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a b s t r a c t

The tidal flats in the Eastern Scheldt tidal basin (The Netherlands) are eroding as a result of the con-
struction of the storm surge barrier. These intertidal areas are important foraging grounds for birds and
therefore it is important to mitigate the negative effects of erosion. As a pilot, a small part (20 ha) of the
Galgeplaat tidal flat in the middle of the Eastern Scheldt was nourished with 130,000 m3 of sediment in
2008. This paper investigates this tidal flat nourishment using a large set of morphological and ecological
monitoring data from 2008 to 2012. The nourishment proved effective in mitigating the negative effects
of tidal flat erosion. The elevated tidal flat provides a foraging area for birds that is available for a longer
period. The nourished area was relatively stable, giving time for the recovery of benthic macrofauna such
that birds can benefit from the longer exposure time. Therefore, we conclude that sediment nourish-
ments are an effective management measure to counteract the negative consequences of tidal flat
erosion in the Eastern Scheldt, and have potential for other estuaries worldwide.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Tidal flats are common along shallow-water coastlines and es-
tuaries worldwide, accumulating fine-grained sediments on gently
sloping beds, forming the basic structure upon which coastal
wetlands build (Dyer et al., 2000). The morphology of tidal flats is a
complex outcome of tides, waves, sediment properties and
ecological processes (Le Hir et al., 2000; Friedrichs, 2011). Human
pressures (e.g. land reclamation, dredging, pollution, fisheries) have
resulted in a worldwide decline in the extent and health of many
intertidal coastal ecosystems (Lotze et al., 2006; Airoldi and Beck,
2007). Consequences of the loss of these intertidal habitats are
manifold as they are very productive, diverse systems that provide
several crucial ecosystem goods and services such as provision of
habitat for bird life (Costanza et al., 1997; Barbier et al., 2011).
Recently, the role of tidal flats in coastal protection and adaptation
is increasingly recognized (Temmerman et al., 2013; Bouma et al.,
l (J. van der Werf), Jose.
oijen@deltares.nl (A. van
auer), Tom.Ysebaert@wur.nl
2014). They act as a natural buffer for flood protection and
erosion control by inducing wave and tidal energy dissipation, and
as a sediment trap, thus helping to build land seawards. The con-
servation and restoration of tidal flat ecosystems is a challenging
coastal management issue, because of the complex eco-
morphological behavior of these ecosystems and the lack of
proper management guidelines.

In case of the Eastern Scheldt, a coastal bay in the southwest of
The Netherlands (Fig. 1), several measures to mitigate the loss of
tidal flats due to ongoing erosion are currently being proposed and
experimented with. The Eastern Scheldt is a good example of a
coastal system that underwent large physical and ecological
changes due to a system-wide human interference (Nienhuis and
Smaal, 1994; Cozzoli et al., 2014). As a response to the severe
storm surge in 1953, the Dutch Government initiated the Delta
works. These included the construction of a series of dams to close
off most tidal basins in the southwest of The Netherlands to ensure
future safety against flooding of the hinterland. For most of the
inlets an impermeable dam was constructed, resulting in the
complete loss of the estuarine nature, including large areas of tidal
flats and salt marshes. After public protest the original plan for one
of the tidal inlets, the Eastern Scheldt, was changed in the 1970s; a
permeable barrier was constructed instead of a dam. This storm
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Fig. 1. Left panel: Eastern Scheldt located in the southwestern part of The Netherlands. Right panel: Galgeplaat tidal flat located in the center of the Eastern Scheldt.
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surge barrier allows the tide to enter the estuary under normal
conditions, while it can be closed during storm conditions (approx.
once per year). The barrier reduces water levels within the estuary,
providing better protection of the hinterland against flooding. In
this way the basin remains salt and still experiences tidal flow,
maintaining its valuable habitats for estuarine flora and fauna.

