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The Dutch Delta project, initiated in 1959 for the protection of the south-western Netherlands, reached its conclusion
in 1987 with the completion of the Oosterschelde project: an open storm surge barrier and the Oesterdam and Phi-
lipsdam in the landward parts of the Oosterschelde basin. The Delta project has increasingly influenced the tidal
characteristics of the various basins in the area. The Qosterschelde basin was showing a tendency towards erosion
until ca. 1980, when the Oosterschelde project was launched. Completion of this project in 1987 caused enormous
changes in hydraulic conditions and initiated a large-scale transformation in the geomorphology of the Oosterschelde
tidal basin and ebb tidal delta. Since 1987, the tidal prism tebb or flood volume) has decreased by 30% and the average
tidal range by 12%. Tidal current velocities have generally declined by 20-40% in the western and central parts of
the Qosterschelde. and by as much as 80--100% near to the closure dams in the landward end of the basin. Conse-
quently, sediment export from the basin towards its ebb tidal delta has ceased. In response to these changes, the
sediments in the deeper parts of the tidal channels are now tending to be composed increasingly of silt and mud.
while the tidal shoals and salt-marshes are showing distinet erosion. To establish a new dynamic equilibrium between
hvdraulic conditions and geomorphology will require an import into the basin of 400-600 million m* sediment. The

adaptation process will take centuries, if not longer.

ADDITIONAL INDEX WORDS:  Coustal engineering, human impact, tidal inlet system, estuaries, geomorphology.

INTRODUCTION

The present geomorphology of the Oosterschelde tidal sys-
tem in the south-western Netherlands (Figure 1) is the result
both of the natural evolution of an estuary in a wide alluvial
plain and of increasing human interference over recent cen-
turies. The human impact on the geomorphological develop-
ment of the system as a whole, including the inshore basin
and the ebb tidal delta of the Oosterschelde, reached its cli-
max in the implementation of the Delta project (1959-1987).
This project. designed to protect the south-western Nether-
lands against flooding, involved the implementation of a se-
ries of large coastal engineering works in the area (Figure 1).
The last of these were an open storm surge barrier in the
inlet and compartmentalization dams in the landward parts
of the Oosterschelde basin, completed in 1986 and 1987 re-
spectively. Together these constructions are part of the
Oosterschelde project (KNOESTER et al., 1984; SAEL)S, 1982).
The barrier consists of three gate sections crossing the main
tidal channels, from south to north Roompot, Schaar and
Hammen. These are to be closed only in case of severe storms
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or environmental catastrophes. Under normal conditions the
gates will remain open in order to preserve the tide-domi-
nated character of the Oosterschelde ecosystem. The engi-
neering works in the Oosterschelde have abruptly reduced
the in and outgoing tidal discharge of the basin by approx.
30%. dramatically affecting the geomorphological develop-
ment of the tidal basin and its ebb tidal delta.

A major multidisciplinary research project has been con-
ducted to evaluate recent changes and predict developments
in the geomorphology and ecology of the Oosterschelde basin
as a result of the Oosterschelde project (SMAAL et al., 1991).
This paper focuses on the large-scale geomorphological de-
velopment of the Oosterschelde tidal system. It outlines the
well-documented changes in the system’s geomorphology over
recent decades and the large-scale response of the system to
the implementation of the Delta project, especially highlight-
ing the effects of the construction of the Oosterschelde storm
surge barrier. It then goes on to discuss the dominant pro-
cesses underlying these changes.

The paper distinguishes three periods of geomorphological
change:

(1) a period of several decades prior to the start of the
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Figure 1. Location map of study area. Depth contours represent the situation in 1990. In that year the total area of the shoals was up to: 18,471 ha
and the total intertidal area (zone between MLW and MHW) was about 10,831 ha. The total area of the salt-marshes was estimated to be 643 ha and
that of the ebb tidal delta about 200 km?. For sediment volume computations the area is partitioned in (1) ebb-tidal delta, (2) western part, (3) southeastern

branch, (4) northeastern branch.

Oosterschelde project in 1983. During this period a num-
ber of engineering works in the Delta increased the tidal
discharge and amplitude of the tide in the Oosterschelde
basin.

(2) the period of construction of the Oosterschelde storm
surge barrier and compartmentalization dams (1983-
1987). During this period much effort was devoted to doc-
umenting the actual processes of geomorphological de-
velopment in the system.

(3) the initial period of a few years following completion of
the engineering works in the Oosterschelde (1987-1994),
which provided valuable information on intermediate
changes due to the construction of the storm surge bar-
rier.

PRESENT CHARACTERISTICS OF THE
OOSTERSCHELDE TIDAL SYSTEM

Hydraulic Setting

The wind regime along the SW coast of the Netherlands
shows seasonal variations. The prevailing winds are from a
westerly direction, with an average velocity varying from
about 8 m/s near the mouth of the Oosterschelde to approx.
6.5 m/s in its eastern part (Figure 2b).

