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ARTICLE INFO ABSTRACT

The Dutch coast is one of the most heavily nourished coasts globally. An average of 12 mln. m? is annually added
to the coastline of only 432 km for dynamic coastline conservation. This study provides an overview of the
operational aspects of the more than 300 nourishments for coastline maintenance that have been performed since
the 1990s and discusses the evolution of the nourishment approach and lessons learned with regard to the
nourishment design. The first nourishments were beach and dune nourishments to repair local beach and dune
erosion. In the 1990s the nourishment efforts increased when nourishing the coastline was set in policy as the
formal strategy to dynamically preserve the coastline. Simultaneously shoreface nourishments emerged, which
aim to feed the coast gradually over a longer period than beach nourishments. In 2001 the volume of sand used
for nourishments increased from 6.4 to 12 mln. m® per year, to enable the coastal zone to stay in equilibrium with
sea level rise. Channel wall nourishments were introduced around that time because they can slow down the
landward migration of tidal channels and can accommodate large volumes of sediment. Nowadays, underwater
nourishments are preferred because of the lower costs associated, but the decision for a beach, shoreface, or
channel wall nourishment also depends on the morphology, the local setting, and the purpose of the nourish-
ment. All nourishments combined have succeeded in conserving the coastline at its desired position over the past
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30 years.

1. Introduction
1.1. Context

The majority of the Dutch coastline is characterized by sandy bea-
ches, which is a common type of coast globally (Luijendijk et al., 2018).
These sandy shores are valuable areas for flood safety, tourism, and
ecology, but they are susceptible to erosion, especially when facing sea
level rise. The low-lying Netherlands is particularly prone to flooding as
60% of its surface would regularly flood without protection measures,
which would affect 9 million people (Ministerie van Infrastructuur en
Milieu, 2015).

The Netherlands has a long history of coastal policy to combat
coastal erosion and to ensure flood safety. Within the current policy, the
Dutch coastal flood and erosion risk management (CFERM) approach
distinguishes three levels: strategic goals, tactical approach and opera-
tional objectives (Lodder and Slinger, 2022, this issue). The sustainable
maintenance of flood protection levels and preservation of values and

functions of dune areas is part of the strategic goal (Ministerie van
Verkeer en Waterstaat, 1990).

To achieve this strategic goal a tactical approach that includes hav-
ing soft solutions when possible and hard solutions only when needed is
defined. Sand nourishments are such a soft solution for coastal protec-
tion. They have been performed globally over the last decades (Arm-
strong et al., 2016; Bitan and Zviely, 2020; Pinto et al., 2020). As sand
allows for natural dynamics, nourishments are considered to be more
environmentally friendly and less disruptive than traditional hard so-
lutions such as dikes, groins, and seawalls. Furthermore, the coast be-
comes more resilient as sand nourishments can provide a sufficiently
substantial beach to accommodate the natural dynamics as well as
future climate change and sea level rise (Nordstrom, 2008; USAID, 2009;
Pranzini et al., 2015).

Finally, to address the strategic goal and the associated tactical
approach, operational objectives such as maintaining the coastline po-
sition are defined. Here, the assumption is made that the physical con-
ditions for existing coastal functions are preserved by maintaining the
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coastline position (Ministerie van Verkeer en Waterstaat, 2000, van
Koningsveld and Mulder, 2004). For this purpose and to ensure that the
whole active coast is in equilibrium with sea level rise an average of 12
mln. m® is nourished each year with sand that is extracted offshore.

Sand nourishments are a common engineering solution to mitigate
coastal erosion globally. They are for example common in Australia
(Jackson et al., 2013), the United States of America (Ludka et al., 2018),
South Korea (Chang and Yoon, 2016), and the rest of Europe (e.g.
Hanson et al., 2002; Pinto et al., 2020). However, in the Netherlands, a
remarkably large amount of sand is nourished compared to other
countries (Hanson et al., 2002; Pinto et al., 2020). A long-term strategy
for coastal maintenance exists and an overall performance evaluation
program is integrated in the legal framework, which is often lacking
(Hanson et al., 2002). As a result, nourishment efforts are more
large-scale, both in the totally nourished volumes and in approach (e.g.
shoreface and channel wall vs. beach nourishments). This is contrary to
other countries where nourishments are often small-scale and for rec-
reation purposes (De Schipper et al., 2020).