Although the barrier allows for tidal exchange, it does reduce
the tidal amplitude and flow significantly. The average tidal range
decreased from 3.70 m in 1984 to 3.25 m in 1987, the tidal volume
from 1.3 to 0.9 million m3, and the average tidal velocity in the
channels from 1.2 to 0.8m/s (Ten Brinke et al., 1994). It is commonly
believed (see e.g. Eelkema, 2013) that tidal currents transport
sediment from the channels towards the tidal flats and subse-
quently build them up, whereas locally-generated windwaves tend
to have an eroding effect. Due to the decrease in tidal flow, the
building-up of the flats has reduced. Consequently, the tidal flats in
the Eastern Scheldt are eroding since the construction of the storm
surge barrier. At the same time sediment accumulates in the tidal
channels due to the reduced flow velocities; the cross-section
channel area is too large given the reduced tidal prism. This sedi-
ment demand would be less of a problem if the Eastern Scheldt
basin could receive sediment from the ebb-tidal delta. However, the
storm surge barrier blocks most of the sediment import into the
basin (Ten Brinke, 1993).

The construction of the storm surge barrier has thus disturbed
the dynamic morphological equilibrium of the Eastern Scheldt
basin due to the reduced tidal volume. This equilibrium can only be
restored if the tidal channels have filled up and reduced in size.
Koshiek et al. (1987) estimated that the tidal channels require
approx. 500million m3 of sediment to regain equilibrium. Since the
tidal flats can only offer around 160 million m3 this would mean
that on the long term the tidal flats in the Eastern Scheldt would
disappear (Van Zanten and Adriaanse, 2008). This reduction of
intertidal area is clearly visible in the field. Van Zanten and
Adriaanse (2008) showed that the total intertidal area reduced
from 113 km2 in 1985 (before the closure) to 104 km2 in 2001 (after
15 years). This corresponds to a yearly loss of intertidal area of
approx. 0.5 km2 or 50 ha.

Tidal flats in the Eastern Scheldt are especially important as
foraging grounds for birds. Internationally important numbers of
water bird species, especially waders, reside in the Eastern Scheldt.
For this reason the Eastern Scheldt is part of the European
Natura2000 network, protected under the European Bird and
Habitat Directives. It is expected that if tidal flats would further
diminish (both in area and the period of time it is exposed for birds
to forage for food), the number of birds will decline in the near
future (De Ronde et al., 2013). Therefore, Rijkswaterstaat (part of
the Dutch Ministry of Infrastructure and Environment) identified
possible measures to mitigate tidal flat erosion (Van Zanten and
Adriaanse, 2008). Worldwide experience with mitigating erosion
of tidal flats is minimal. Therefore, pilot projects were launched in
order to further investigate their effectiveness and impact. One of
these pilots is the nourishment of sediment on the tidal flat Gal-
geplaat in the middle of the Eastern Scheldt (see Fig. 1).

The main aim of the pilot was to investigate whether tidal flat
nourishments are a good management measure to maintain valu-
able intertidal habitat for bird life. For these birds abundance and
availability of benthic macrofauna (i.e. macrobenthos), their main
food source, are important. The time food is available towaders is to
a large extent determined by the exposure time of the tidal flats as
they can only forage on an exposed tidal flat. A tidal flat nourish-
ment initially increases exposure time, and therefore potential
foraging time, but at the same time kills all benthos present when
the sediment layer is larger than 0.5 m (Baptist et al., 2009). It is
hypothesized that over time benthic life will recover which favors
the waders, but at the same time exposure time will decrease due
to the ongoing erosion of the nourishment. Therefore, the effec-
tiveness of this measure for bird life depends on both the benthos
recovery time and the life-time of the nourishment. This paper
investigates this hypothesis on the basis of a large set of morpho-
logical and ecological monitoring data. This will result in recom-
mendations on the suitability of sediment nourishments as an
estuarine management measure to counteract the negative effects
of tidal flat erosion due to distortion of the sediment cycle.
2. Material and methods

2.1. The Eastern Scheldt

The Eastern Scheldt is an elongated tidal basin of approx. 50 km
in length and a surface area of 350 km2, located in the southwestern
part of The Netherlands (see Fig. 1). In ancient times, the Eastern
Scheldt estuary was the mouth of the Scheldt River, which origi-
nates in the North of France and flows northward through Belgium,
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until in the Middle Ages the Western Scheldt took over this func-
tion. The evolution of the Eastern Scheldt since then has been
largely affected by human interferences such as land reclamation
and the construction of dikes and dams. The historical morpho-
logical evolution of the Eastern Scheldt estuary is described in
detail by Eelkema (2013). Nowadays, the Eastern Scheldt has an
average freshwater load of 25 m3/s and is mesotrophic with an
average salinity of 30 (Nienhuis and Smaal, 1994). Sections 3.1 and
3.2 provide more information on the hydrodynamic conditions in
the Eastern Scheldt.
2.2. The Galgeplaat

