsh.
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wave action within the pioneer zone during storm periods may be useful for future
management.

The migration of tidal channels close to the sedimentation fields should be monitored
carefully. Tidal channels that are located at a distance of less than 900 m may cause
erosion of the salt marshes. 

Behind tidal inlets and in the vicinity of large tidal channels large waves approach the salt
marshes during storms. When sediment is available this can lead to a large sediment
supply to the salt marshes, but when sediment supply is lacking, erosion may occur. Salt
marsh management can be adjusted in these areas.
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