1.2. Objectives and approach

The aim of this paper is to first provide an overview of the more than
300 nourishments that have been performed since the 1990s to address
the operational objectives of the dynamic conservation policy: ‘hold the
line’ and ‘nourish 12 min. m® of sand to the active coastal zone’ and then
to describe the different types of nourishments, the evolution of the
nourishment approach, and best practices with regard to the nourish-
ment design. We consider the strategic goals, tactical approach, and
operational objectives as a given framework within which imple-
mentation of nourishments occurs. Adaptations to the framework over
time are mentioned, but not elaborated upon. Instead, the focus of this
paper is on the best practices of regular nourishments for dynamic
conservation of the coastline. These are aimed to actively participate in
the morphodynamics of the coastal zone and to counter erosion or
enhance sedimentation. Sand is also added to the coast for flood defense
or land reclamation purposes. These nourishments are not considered
here because they are static nourishments supposed to remain in place
that have other objectives and do not actively participate in coastal
processes.

To derive an overview of the best practices Rijkswaterstaat data and
literature considering nourishments in the Netherlands were examined.
Rijkswaterstaat is the executive agency of the Ministry of Infrastructure
and Water management in the Netherlands. Rijkswaterstaat is tasked
with the operation and maintenance of the coast in relation to Coastal
Flood and Erosion Risk Management. The Rijkswaterstaat datasets that
were used in this paper are:

1. Nourishment data: Information on the length, volume, type, and
period of construction is available for each nourishment. A summary
of the part of this dataset used in this study (i.e. the nourishments for
dynamic coastline conservation) is given in the appendix.

2. Nourishment designs: Design reports exist with information on
design aspects like the slope and elevation of the nourishment for
recent nourishments (i.e. nourishments performed over the past 15
years).

3. Yearly beach topography and bathymetry data: Each year the
topography of 200-250 m spaced transects is measured along the
Dutch coast (JARKUS). The topography is measured from the dunes
to approximately 2 km offshore. This data is used to calculate the
coastline position, for example.

Evaluation reports exist for approximately 50 nourishments (e.g.
Rijkswaterstaat 1987, van Onselen and Vermaas, 2020). Additionally,
several reports exist in which multiple nourishments are compared
(Roelse, 1996; Bruins, 2016).
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2. The Dutch coast
2.1. Regional setting

The Netherlands is located on the southeastern edge of the North Sea
basin (Fig. 1). The Dutch coast is wave-dominated with a mean wave
height of 1.1 m and a micro-tidal regime, with an average tidal range of
1.6 m (van Rijn, 1995). The coastline is 432 km long (Stolk, 1989) of
which approximately 75% is protected by sandy shores and dunes, 15%
is protected by hard structures and 10% of the coastline is characterized
by tidal flats (Ministerie van Verkeer en Waterstaat, 2000). The coast
can roughly be divided into three regions: (1) the southwestern delta,
which consists of multiple open and (semi-)enclosed estuaries, (2) the
central coast which is relatively straight, and (3) the barrier island coast
in the north which consists of multiple barrier islands and tidal inlets
(Fig. 1).

The southwestern delta used to consist of multiple open estuaries.
Nowadays, the Western Scheldt is the only open connection to the sea,
while the other basins have become (semi-)enclosed due to the con-
struction of the Deltawerken in the second half of the 20th century (Van
der Ham, 2018). The nearshore of the southwestern delta is character-
ized by (remnants of) tidal channels and tidal deltas. The beach orien-
tation, slope, and volume vary greatly alongshore due to the complex
large-scale morphology of the delta (See Fig. 2 for volume). Dunes are
present along most of the southwestern delta coast. The naturally pre-
sent sediment on the beaches in the southwestern delta, as measured in
the 1980s (Kohsiek, 1984), is medium coarse sand with a grain size of
230 pm (Fig. 2).

The central coast of the Netherlands is relatively straight, but its
orientation gradually changes from NE-SW in the south to N-S in the
north. The coastline is interrupted by several sluices and harbor jetties at
IJmuiden, Scheveningen, Hoek van Holland, and by the large scale
harbor extension of the Maasvlakte (Fig. 1). A sequence of generally 2 or
3 alongshore sandbars are present on most of the nearshore. The bea-
ches, i.e. the area between NAP -2 and +4 m (NAP = Normaal
Amsterdams Peil, i.e. mean sea level), are typically 300 m wide and have
a slope of 1:50. On the landward side the central coast is generally
characterized by a dune area.