The Galgeplaat is located in the middle of the Eastern Scheldt
(see Figs. 1 and 2) and is one of the largest sandy shoals in the tidal
basin. It is bound by the tidal channels Engelsche Vaarwater to the
West and the shallower Brabantsche Vaarwater and Witte Tonnen
Vlije to the East. Over the past decades the Galgeplaat has strongly
suffered from erosion. According to Van Zanten and Adriaanse
(2008), its intertidal area reduced from 1.00 to 0.96 km2 between
1985 and 2001. At the same time the average bed level reduced
from NAP �0.32 m to NAP �0.65 m (NAP is the Dutch Ordnance
Datum almost corresponding with mean sea level). This gives an
average erosion of about 0.02 m/year corresponding to a total
sediment loss of 3.8 million m3 above average low water level be-
tween 1985 and 2001. According to the more recent study of
Santinelli and De Ronde (2012), the average erosion of the Galge-
plaat is about 0.01 m/year.
2.3. The nourishment pilot

The nourishment on the Galgeplaat was constructed in the
period JulyeSeptember 2008 with sediment obtained from
Fig. 2. The Eastern Scheldt bathymetry measured in 2010 with (1) Galgeplaat, (2) Engelsche
the Galgeplaat indicates the nourishment site. (5) Indicates the location of wind station Sta
maintenance dredging in the Brabantsche Vaarwater and Witte
Tonnen Vlije. In total about 130,000 m3 of sediment was nourished
in an area of approx. 200,000 m2, resulting in an average nour-
ishment height of 0.65 m. The initial bed level at the site varied
roughly between NAP �0.8 and �0.5 m; due to the nourishment
bed levels were increased to in between NAP �0.6 and þ0.4 m. The
resulting morphology was clearly not spatially uniform with the
highest bed levels on the northern part of the nourished area (see
Fig. 3).

An increase in suspended particulate matter concentration
during the construction phase had to be avoided because of nearby
commercial mussel beds. Therefore, the construction of the nour-
ishment started with the building of a ring dike of about 1 m high,
which was subsequently filled with sediment during a tidal win-
dow of�0.60 till 0.40mNAP. This ring dike contained an opening in
the direction of the tidal channel to steer the transport direction of
fine sediment. Together with the tidal window, this allowed for a
controlled nourishment construction.

Since the sediment was taken from the tidal channel, the me-
dian grain size at the nourishment site increased from
D50 ¼ 0.19e0.22 mm on average due to the nourishment. The
percentage of mud (<0.063 mm) remained more or less stable and
was at all measurement locations less than 7%.
2.4. Monitoring

The morphological development of the entire nourishment was
initially monitored every month using 25 m spaced single beam
surveys, and from September 2009 every three months. Since
December 2009 these measurements were replaced by more ac-
curate Real Time Kinematic (RTK) measurements. To monitor the
detailed bed level changes these data were supplemented by a set
of monthly Sedimentation Erosion Trend (SET) measurements on
Vaarwater, (3) Brabantsche Vaarwater and (4) Witte Tonnen Vlije. The black circle on
venisse and (6) the location of tidal station Yerseke.



Fig. 3. Left panel: Overview measurement locations for wave height by the Waverider (black circle) and pressure transducer (white triangles), velocities (black triangles), and bird
counting areas J-L. Right panel: initial bathymetry of nourishment and the benthos sampling sites and bird counting areas A-I.
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14 locations on and in close vicinity to the nourishment. In addition,
the data were compared to three-monthly RTK measurements
along 5 pre-defined transects across the nourishment.

Wave heights were measured in the main tidal channel using a
Waverider and on the tidal flat using pressure transducers. Current
velocities were measured both in the channels and on top of the
tidal flat using Acoustic Doppler Current Profiler (ADCP) and
Aquadops (see Fig. 3).