Wave records over the last decade indicate that, in the pre-
vailing SW-NW winds, the average significant wave height
decreases from about 0.4 m near the mouth to 0.1 m in the
landward part of the Oosterschelde (Figure 2¢). The majority
of the short waves are induced locally by wind. The dominant
wave energy flux is from the SW (Figure 2d).

The mean tidal range varies from approx. 2.5 m near the
mouth to approx. 3.4 m in the landward part of the basin.
The maximum current velocities vary from approx. 1-1.5 m/s
in the tidal channels to approx. 0.2-0.4 m/s in the shallow
areas on the flats and sandy shoals. The mean tidal prism of
the basin is about 880 million m?® (Table 1).

Geomorphology of the Oosterschelde Tidal System

The Oosterschelde tidal system comprises a tidal basin and
its ebb tidal delta. The tidal basin occupies the area eastward
of the storm surge barrier and is bounded to the east by the
Oesterdam and the Philipsdam (see Figure 1). In 1987, the
total area of the tidal basin below AOD—Amsterdam Ord-
nance Datum—was approximately 304 km? (Table 1). The to-
tal water volume (below AOD) was about 26,100 million m?3.
The geomorphology of the basin is characterized by a complex
of meandering tidal channels intersecting tidal shoals, mud-
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Figure 2. Wave and wind characteristics of the Oosterschelde tidal basin observed over the last decade (1977-1990): (a) location of wave stations 0S4
and MRG; (b) average wind velocity; (¢) average significant wave height (m); (d) proportional wave energy distribution for different wind directions.

flats and salt-marshes. The ebb-dominated tidal channels are
generally deeper than the flood-dominated channels. The av-
erage channel depth decreases from west to east, varying
from approx. —30 m AOD to —10 m AOD. Individual tidal
shoals increase in height on average from west to east, reach-
ing a maximum of approx. +1 m AOD. Median grain size in
the basin varies from about 210 pm in the tidal channels to
less than 150 mm in the shoals and salt-marshes.

The ebb tidal delta of the Oosterschelde is approximately
delineated by the —10 m AOD depth contour. To the north-
east, it connects with the ebb tidal delta of the former Gre-
velingen inlet, which was closed by a dam in 1971, while to
the south it merges into the outer delta of the Westerschelde.

The geomorphology of the ebb tidal delta is characterized by
shoals and tidal channels with a generally east-west orien-
tation. In the seaward part, the maximum depths of the chan-
nels vary between —15 and —23 m AOD. The average max-
imum height of the tidal shoals in the ebb tidal delta decreas-
es as they get closer to the sea, and varies between —1 and
—2 m AOD.

RESEARCH METHODS

The large-scale geomorphological development of any tidal
inlet system tends towards a dynamic equilibrium between
hydraulic conditions and the corresponding geomorphology

Table 1. Selected hydraulic and area characteristics in the period before (1983), during (1983—-1987) and after (1987) implementation of the Qosterschelde

project.
Change in Hydrodynamic
and Morphometric
Before Implementation of  During Implementation of After Implementation of Characteristics due
the Oosterschelde Project  the Oosterschelde Project the Oosterschelde Project to Oosterschelde Project
1983 1983-1987 1987 (%)
Mean tidal range (m) at Yerseke 3.70 2.50 3.24 —12%
Maximum current velocity (m/s) 1.5 1.0 1.0 —30%
Mean tidal prism (m*x10°¢) 1,230 — 880 —28%
Total area (m?+10°) 452 — 351 —22%
Area below AOD (m*#10°) 362 — 304 —16%
Intertidal area (m?+10°%) 170 — 118 —=81%
Salt-marsh area (m?*10°) 17.2 — 6.4 —63%
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(BRUUN et.al.,, 1978). Several aspects of this dynamic equilib-
rium can be described in terms of empirical relations. These
relations provide indications of the development of a new
equilibrium in a system following a major change in hydrau-
lic conditions, and thus provide clues to future developments.
Geomorphological changes on an intermediate time-scale
(10-30 years) under non-equilibrium conditions may be stud-
ied from documented records of adaptation after earlier
abrupt changes in the same system or similar systems.

Quantitative and qualitative indications of the large-scale
geomorphological behavior of the Oosterschelde tidal system
have been derived from a combined analysis of bathymetric
and morphodynamic measurements (KOHSIEK et al., 1988;
LOUTERS et al, 1991; VAN DEN BERrG, 1986) and of the re-
sults of both empirical and 2D-numerical models (DE VRIEND
et al., 1989).