The northern coast of the Netherlands is a barrier coast with multiple
barrier islands, the Wadden islands, with tidal inlets and tidal deltas in
between. The barrier islands are protected by dunes on the North Sea
side and dikes on the Wadden Sea side. The orientation of the barrier
islands gradually changes from N-S to E-W. The central parts of the
barrier islands resemble the central coast of the Netherlands with
nearshore bars and dune areas. The outer ends of the islands are heavily
influenced by the dynamics of the tidal inlets, with narrow, erosive
beaches when tidal channels migrate landwards or wide beaches when
tidal flats merge with the beach. This becomes clear from the beach
volume in Fig. 2, which shows relatively high and low values at the outer
ends of the islands. The naturally occurring sediment on the beach
gradually becomes finer from the southwest to the northeast, with a
grain size of 160 pm at Schiermonnikoog (Kohsiek, 1984).

2.2. Operational objectives for coastal management in the Netherlands

Due to a misbalance in the sediment budget of the coastal zone, the
Dutch coast would be eroding without human interventions. This
misbalance is the result of sea level rise, soil subsidence and a decreasing
input of sediment from marine sources and rivers (Stive et al., 1990;
Beets and van der Spek, 2000, Van der Meulen et al., 2007; van der Spek
and Lodder, 2015). The strategic goal within the Dutch Coastal Flood
and FErosion Risk Management is sustainable maintenance of flood
protection levels and preservation of values and functions (Ministerie
van Verkeer en Waterstaat, 1990). The tactical approach and opera-
tional objectives to which coastal erosion was dealt with before 1990
were on a regional scale and reactive, e.g. after storms.
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Fig. 1. Overview of the Dutch coast with the coastal regions.
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Fig. 2. Median grain size of the dunes (Kohsiek, 1984) and the beach volume (i.e. the volume between NAP -2 and +4 m) in 2020 for every 2 km along the coast.

In 1990, as an operational objective to serve the strategic goal, the
Dutch government decided to pro-actively preserve the coastline with
nourishments to counter coastal erosion (Ministerie van Verkeer en
Waterstaat, 1990). A reference coastline, the BKL (BasisKustLijn), was
determined based on the coastline position of 1990 and the trend in
changes in the coastline position between 1980 and 1990. The BKL was
locally adjusted based on consultation with stakeholders and to obtain a
maintainable coastline and is regularly reevaluated (Hillen et al., 1991;
Hallie, 2018). The MKL-position (Momentane KustLijn, i.e. current
coastline) is used as a proxy to determine the current position of the
coastline. The MKL is a weighed averaged of the volume between the
dune foot and the low water line and the same elevation below the low
water line, which is expressed in meters relative to a reference line
(Fig. 3).

Each year the position of the MKL is assessed in relation to the BKL-
position (e.g. Rijkswaterstaat, 2020). Nourishments are carried out to
maintain the coastline position, especially when flood safety is directly

MKL

(Current coastline position)

= A/2h = Xpgp

Dune foot
Low water line

0l€
S)

Fig. 3. The determination of the MKL (current coastline position) from the sand
volume in the MKL-zone (yellow). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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at stake and/or when it cannot be expected that the coast will recover
naturally (Rijkswaterstaat, 2021a). Besides the regular maintenance of
the coastline, the flood defences are assessed for flood safety every 6
years within the Hoogwaterbeschermingsprogramma (Flood protection
program, Hoogwaterberschermingsprogramma, 2019). Sandy re-
inforcements for safety purposes are sometimes performed within this
program. These are not considered in this study, as their design and goal
is often very different from regular, dynamic nourishments for coastline
maintenance.

Awareness arose in 1995 about the importance to compensate for the
loss of sand in deeper water and to keep the sediment budget in the
coastal system (i.e. NAP -20 m up to the inner dune row) in equilibrium
with sea level rise (Ministerie van Verkeer en Waterstaat, 1996). In 2000
this awareness was translated into the operational objective to nourish
12 mln. m® per year (Ministerie van Verkeer en Waterstaat, 2000), to
provide the physical basis for all coastal values and functions (Ministerie
van Verkeer en Waterstaat, 2000; van Koningsveld and Mulder, 2004).
This volume of 12 mln. m® was based on the estimates of Mulder (2000)
of the sediment deficit due to the present-day sea level rise and is
nourished since 2001.