To assess the recolonization of the nourishment by macro-
benthos over time, sediment cores were taken and analyzed. This
included 10 benthos sampling locations on the nourishment site
and 10 control (i.e. undisturbed) locations just outside the nour-
ishment site. From 2009 the number of sampling sites on the
nourishment was increase to 18 (see Fig. 3b) to better monitor the
spatial variation.

Three 0.3 m deep sediment cores (with an area of 50 cm2) were
taken within a 1 m radius per sampling location, and subsequently
sieved on a 1 mmmesh. The samples were fixated with pH-neutral
formaldehyde after which the macrobenthos was classified to the
lowest taxonomic level possible. Next, the density and biomass of
each species was determined for every sampling site. For grain size
analysis, small sediment cores were taken at each sampling site,
using a tube with a diameter of 1 cm, which was pushed 3 cm in the
sediment. The grain size distribution was determined using a
Malvern laser diffraction system. In this paper only the general
trends in species richness, density and biomass of the macro-
benthos are discussed; a more detailed analysis on the temporal
and spatial recolonisation patterns of the macrobenthos will follow
in a later paper.

For each sighted bird the behavior (foraging or not) was regis-
tered every 15 min during low tide on two consecutive days in
October, at the nourishment (3� 2 plots of 100� 100m, see Fig. 3b)
and at two reference areas (3 � 2 plots of 100 � 100 m each).
Observations took place yearly between 2007 and 2012, except for
the year 2008. The first reference area is located just north of the
nourishment and has the same elevation as the location of the
nourishment prior to the nourishment. The second reference area
was located southeast of the nourishment, with a bed level similar
to that at the nourishment site after the nourishment was placed
(Fig. 3a). This second reference area was included from 2011
onwards.
An overview of the measurements relevant for this study is
given in Table 1. More information on the Galgeplaat nourishment
monitoring can be found in Van der Werf et al. (2013).
3. Results

3.1. Hydrodynamics

The tidal range at measuring station Yerseke, located near the
Galgeplaat (see Fig. 2), is 3.2 mwith mean lowwater at NAP �1.3 m
and mean high water at NAP þ1.9 m. The M2 tidal component is
dominant which means every 12.4 h the Galgeplaat is flooded and
exposed.

The wind rose for the period 2008 to 2012, based on data from
the nearby station Stavenisse (see Fig. 2), shows that winds pre-
dominately came from the Southwest, although also relative high
wind speeds from the Northwest occurred (Fig. 4). The average
wind speed was 6 m/s corresponding to 4 Bft. The maximumwind
speed measured in the considered period was 23 m/s, i.e. 9 Bft.

In the period October 2008eSeptember 2012 a total number of
17 storm events were identified, which were defined as wind
speeds larger than 17 m/s (8 Bft and higher) occurring for a period
of at least 0.5 h. As for normal conditions, the dominant wind di-
rection under storm conditions is southwesterly.

The Eastern Scheldt storm surge barrier blocks most of the
offshore incomingwaves. Hence themajority of the short waves are
locally wind-generated. Wave records indicated that in the pre-
vailing SW-NW winds the average significant wave height de-
creases from about 0.4 m near the mouth to 0.1 m in the landward
part of the Eastern Scheldt with a dominant wave energy flux from
the southwest (Louters et al., 1998).

According to theWaverider measurements in the channel to the
southwest of the Galgeplaat (Fig. 3a, black circle), the significant
wave height nearby the Galgeplaat varied between 0.4 and 0.8 m
and the spectral peak period between 2.5 and 3.5 s during the
storm events. The waves are very much damped on the tidal flat
such that this height reduced to 0.1e0.2 m on the Galgeplaat
nourishment site (see Van der Werf et al., 2012).

Under normal wind conditions, the current measurements
show peak velocities of about 0.5 m/s on the Galgeplaat during ebb
tide. At the nourishment site, velocities were somewhat smaller,



Table 1
Overview of the measurements dedicated to the Galgeplaat nourishment.