Bathymetric Data

The analysis is based on bathymetric data. Annual echo
soundings have been carried out in the study area ever since
the early 60s. These are estimated to be accurate to within
approx. 0.1-0.2 m (VAN DEN BERG, 1986). Since the higher
parts of the intertidal area, including salt-marshes, cannot
be sounded from vessels, levelling data have been collected
for these areas. These are thought to be accurate to within
approx. 0.05 m.

The depth data have been used to study cross-sectional de-
velopments and changes in sediment volume at 5-yearly in-
tervals throughout the period 1960-1990. Estimates of the
latter have been based on calculations of interpolated depth
values using 50 X 50 m and 200 X 200 m grid squares de-
rived from the sounding maps. In order to study the spatial
variability of changes in sediment volume, the Oosterschelde
tidal system has been subdivided into four areas: the ebb tid-
al delta and three areas within the tidal basin (Figure 1).

Data on the Processes of Geomorphological
Development

The basin’s tidal and wave characteristics have been stud-

ied on the basis of data collected over the last decade at two
separate stations, viz. 0S4 and MRG (see Figure 2a). Dis-
charge measurements taken along a number of monitoring
transects across the basin over the 1959-1990 period have
provided data on the spatial distribution of discharges in the
Oosterschelde system.
Estimates of sediment exchange between the tidal basin and
ebb tidal delta are based on sediment transport measure-
ments taken in the vicinity of the storm surge barrier in 1983
and 1987/1988. Acoustic measuring devices were used to rec-
ord sediment transport simultaneously from a number of ves-
sels along a transect. Since the completion of the Qosterschel-
de project, continuous sediment transport measurements (es-
pecially concerning fine-grained sediment <53 pum) have
been carried out at a permanent station located within the
storm surge barrier itself (TEN BRINKE ef al., 1994).

The morphodynamic parameters (current velocity, sedi-
ment concentration and wave height) of the intertidal area
were recorded in detail over the 1983-1988 period at two sta-

tions on the sandy Galgeplaat shoal (see Figure 1), situated
in the central part of the Oosterschelde basin (KOHSIEK ef
al., 1988).

EVOLUTION OF THE OOSTERSCHELDE SYSTEM

Geological data show that the Qosterschelde inlet already
occupied its present position by Roman times (VAN RUMME-
LEN, 1978). At that time, the Oosterschelde was the main
outlet from the River Scheldt. Figure 3 shows the evolution
of the Oosterschelde basin since 200 A.D. In early medieval
times, the mouth of the Oosterschelde is thought to have been
about one kilometre wide (WILDEROM, 1964}, or about 10—
15% of its present width. During the 12th and 13th centuries,
earthen dikes were constructed around most of the salt-
marshes bordering the tidal channels in the SW Netherlands.
As a result, large areas of salt-marsh were excluded from the
natural process of sediment accumulation and the areas en-
closed by the earthen dikes actually lost height both as a
result of compaction following artificially improved drainage
and because of the stripping of surface peat layers for use as
fuel. Consequently, later breaches of the dikes turned parts
of these areas into tidal waters. This, together with poor
maintenance and repair of dikes due to a general decline in
the economic prosperity of the region, resulted by the end of
the Middle Ages in a loss of polder land and an increase in
tidal areas.

A tidal creek in the western part of the present Wester-
schelde expanded over the centuries and is thought to have
connected with the River Scheldt by the end of the 12th cen-
tury (Brann, 1985). The Oosterschelde tidal basin also ex-
panded. This is illustrated by coastal erosion at the entrance
to the northern channel, along the side of the island of Schou-
wen. During a dramatic storm surge in 1530, large areas of
the SW Netherlands were permanently lost to the sea. As a
result, the tidal discharges of the Oosterschelde must have
increased by at least 50% (VAN DEN BrRra, 1986). This caused
a further widening and deepening of the western part of the
Oosterschelde, while at the same time the north-eastern part,
the Keeten-Volkerak channel, was gradually being captured
from the Grevelingen system (a process which continued into
the present century). Calculations by MORRA et al. (1961,
based on hydrographic maps, indicate a net erosion in the
Oosterschelde basin of about 244 million m* over the 1872-
1933 period and suggest continued erosion of 108 million m*
over the subsequent period to 1952.

GEOMORPHOLOGICAL DEVELOPMENTS
DURING AND AFTER IMPLEMENTATION OF THE
DELTA PROJECT

The centuries-old process of erosion and deepening of the
Oosterschelde basin continued throughout the decades pre-
ceding the completion of the engineering works in the Ooster-
schelde, although the rate of erosion diminished. During the
same period, the higher parts of the tidal shoals showed a
distinct vertical accretion and the offshore-directed net sedi-
ment flux contributed to a seaward expansion of the e¢bb tidal
delta. Since the completion of the barrier in 1986, however,
tidal shoals in the basin have shown distinct vertical erosion,

Journal of Coastal Research, Vol. 14, No. 3, 1998



1138 Louters, van den Berg and Mulder
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Figure 3. The evolution of the Oosterschelde tidal basin since 200 AD, 700 AD (after Vos & van Heeringen, 1993) and 1550 AD.

while the rate of sediment supply from the Oosterschelde ba-
sin to its ebb tidal delta has slowed dramatically and the
direction of the net sediment flux has reversed. The front of
the ebb tidal delta now shows an erosive trend.