It is not established in the operational objectives how and where this
volume of 12 min. m® should be nourished (Mulder et al., 2011).
However, it is known since a few years that the long-term deficit of
sediment is largest in the southwestern delta and at the barrier islands
and in the adjacent Wadden Sea (e.g. van der Spek and Lodder, 2015;
Rijkswaterstaat, 2021b). Therefore, in practice the volume of 12 mln. m®
is used for nourishments aiming to maintain the coastline at the
BKL-position and for additional (underwater, i.e. shoreface or channel
wall) nourishments in the southwestern delta and at the barrier islands.
Due to the morphology of the southwestern delta, including extensive
shoal areas and tidal channels, less locations are available for shoreface
nourishments than at the barrier islands, which also partly have straight
coastlines. Therefore, the nourishment efforts mainly increased at the
barrier islands, both in a relative sense (Fig. 4) and in absolute volumes
(40 mln. m? between 2000 and 2009 and 44 mln. m> between 2010 and
2019).

One of the strategic goals, as mentioned, is to sustainably preserve
the values and functions of the dunes. Instead of simply nourishing 12
min. m® for the long-term preservation of values and functions, it is al-
ways aimed to also benefit values and functions on the short-term. These

100
90
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o

Barrier islands
m Central coast
®m Southwestern delta

Distribution of the total
nourished volume (%)

Fig. 4. Distribution of the total nourished volume over the Dutch
coastal regions.
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functions and values include societal functions, such as the local econ-
omy, ecology, and the development of knowledge. Stakeholders are
consulted before nourishments are performed (Rijkswaterstaat 2020,
2021a), which may result in additional nourishments or the adjustment
of nourishments to benefit local functions (e.g. Ettinger en de Zeeuw,
2010) or in a study to exclude negative effects on the functions and
values of an area (e.g. Elias, 2016). Even though no benchmark pro-
cedure is set, as suggested to be developed by Mulder et al. (2011), in
practice the 12 mln. m® is distributed keeping the strategic goals and
tactical approaches for coastal management in mind. Further specifi-
cation and proposed research on the distribution of the sand as to how,
where, and when to nourish is described in Lodder and Slinger (2022,
this issue).

Sand for nourishments is in principle available in the North Sea. The
North Sea is a relatively shallow basin mainly consisting of sand with an
average depth of 90 m (Ducrotoy et al., 2000). Sand is preferably mined
within a reach of 12 miles from the coast to limit shipping distances.
However, sand that is mined above NAP -20 m, within 20 km from the
coast, can lead to coastal erosion (Ministerie van Verkeer en Waterstaat,
1991). Sand is thus extracted outside of the coastal zone (i.e. deeper than
NAP -20 m). Other factors that determined the extraction locations for
nourishment sand (Fig. 5) are the grain size, the presence of peat layers
and shell banks in the subsoil, and the presence of explosives on the sea
floor.

3. Evolution of the nourishment approach

Globally, the first beach nourishments were performed in the early
1900s (Valverde et al., 1999). In the Netherlands the first beach nour-
ishments date from the 1950s (Fig. 6, left). These nourishments were
often small scale (i.e. <0.5 min. m3) and were mainly reactive to storm
events (Ministerie van Verkeer en Waterstaat, 1988). The improvement
of dredging and nourishment techniques in the 1970s, such as the in-
vention of the trailing suction hopper dredger, allowed for bigger and
more frequent nourishments. Between 1970 and 1990 the annually

Legend

Area reserved for sand extraction
B Extraction locations s
—— 12 miles offshore
—— NAP -20 m contour

1
?lgilometers

Fig. 5. The areas used and reserved for sand extraction for nourishments.
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nourished volume along the Dutch coast was 3.5 mln. m%, on average.
The sand used for nourishments before 1990 was often from local
sources such as nearby channels that were dredged (Ministerie van
Verkeer en Waterstaat, 1988).

Interventions with sand nourishments became proactive and a part of
the strategy to dynamically preserve the coastline in 1990. The nour-
ishment volume increased to an average of 6.4 min. m> per year for
regular coastline maintenance alone (i.e. excluding additional nourish-
ments for flood defense purposes or land reclamation, Fig. 6, right). Sand
is generally extracted at depths larger than NAP -20 m instead of
redistributed from the nearby seabed or beach since then. When it was
decided to also compensate for sea level rise in 2000 the nourishment
volume further increased to an average of 12 mln. m® per year in regular
nourishments for dynamic coastline maintenance (Fig. 6, right). Be-
tween 2004 and 2015 less volume was nourished in regular nourish-
ments, because part of the 12 mln. m® was used to add a buffer layer for
erosion to flood defense projects. Although the nourished volume
increased in 2000, the number of nourishments, on average 10 per year,
did not increase. Nourishments have thus mainly become larger in
volume while the nourishment frequency remained more or less similar.