Parameter Measurement type Period Frequency Spatial coverage

Bed level RTK (transects) May 2008eNov 2012 every 3 months 5 profiles
SB/RTK May 2008eNov 2012 every 1e3 months nourishment site
SET May 2008eNov 2012 monthly 14 locations

Waves Waverider May 2008eJun 2011 continuous 1 location
Pressure Transducer May 2008eApr 2011 every 1e2 months 2 locations

Velocity ADCP (channel) Oct 2008eNov 2008 every 2 months 3 locations
ADCP (tidal flat) May 2008eApr 2011 every 1e2 months 4 locations
Aquadop (tidal flat) Sep 2010eMar 2011 every 2e3 months 6 locations

Benthos Core sampling 2008e2011 Yearly (October) 10/18 nourishment
10 control

Birds Counting 2007e2012 Yearly (October) 9/12 areas of 100 � 100 m

Fig. 4. Wind rose on the basis of 2008e2012 data measured at the station Stavenisse.
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while current velocities reached 0.7e0.9 m/s in the tidal channels
(see Van derWerf et al., 2012). The nourishment site is only flooded
a few hours per tide. The tidal current is directed to the South
during flood. It then rotates clockwise to become north-directed
during ebb tide. The current is clearly ebb-dominant with larger
velocities to the North during the ebb phase of the tide (see Van der
Werf et al., 2013).

3.2. Morphology

The largest morphological changes occurred during the first
year after the nourishment construction: the highest part of the
nourishment was flattened and bed level gradients became smaller
resulting in a smoother bathymetry (Fig. 5). Hereafter the
morphological changes were relatively small and the nourishment
appears to be stable.

The higher, northern parts of the nourishment have eroded
between 2008 and 2012 with a maximum of about 0.5 m (Fig. 6).
Furthermore, a relatively strong sedimentation (about 0.5 m) along
the northern nourishment edge is observed. However, most parts of
the measured area were relatively stable with only 0.1e0.2 m bed
level change.
These morphological changes suggest a net sediment transport
directed towards the North. However, this only applies when
sediment transport is locally determined. This is not necessarily the
case for suspended sediment transport, as it is possible that the
sediment along the northern edge of the nourishment originated
from other parts of the Galgeplaat. However, it is expected that
these horizontal advection effects of sediment are not very
important, given the typical sediment grain size and current ve-
locity at the nourishment site.

Between October 2008 and September 2012 the sediment vol-
umewithin the (initial) nourishment contour decreased with about
13,000 m3 which equals to about 10% of the initial nourishment
volume (Fig. 7). This corresponds to an average erosion of
1.5e2.0 cm/year. The nourishment sediment stayed relatively close
to the initial contour (see Fig. 6). It was found that 11,000 of the
13,000 m3 of sediment that was eroded from the nourishment
stayed within 50 m of the initial contour. This means that only a
small percentage was transported further away. Furthermore, there
appears to be a seasonal effect, with sedimentation during the
relatively calm wind conditions in summer and erosion during the
relatively more stormy wind conditions in winter.

Cronin (2012) studied the Galgeplaat nourishment using a



Fig. 5. Morphological evolution of the Galgeplaat nourishment: in October 2008 (just after construction), September 2009 (after 1 year), September 2010 (after 2 years) and
September 2012 (after 4 years).
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depth-averaged (2DH) Delft3D model including flow, waves, sand
transport and morphological changes. The model was calibrated
and validated using the above-described field data. Cronin (2012)
showed that the locally generated waves play an important role
in the transport of sediments around and on the intertidal flats, and
thus also on the morphological evolution of the Galgeplaat nour-
ishment. This is similar to the conclusions drawn by Das (2010)
using an earlier version of this Delft3D model. According to Das
(2010), sediment movement is limited during normal conditions,
while severe erosion of the Galgeplaat occurred during storm
conditions. During storm conditions wave breaking brings sedi-
ment into suspension, which is then transported by the currents
driven by the wind, wave and tide.

These modeling studies and the hydrodynamics described in
Section 3.1 support that the observed morphological change of the
Galgeplaat nourishment is due to the combined effect of waves and
currents. The sediment is mobilized by wave breaking and subse-
quently transported by the current, which has a dominant northern
direction due to tidal asymmetry and the pre-dominantly south-
westerly winds.
3.3. Exposure time

The nourishment changed the local bathymetry such that the
nourished area is longer exposed during low tide. This can be
expressed through the exposure time, i.e. the percentage of time a
location is exposed. This is an important ecological indicator
because on the one hand birds have more time to forage in case of
higher exposure duration, but on the other hand changes in
exposure time might affect benthic community structure.