These general features of recent geomorphological devel-
opment are discussed in more detail below.

Changes in Sediment Volume

The changes in sediment volume in the Oosterschelde ba-
sin and its ebb tidal delta show contrary trends before and
after 1987: before 1987 the basin’s sediment budget was neg-
ative while that of the ebb tidal delta was positive (Figure 4).

Over the 1960-1989 period, the tidal basin lost a total of
approx. 120 million m? of sediment (Figure 4a). The total ef-
fects of dredging on the net natural sediment budget during
this period are thought to amount to approx. 80 million m?.

The remainder of the lost sediment (approx. 40 million m?)
was exported in a seaward direction. Dredging activities,
strongly influencing the natural sediment budget of the ba-
sin, were mainly restricted to tidal channels deeper than
—7.5 m AOD. The erosion rate in the basin declined signifi-
cantly over the 1960-1989 period: the supply of sediment
from the Oosterschelde to its ebb tidal delta was reduced.
This statement is supported by sediment transport measure-
ments in the Oosterschelde inlet before and after the com-
pletion of the barrier (Figure 5). Recent sand transport mea-
surements in the main tidal channels on both sides of the
storm surge barrier suggest that sand exchange is now neg-
ligible. Observations of the transport of fine sediments within
the alignment of the barrier indicate an import of possibly
approx. 1.0 million m? per year (TEN BRINKE, 1994).

Prior to the start of the construction works in the Ooster-
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Figure 4. Sediment exchange of the tidal basin (a) and ebb tidal delta
(b) in the period 1960-1990, and the evolution of the flood tidal volume
in the vicinity of the Oosterschelde (c) since 1960.

schelde, the trend in the rate of change in the sediment vol-
ume in the ebb tidal delta (Figure 4b) indicates a net sedi-
ment surplus. Over the 1960-1989 period, the ebb tidal delta
shows a net total deposition of approx. 34 million cubic me-
tres. The major source of this observed sediment surplus was
presumably erosion of the Oosterschelde tidal basin. The neg-
ative trend in the sediment budgets of the ebb tidal delta
during the implementation of the Oosterschelde project
(1983-1987) suggests a slight reduction in the size of the ebb
tidal delta.

Characteristic Changes in Geomorphological Units
within the Tidal Basin and Ebb Tidal Delta
Tidal basin

Long-term trends in the development of tidal channels in
the Oosterschelde basin are illustrated by changes in cross-
sectional area near the storm surge barrier (Figure 6). In the

period from 1827 to about 1960, the cross-sectional area
tended to increase slightly. After 1960, there was a
considerable deepening and widening of channels in several
parts of the basin. This is related to hydraulic changes caused
by the Grevelingen Dam (1964), Volkerak Dam (1969) and
extensive dredging activities in the second half of the 60s and
early 70s (Table 2).

Although erosion was clearly the general trend in the
Oosterschelde tidal channels up until the early 1980s, there
were spatial variations. This is illustrated by the opposing
trends in channel development in the northern and
southeastern branches of the Oosterschelde (Figure 7). There
were also local phenomena in the form of the scour pits,
which started developing in 1983/1984 in channels on both
sides of the barrier, due to turbulence created by vortex
formation in the flow behind the sills and pillars of the
barrier gates. In 1991, the scour pits in the Roompot channel
landward of the barrier had reached depths of —53 m AOD,
while those seaward of the barrier had reached —49 m AOD.
No equilibrium has yet been established.

The year 1986, i.e. the last phase of the construction period,
probably marked a turning point in channel development. Since
that time, analyses of sediment texture in the tidal channels
have shown a distinct increase in the silt and mud content (53
< um), indicating more favorable sedimentation conditions
(Figure 8; TEN BRINKE ef al, 1994). In view of their limited
accuracy, the echo soundings allow as yet no firm conclusions
regarding any significant channel sedimentation since 1986.

Intertidal areas in the basin showed a tendency towards
vertical accretion during the period of general basin erosion.
This is illustrated by records for the 1872-1975 period
(Figure 9). The vertical accretion trend continued until the
end of the barrier construction phase in 1986, after which the
general trend towards shoal sedimentation reversed and
distinct erosion began to occur (Figure 10). Between 1986 and
1990, average vertical erosion rates of approx. 10 to 20 ecm
were recorded. Erosion appeared to be dominant at every
level in the intertidal zone (Figure 11). The highest erosion
figures were recorded for the higher parts of the shoals above
MSL (=AO0OD), where over 20% of the original sediment
volume has been eroded since 1983. In an absolute sense, the
largest amounts of sediment have been lost from depth zones
between MLW and MSL. The surface area per depth zone
shows contrary developments above and below approx. —0.5
m AOD (Figure 11), with a decrease in surface area above
this level and an increase below it. This development
illustrates a general downward trend in slope gradients.