The highest macrobenthic biomass in intertidal areas in the
Eastern Scheldt is generally present at a daily exposure time be-
tween 20 and 40% (Troost and Ysebaert, 2011), which corresponds
to an exposure duration of 5e10 h/day. Above an exposure time of
60% per day, biomass decreases considerably. However, several bird
species need more time to forage; up to 14 h/day to fulfill in their
energy requirements, especially in winter and during migration
periods. Therefore, the intertidal areas with an exposure time of
40e60% per day are also considered ecologically important (Zwarts
et al., 2011).

The exposure time is computed using the bed level elevation
data from the single beam/RTK surveys and water level data from a
nearby tidal gauge nearby (Stavenisse). Fig. 8 shows that the largest
part of the area was exposed 30e40% of the time prior to the
nourishment. Just after the nourishment the exposure time
increased significantly: about 11 hawere exposed more than 50% of
the time and almost 1 ha more than 60% of the time. Four years
after the nourishment the effect of the nourishment is still clearly
visible: large parts of the area are exposed for 40e60% of the time.
3.4. Macrobenthos

The following description of the macrobenthos focuses on the
total richness, density and biomass. More information per species
can be found in Wijnhoven et al. (2012) and Van der Werf et al.
(2013).



Fig. 6. Cumulative sedimentation and erosion of the Galgeplaat nourishment in September 2012, four years after the construction, based on RTK 25 m resolution measurements.

Fig. 7. Volume change within nourishment contour. The arrows indicate a possible
seasonal effect.
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Prior to the nourishment, in June 2008, total species richness
was 47 in the surrounding, undisturbed area, whereas in the area
where the nourishment was constructed species richness was
lower (32) (Fig. 9). Average density and biomass were somewhat
higher in the undisturbed area, although not significant (Fig. 9). In
the following years, species richness and average biomass were
somewhat lower in the undisturbed area, whereas average density
showed a pronounced drop.

Compared to the undisturbed area, the macrobenthos on the
nourishment showed a clear drop in species richness, density and
biomass short after the construction (October 2008), after which a
recovery was observed in the following years (Fig. 9). In October
2008, average density and biomass were very low, representing
only 2% and 8%, respectively, of the values found in the undisturbed
area. In 2009, species richness on the nourishment increased, due
to settlement of new recruits of species like the lugworm Arenicola
marina, the spionid Pygospio elegans, the cockle Cerastoderma edule
and the Baltic tellin Macoma balthica. However, species richness
and biomass in 2009 were still lower compared to the undisturbed
area. With respect to density, higher values were observed on the
nourishment site in 2009, due to the settlement of some oppor-
tunistic species like Pygospio elegans. From 2010 onwards the total
species richness was similar on the nourishment compared to the
undisturbed area. Despite the similar number of species, species
composition still differed, with only 38e54% of the species
observed both on the nourishment as in the undisturbed area.

Biomass increased slower than density, but reached higher
values in October 2010 and October 2011 on the nourishment
compared to the undisturbed area. This is due to the relatively high
biomasses of newly settled cockles Cerastoderma edule on the
nourishment area, which were not observed in the undisturbed
area. In the undisturbed area, the number of Peringia ulvae
decreased dramatically from October 2008 (14,773 ind/m2) to April
2009 (1400 ind/m2), and in the following years numbers never
reached again these high values and the species was even absent
fromOctober 2010 onwards. On the contrary, Peringia ulvae became
a dominant species (with respect to density) on the nourishment in
summer and autumn. The reason for the decrease in numbers in the
undisturbed area is unknown, although it is known that large year-
to-year variations exist. The presence of Peringia ulvae on the
nourishment is to be expected, as this species typically prefers the
higher intertidal zone (Troost and Ysebaert, 2011).

With respect to the spatial variability of recolonisation on the
nourishment, clear differences in biomass were observed. Sampling



Fig. 8. Exposure time just before (May 2008), just after (October 2008) and 4 years after (September 2012) the nourishment.
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locations with a lower elevation (i.e. the southern part of the
nourishment) contained a higher macrobenthic biomass than lo-
cations on higher elevations (Fig. 10).
3.5. Birds

Over the period 2008e2012, the most abundant wader species
on all counting locations were the Eurasian curlew (Numenius
arquata) and the Oystercatcher (Haematopus ostralegus). Together
these two species accounted for 93% of the foraging time observed
in all locations. Other observed species included Grey plover (Plu-
vialis squatarola), Bar-tailed godwit (Limosa lapponica) and Dunlin
(Calidris alpina).

Prior to the nourishment, the average foraging time for all
species present per hectarewas 2790min per low tide (Fig.11). This
dropped to 550 foraging minutes on the nourishment area (average
of the areas DEF and GHI) in 2009, while it increased to 3360 min at
the reference area ABC. Two years after the construction of the
nourishment the average number of foraging minutes on the
nourishment had increased to 2270. In 2011, the number of foraging
minutes increased at both the nourishment and the reference area.

In 2011 data were also collected at the additional reference area
JKL which had the same bed elevation as the nourishment area.
Here the average amount of foraging minutes per ha per low tide
was 7840, which is almost double the number at the areas ABC
(other reference) and GHI.

Four years after the construction of the nourishment (2012), the
average amount of foraging minutes on the nourishment was lower
than the previous year, with 2120 min per ha per low tide. In the
original reference area (ABC), the foraging minutes slightly
increased, while in the reference areawith the same elevation level
as the nourishment (JKL), the number of foraging minutes was
more than halved to 3270. The high peak in 2011 for reference area
JKL is caused by high numbers of Eurasian Curlews observed in
counting area J. This is regarded as an anomaly and not as a true
representative estimate of that year.

The number of foraging minutes is larger on the southern part of
the nourishment (DEF) compared to the northern part (GHI). There
seems to be a correlationwith the spatial variation of macrobenthic
biomass (see Fig. 10): the amount of foraging minutes is larger
within the areas with relatively more biomass. This is illustrated in
Fig. 12, which contains data of the average biomass and foraging
minutes for the counting areas D-H for the years 2009e2011.
4. Discussion and conclusions

In 2008 a small part (20 ha) of the Galgeplaat tidal flat in the
Eastern Scheldt tidal basin in the south-western part of The



Fig. 9. (a) species richness (total number of species observed), (b) average density and (c) average biomass at the nourishment (n ¼ 10) and in the surrounding undisturbed area
(n ¼ 10) between June 2008 and October 2011. The nourishment was constructed between July and September 2008. This implies that the June 2008 results correspond to the pre-
nourishment conditions.
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Netherlands was nourished with about 130,000 m3 of sediment.
This paper investigated whether tidal flat nourishments are a
suitable management measure to conserve and restore valuable
intertidal habitat for bird life on the basis of a large and unique set
of morphological and ecological monitoring data (freely available
through https://svn.oss.deltares.nl/repos/openearthrawdata/trunk/
rijkswaterstaat/Oosterschelde/Galgeplaat/).

The lifetime of the nourishment is one of the key factors for
success. Four years after the construction of the nourishment, about
10% of the nourishment volume eroded from the initial nourish-
ment contour. This corresponds to an average erosion rate of 2 cm/
year, which is higher than the autonomous erosion of the southern
part of the Galgeplaat of 0e0.5 cm/year. The nourishment thus
eroded faster than its environment, which can be explained by its
relatively high bed level inducing more sediment transport.
Assuming an unchanged erosion trend, the expected lifetime of the
nourishment is 30e40 years. After this period the bed level at the
nourishment site will be back at its pre-nourishment value. An
important note is that there were no severe storm events in the
considered period (2008e2012), and that the number of regular
storms was limited. Severe storms are expected to have a large
impact on the nourishment morphology, shortening the lifetime of
the nourishment.

The largest part of the eroded volume stayed within 50 m of the
nourishment contour. The erosion mainly concerned the highest
northern part of the nourishment. This sedimentation-erosion
pattern suggests a net sediment transport in northern direction.
Supported by field data and previous modeling studies this trans-
port direction can be explained by tidal asymmetry with a stronger
northern ebb current and a predominantly southwestern wind
direction, with breaking of locally-generated wind waves mobi-
lizing the sediment. Erosion occurred during the more stormy
winter periods, whereas the sediment seems to slowly accumulate
during the calmer summer periods. This supports the hypothesis
that the tides are mainly responsible for the built-up of tidal flats in
the Eastern Scheldt, whereas wind and waves tend to break them
down.