During the 19th century, there was a distinct increase in
the area of salt-marshes in the Oosterschelde, mainly as a
result of reclamation (Figure 12). Since around 1900,
however, there has been less reclamation and the total area
of salt-marshes has increased slightly. Little information is
available on the varying rates of salt-marsh development
over the last century, but over the last decade or two (if not
before) the positive trend seems to have been reversed. In
1980, 90% of the salt-marsh edges appeared to be erosive
cliffs. Detailed observations since 1982 indicate that, between
that date and 1989, the total area of salt-marshes decreased
by 16 ha (approximately 2.5%) as a result of cliff erosion. The
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Table 2. Change in the maximum channel depth (m) of three main tidal
channels since the 17th century [sh = very shallow] (based partly on Van
den Berg, 1986).

Year
Channel 1630 1670 1800 1960 1983 1989
Hammen 17 17 27 33 35 35
Roompot 10 17 30 49 50 51
Zijpe sh sh 24 38 44 47

rate of cliff retreat has approximately doubled since
completion of the engineering works in the Oosterschelde in
1987 (DE JONG et al,, 1994). During the final phase of the
project in 1986/87, the soil characteristics of the salt-marshes
changed considerably. Increased aeration of the soil resulted
in a drastic increase in the degree of ripening. This led locally
to a decline of 0.01 to 0.10 m in the surface levels (DE JoNG
et al., 1994).

Apart from this, a significant reduction in the pH level of
the soil was observed during this period (VRANKEN et al.,
1990) and there was large-scale mortality of salt-marsh
vegetation in 1987, during the first summer after completion
of the works. Since 1987, the vegetation has largely
recovered, although there has been a shift in the
characteristic vegetation zones paralleling the reduced mean
high tide level (DE JONG et al., 1994).

Ebb Tidal Delta

The sedimentation surplus of the ebb tidal delta over the
1960-1980 period, resulted in a seaward expansion of the del-
ta front. VAN DEN BERG (1986) identifies a general erosion
and expansion of ebb channels in the delta during this period.
Since the completion of the Oosterschelde project in 1987, the
trend has reversed. Between 1987 and 1994, in the main
channels on average a 1 m thick layer of sediment was de-
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Figure 7. Cumulative changes in sediment volume in the northern and
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posited, while locally in the deepest parts a layer of more
than 5 m was piled up. Most parts of the sandy shoals in the
landward parts of the ebb delta eroded by several decimetres.

ANALYSIS OF DOMINANT PROCESSES OF
GEOMORPHOLOGICAL DEVELOPMENT

Hydraulic Boundary Conditions

Geomorphological processes are dominated by hydraulic
boundary conditions. The changes in hydraulic conditions in-
duced by the implementation of the Delta project are having
a major impact on geomorphological developments. Other fac-
tors are tidal variations and a general rise in sea level.

Analysis of the tidal range in the Oosterschelde basin over
the last 100 years indicates a cyclical variation of about 4%
in the tidal range, due to the 18.6 year cyclical variation in
the lunar orbit. It is noticeable that the cyclical variations in
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Figure 10. Change in a cross-section of the Roggenplaat shoal between
1959 and 1989, illustrating the vertical accretion of shoals before the Oos-
terschelde project (a) and their levelling-down response following it (b).

tidal range and tidal volume both peaked in around 1980
(Figure 13). According to analyses of tidal records from Hook
of Holland and Vlissingen (situated respectively north and
south of the study area), there was a relative rise in sea level
of approx. 0.25 m over the period between 1900 and 1980,
while the tidal amplitude increased by 3% to 4% (DE RONDE,
1983). Over the period of major engineering works (1959-
1987), the geomorphological effect of sea level rise was rela-
tively minor, and was secondary to the effect of the 18.6 year
cyclical tidal variation (Figure 13) and of the engineering
works themselves.

The most dramatic impact, especially in the northern
branch and the western part of the Oosterschelde basin, re-
sulted from the closures of the Grevelingen Dam (1964) and
the Volkerak Dam (1969). The first caused an increase in
tidal area, and the second an amplification of the tidal wave
in the northern branch of the basin. Mainly as a result of
these changes, the mean total discharge (flood and ebb vol-
ume) during a half tidal cycle increased over the 1959-1984
period by approx. 7% near to the mouth, and by as much as
around 60% in the northern branch of the Oosterschelde.
Over the same period, the mean tidal range increased by
amounts varying from approx. 2% near to the mouth to about
22% in the northern branch (Figure 14).