The nourishment enhanced the exposure time, which means
that foraging time for birds has increased. However, this will only
positively affect bird life when the benthic life has restored after
being destroyed by the placement of the nourishment. Indeed, the
macrobenthic community has largely recovered three years after
the nourishment. Species richness, total density and total biomass
are similar to the control area, but community composition is still
different on the nourishment compared to the adjacent undis-
turbed bed. This recovery time of the benthic community is in line
with other studies that found an average recovery time of four
years after a shoreface nourishment (Van Dalfsen and Essink, 2001).

The benthic recovery on the nourishment showed a spatial
variation with a relatively faster recovery on the lower parts. It is
hypothesized that this spatial pattern is related to the soil moisture
content. Moist soil contains a higher biomass than a dry soil (Borsje
et al., 2012). Visual inspections indeed show that the higher parts of
the nourishment are drier, while water remains at the lower parts
during ebb tide creating permanently wet areas. Furthermore, the
higher parts are more exposed to wind and waves which could
negatively affect the benthic recovery.

The nourishment was constructed in order to conserve and
restore the natural value of the area for Natura2000 bird species.
This concerns mainly wader species that use the tidal flats to forage
on at low tide, especially during migration and in winter. The
Oystercatcher and Eurasian Curlew have partly returned to the
nourished area. However, despite an increase in exposure time
together with the recolonisation of the macrobenthic biomass,
other waders such as Red Knot (Calidris canutus), Bar-tailed Godwit
(Limosa lapponica), Dunlin (Calidris alpina) and Grey Plover (Plu-
vialis squatarola) are hardly observed on the nourished area,
although these species are present in this part of the Eastern

https://svn.oss.deltares.nl/repos/openearthrawdata/trunk/rijkswaterstaat/Oosterschelde/Galgeplaat/
https://svn.oss.deltares.nl/repos/openearthrawdata/trunk/rijkswaterstaat/Oosterschelde/Galgeplaat/


Fig. 10. Biomass in gram AFDW/m2 at the different sampling locations on the nourishment in the fall of 2011 (n ¼ 18). The figure also includes the bathymetry as well as the bird
counting areas.
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Scheldt. It is unknown why these waders do not make use of the
nourishment. Food is abundant and of the right kind. It could be
that the Galgeplaat as a whole, with an overall decreased exposure
time due to the ongoing erosion, is no longer offering sufficient
Fig. 11. Average foraging minutes per hectare per low tide for areas ABC (reference),
DEF (northern part nourishment), GHI (southern part nourishment) and JKL (refer-
ence). The error bars represent the standard deviation of the data.
foraging time for these species. The nourishment was possibly too
small (2% of the Galgeplaat was nourished) to change this. Insight in
the numbers, dispersion and foraging behavior of these waders
could provide more insight.
Fig. 12. The average foraging minutes per counting area as a function of the macro-
benthos biomass.
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5. Lessons learned

The Galgeplaat nourishment pilot shows that nourishments can
help to mitigate the negative effects of tidal flat erosion. The
nourished sediment was relatively stable, giving time for the re-
covery of benthic macrofauna such that birds can benefit from the
longer exposure time before the sediment has disappeared. Future
monitoring should show whether the nourishment remains stable
and how long the full ecological recovery will take. Application to
other areas in the Eastern Scheldt or to tidal flats in other estuaries
and tidal basins requires knowledge about the local hydraulic
conditions (wind, tide, waves), tidal flat topography, sediment (size
and mud percentage) and biological characteristics, and nourish-
ment geometry.

On the basis of this study we conclude that sediment nourish-
ments are an effective management measure to counteract the
negative consequences of tidal flat erosion in the Eastern Scheldt.
Furthermore, this “soft” sediment management approach has the
advantage that it can easily be adapted to new circumstances and
developments. Therefore, we recommend the Eastern Scheldt
managers to continuewith tidal flat nourishments in a step-by-step
approach, optimising and learning along the way on the basis of
high-quality monitoring data. We also believe that this potentially
applies to other estuaries where distortion of the sediment cycle is
causing tidal flat erosion.
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