Prior to implementation of the Oosterschelde project, the
geomorphological development of most of the Oosterschelde
system was dominated by a continuing increase in tidal en-
ergy. Since the commencement of construction activities, the
opposite has been the case. The wet cross-sectional area (A,)
of the inlet has gradually been reduced from 80,000 m? in
1984 to approx. 17,900 m? in 1987. During the final stages of
project implementation (1985-1987), it was necessary for the

sake of construction activities deliberately to reduce the
mean tidal range to an extremely low level by closing a num-
ber of gates in the storm surge barrier (see also Table 1). In
the central part of the basin, near Yerseke, this reduced the
mean tidal range from around 3.70 m to approx. 2.50 m (a
40% reduction!). Since the completion of the works in 1987,
a new equilibrium has been established in the area’s hydrau-
lic conditions, characterized by a mean tidal range of approx.
3.24 m (a 12% reduction) and a tidal prism of approx. 880
million m® (70% of the original). Since completion, current
velocities have declined by 20-40% in the tidal channels and
by over 40% around the tidal shoals and salt-marshes.

The decline in tidal range over the last decade has dra-
matically reduced the frequency of flooding in different
height zones in the intertidal area. For the higher salt-marsh
zones, for example, flooding frequency has declined by 100%
in 1986 and 70% since 1987.

Tidal Basin and Tidal Channels

The tidal prism (P) of a tidal inlet and the cross-sectional
area below mean sea level of its entrance (A) show a linear
relationship:

P =a*A, + b (m¥tide) (1)

in which a and b are coefficients.

VaN DE KrREEKE and HARING (1979) have shown that this
type of relationship holds for the equilibrium conditions of
inlets in the SW Netherlands, while other researchers (DE
JONG and GERRITSEN, 1984; GERRITSEN, 1990; VAN DEN
BERa, 1986) have shown that it also applies to channels with-
in tidal basins (Figure 15). Coefficient values for Oosterschel-
de channels are a = 12200 m and b = 2 * 10° m® (VAN DEN
BERG, 1986).

Equation 1 implies that, in order to achieve a new equilib-
rium, any change in tidal prism must be followed by a pro-
portional adaptation in channel cross-sectional area (Ac).
This is in line with the observed basin erosion and general
expansion in the cross-sectional areas of tidal channels in the
Oosterschelde over recent decades, at a time when the tidal
prism was still increasing. The dramatic decrease in tidal
prism since 1986 must therefore result in a general sedimen-
tation of the basin and shrinking cross-sectional areas in tidal
channels. This is illustrated by a more friendly sedimentation
climate in the tidal channels since 1986, and the reversal of
the direction of net sediment transport between the basin and
its ebb tidal delta. The equilibrium relationship (Figure 15)
also indicates that the cross-sectional area of the storm surge
barrier is by itself far too small to create an equilibrium with
the tidal prism.

Ebb Tidal Delta

Empirical relationships between hydraulic and geomorpho-
logical parameters have also been derived for ebb tidal deltas.
OERTEL (1988) and WALTON and ApAMS (1976) have shown
a direct correlation between the sediment volume of an ebb
tidal delta (V,) and its tidal volume (V,), which can be written
as:
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the total loss of marsh area resulting from the construction of the compartmentalization dams in 1986/87 (approx. 440 ha).

V,=a* Ve (m?) (2)

where, B = approx. 1.23 (WALTON and Apams, 1976)
« = positive coefficient

This empirical model implies that, in order to reach a new
equilibrium, any reduction in tidal volume will cause a re-
duction in the sediment volume of the ebb tidal delta, while
any increase in tidal volume will lead to an increasing sedi-
ment volume in the delta.

The observed trend in sediment volume in the Ooster-
schelde ebb tidal delta over recent decades shows a similar
response to the increase in the basin’s tidal volume over this
period. No reduction in sediment volume since 1986 has yet
been determined quantitatively, but the qualitative obser-
vation of delta front erosion since 1986 indicates that the ac-
tual processes are proceeding in accordance with equation 2.
On the other hand, a reduction in tidal volume will continue
to cause sedimentation in the tidal channels of the outer delta
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Figure 13. Variation in the tidal range at the Wemeldinge water level
station over the last century, illustrating the influence of the 18.6 year
cyclical variation in the lunar orbit: Tidal range = 0.229274 * year + sin
((year + 2)/18.6 * 2 * 7) — 109.289.

until a new equilibrium has been reached between channel
cross-section and tidal discharge.

Tidal Shoals

Many investigators accept the hypothesis that the initial
formation of shoals is dominated by tidal currents (OFFICER,
1981; ROBINSON, 1960). Once shoals grow above the subtidal
level, however, waves become increasingly important for
their geomorphological development. Whether there is a net
sedimentation or a net erosion of sandy shoals depends on
the direction of the residual sediment transport gradient.

For this reason, numerical model experiments have been
used to study both the residual sediment transport and the
geomorphological activity of a particular sandy shoal under
different conditions (see Figure 1). The shoal used for this is
the Galgeplaat, which is situated in the central part of the
Oosterschelde (DE VRIEND et al., 1989). The findings have
generally been confirmed by detailed observations of the pa-
rameters of geomorphological development and changes in
bathymetry (KOHSIEK et al., 1988).

Prior to the construction of the Oosterschelde storm surge
barrier, moderate wind conditions apparently generated a
rather low level of geomorphological activity; only small
amounts of sediment were transported from the channels and
spread out over the shoal (Figure 16a). Calm weather gen-
erally resulted in an overall trend towards slight vertical ac-
cretion. Under storm conditions, on the other hand, substan-
tial amounts of sediment were stirred up by wave action and
picked up by the current. Storms usually caused a distinct
overall erosion of the upper part of the shoal. There were
significant geomorphological changes, especially near the
edges exposed to the wind, a zone where wave energy dissi-
pation is high. Long-term morphological changes indicate
that, prior to the engineering works, the morphology of the
Galgeplaat was near to a dynamic equilibrium, with only a
slight tendency towards sedimentation.

Since completion of the works, however, both the tidal cur-
rent velocity and the tidal range at the shoal have been dra-
matically reduced, leading to a significant reduction in sedi-
ment transport (Figure 16b). Under calm weather conditions,
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Figure 14. Large-scale changes in tidal discharge and tidal ranges in the Oosterschelde basin over the 1959-1989 period (based partly on Van den Berg,
1986).
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only low sediment concentrations are observable in either the
upper or the lower half of the water column, resulting in little
accretion of the shoal. Model computations (DE VRIEND et al.,
1989) have shown that, because of the reduction in tidal
range, more wave energy is dissipated near to the edges of
the shoal and this results in greater vertical erosion in those
areas. Due to the reduced current velocities, there has been
an exponential diminution in transport capacities, with the
result that the eroded sediments are transported only over
small distances. These conditions result in a net vertical ero-
sion of the shoal (Figure 17) and a net accretion at the chan-
nel ‘shoulder’, mostly below —5 m AOD. Between 1987 and
1994 the intertidal area of the Galgeplaat lowered by 0.2-0.4

m in most places. Most of the eroded sediment was deposited
along the banks of the eastern channel, locally more than 2.5
m, indicating the important role of westerly storms in this
process. It seems reasonable to assume that part of the sed-
iments deposited on the channel shoulders will ultimately be
transported into the deeper parts of the tidal channels as a
result of wave action and gravity, thus contributing to the
observed overall reduction in depth gradients. So far the
analysis of the sounding record of the period 1989-1994 in-
dicates a net deposition in the channels shoulder areas of the
Oosterschelde, between —2 and —10 m AOD, of 1.3 million
m*, while below the latter level the sedimentation amounted
5.5 million m*.

BEFORE STORM SURGE BARRIER
springtide February 20th 1984

Figure 16.
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springtide July 15th 1987
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dramatic reduction in sediment transport resulting from implementation of the Oosterschelde project.
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Figure 17. Spatial variability in erosion and sedimentation of tidal shoals in the Oosterschelde basin over the 1987-1990 period showing a net vertical
erosion trend in the higher parts of the shoals following completion of the Oosterschelde project.

With respect to the height of the shoals above the subtidal the general sedimentation trend of the higher parts of the
level, EysiNK (1993) and DiEcKMANN (1985) have demon- sandy shoals in the period prior to completion and the ob-
strated that the maximum height of sandy shoals in the served erosion trend of the shoals after completion (Figure
Dutch and German Wadden Sea is related to the mean tidal 18) correspond to the observed changes in the mean tidal
range, which is in fact a reflection of local tidal energy. Both range: a continuing increase in mean tidal range before the
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engineering works, followed by an abrupt reduction thereaf- Changes in tidal range also have a significant effect on salt-
ter. marsh erosion (FUHRBOTER, 1986). Tidal range reduction

leads to a greater dissipation of wave energy in the seaward
Salt-Marshes part of the salt-marsh, and consequently to an acceleration

of erosion. This causes a steeper slope at the transition be-
tween marsh and mud-flat. The relative increase in wave en-
ergy may discourage colonization by marsh plants (VAN
EERDT, 1985) and the accretion of sediment particles. The
increased erosion of salt-marsh cliffs since the completion of
the Oosterschelde project in 1987 is in accordance with the
observed changes in hydraulic conditions. Another factor,
however, is a reduction in cliff strength, resulting from in-
creased soil ripening and temporary dieback of vegetation
(DE JONG et al., 1994).

A gently sloping shore line with little wave energy and suf-
ficient sediment supply are basic conditions for salt-marsh
formation in an estuary (DigkEMA, 1987), while the salinity
of the water and the flooding frequency and duration, depen-
dent on tidal range and surface elevation, determine the salt-
marsh’s character. Tidal range and surface elevation must
provide periods of soil drainage and aeration sufficiently long
to allow plant growth to occur (ARMSTRONG et al., 1985), and
these therefore determine the typical zoning of salt-marsh
vegetation. Characteristic zones in the Oosterschelde salt-
marshes range from mud pioneer to high marsh zones. An-

nual variations in mean high tide level lead to changes in Expected Long Term Changes

species composition in the different zones, paralleling the The change in hydraulic conditions following completion of
changes in flooding frequency (BEEFTINK, 1979, 1987; OLFF the Oosterschelde project has brought a reduction in the tidal
et al., 1988). energy available for sediment transport and modification of

The observed changes in vegetation zones and the specific the channel morphology. The time required for the system to
changes in soil characteristics in the Oosterschelde salt- achieve a new equilibrium will generally depend on whether
marshes over the period between 1986 and 1990 may be re- the change implies a reduction or an increase in tidal energy.
lated to the changes in flooding frequencies between 1985 The relaxation period following an increase in energy will be
and 1987 (Figure 19). The significant mortality of marsh veg- much shorter than that following a reduction of similar mag-
etation in 1987 was probably due to the combined effects of nitude. In the Oosterschelde, the channel cross-sections ap-
drought, soil acidification and a severe winter, during a pe- pear in most areas to have completed their adaptation to the
riod in which there was an extra reduction in tidal range. increase in tidal discharges resulting from the closure of the
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Figure 19. Diagram of the general geomorphological and biological response of a salt-marsh arca to changes in hydraulic conditions (based partly on

Dijkema et al.. 1990).

Grevelingen and Volkerak Dams (in 1965 and 1969 respec-
tively) by 1983, i.e. in less than two decades (VAN DEN BERG,
1986). The period required for the system to achieve a new
dynamic equilibrium following the reduction in tidal dis-
charges induced by the storm surge barrier will probably ex-
ceed this by one or two orders of magnitude. The Qosterschel-
de project has reduced the tidal prism of the basin to its mid-
19th century level. Since that time (i.e. in one century), ap-
prox. 400 million m* of sediment have been eroded from the
western part of the Oosterschelde. Using equation 1, it has
been estimated that a similar amount of sediment will be
needed to restore the equilibrium. It follows that the time
needed to achieve this will be two to four centuries.

However, this estimate is subject to a number of uncer-
tainties. An increased sea level rise would produce a need for
extra sediment import to the basin, and thus a longer relax-
ation time (EysINk, 1993). The sediment import itself de-
pends both on the development of the scour pits on both sides
of the barrier and on the geomorphological adaptation of the
tidal channels in the ebb tidal delta.

The scour pits might effectively rule out any chance of a
net sand import into the basin. It was originally expected

that the erosive effect of the turbulence might continue over
several decades and produce very large scour pits up to —80m
AOD deep and approx. 1500 m in length. In pits of this size,
the tidal flow velocity would decrease dramatically and most
sand carried in suspension by ebb or flood currents would be
deposited in the pits before reaching the barrier. In this case,
the scour pits would act as effective sand traps. However,
recent sand transport measurements up and downstream of
the pits show comparable figures at both locations. Obviously
the scour pits are still too small to be effective as sand traps
and no equilibrium has yet been established. Moreover, the
scouring process is slowing down and it is now not expected
that the pits will become much deeper. For this reason, the
sand-trapping mechanism is now expected to remain of minor
importance.

The transport capacities of the tidal channels near the
storm surge barrier (see Figure 5) are at present too small to
allow any substantial sand or mud transport in the direction
of the basin. The major part of the sediment transport is silt.

Like the channels within the basin, the ebb delta channels
show a major need for sediment. Until a new equilibrium has
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been established in the ebb tidal delta, there is unlikely to be
any significant sand import into the basin.

CONCLUDING REMARKS

The geomorphological development of the Oosterschelde
tidal system has been dominated by human interference for
many centuries. In former times, this resulted —intentionally
or otherwise—in successive increases in the tidal discharge
of the basin. The geomorphological system responded accord-
ingly by a general erosion of the basin and expansion of the
ebb tidal delta. The basin erosion was characterized by deep-
ening and widening of the tidal channels and vertical accre-
tion of sandy shoals.

Implementation of the Oosterschelde project brought an
abrupt reversal in long-term trends. Since 1985/86, the tidal
discharge of the Oosterschelde has been reduced by 30% and
the system has changed into a sedimentation basin and de-
grading ebb tidal delta. A remarkable characteristic of the
sedimentation basin is the general trend towards the erosion
of the intertidal area, caused by a reduction of tidal ampli-
tude leading to a relative increase in the erosive effects of
wave energy dissipation near the edges of the shoals.
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