In this paper only the regular beach, shoreface, and channel wall
nourishments for dynamic coastline conservation since 1990 are
considered (Fig. 6, right). It should be noted that many nourishments for
(partly) other purposes, such as flood defense, land reclamation, or
innovation and knowledge development, have been performed as well
(Fig. 6, left). In total 623 mln. m? has been added to the coast for various
purposes over the past 70 years, of which 170 mln. m°® was used for the
seaward expansion of Maasvlakte 2. Other large nourishments that stand
out in Fig. 6 (left) are the van Dixhoorndriehoek (1971), the Sand Motor
(2011), the Hondsbossche Dunes (2014), and the ebb tidal delta nour-
ishment (2018).

Not only the nourishment effort has evolved over time, nourishing
techniques are also constantly changing. Roughly four types of regular
nourishments can be distinguished: (1) Dune nourishments that are
carried out above the dune foot, (2) beach nourishments where sand is
placed on the beach, within the MKL-zone, (3) shoreface nourishments
that are carried out below or in the lower part of the MKL-zone, and (4)
channel wall nourishments that are placed on the landward side of a
channel. Fig. 6 shows the nourished volume per nourishment type. In the
previous century most of the nourishments were performed on the beach
or in the dunes. Shoreface nourishments emerged in the early nineties as
a way to allow for natural dynamics when possible and to reduce
inconvenience on the beach (Kroon et al., 1994; NOURTEC, 1994). The
first channel wall nourishment was carried out in 2003.

4. The different nourishment types

Nowadays, beach, shoreface, and channel wall nourishments are
most common in the Netherlands (Fig. 7). Beach nourishments are

Beach nourishment

Shoreface nourishment

Beach zone|

Channel wall
nourishment

Fig. 7. The three main types of nourishments in the Netherlands — schematized.

placed directly in the MKL-zone (Fig. 3) and they are thus immediately
effective in the zone where their effect is needed. However, their
effectiveness decreases relatively fast as beach nourishments are sus-
ceptible to rapid erosion. Based on a linear regression of the MKL-
position after a beach nourishment for 65 nourishments along the cen-
tral Dutch coast and the central coast of the barrier islands, it was
observed that the MKL is at its pre-nourishment position again after 2.9
years, on average.

Shoreface nourishments are placed outside the MKL-zone so their
effect on the beach is lagging behind the actual nourishment. The vol-
ume in the MKL-zone is increased by approximately 10% of the nour-
ished volume after one year and this will further increase up to 20-30%
(Witteveen+Bos, 2006). It is not straightforward to determine the life-
span of shoreface nourishments, as their effect often cannot be isolated
from beach nourishments in the same area, but they are estimated to
have an effect on the MKL-zone for 4-10 years (Witteveen+Bos, 2006;
Vermaas et al., 2013; Vermaas et al., 2019). The average recurrence time
of shoreface nourishments at regularly nourished locations along the
central Dutch coast is 5.2 years. The difference in the effect of beach and
shoreface nourishments on the beach (i.e. MKL) zone over time is
conceptually visualized in Fig. 8 for which it should be kept in mind that
local differences in the lifespan and effectiveness of beach and shoreface
nourishments can be large.
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It is generally cheaper to nourish on the shoreface than on the beach,
with an average of 3.5 €/m® for shoreface and 5.5 €/m® for beach
nourishments. Shoreface nourishments are equally effective for coast-
line maintenance as beach nourishments, but their effect is spread over a
longer time period. Shoreface and beach nourishments contribute
equally to the operational objective to add a volume of 12 mln. m®/year
to the active coastal zone. As a result, shoreface nourishments are often
more cost-effective than beach nourishments (Witteveen+Bos, 2006,
Van der Spek et al., 2007). Therefore, a nourishment is nowadays per-
formed underwater when possible and on the beach only when it is
necessary, for example due to the local morphology, regional aspects
such as the presence of a harbor, or when sand is needed directly in the
MKL-zone for flood safety purposes (Ministerie van Verkeer en Water-
staat, 2000).

Beach nourishments are often smaller than shoreface nourishments,
both in the volume per stretch of coast as in the total length and volume.
The average volume of a beach nourishment in the Netherlands is 0.5
min. m®, while the average volume of a shoreface nourishment is 1.6
mln. m3. Over the past 20 years, since the introduction of shoreface and
channel wall nourishments, 70% of the nourishments are beach nour-
ishments, but in terms of volume only 40% of the total nourished volume
is nourished on the beach, as beach nourishments are typically smaller
than shoreface and channel wall nourishments. Regional differences in
the ratio shoreface/beach nourishments are large. In the southwestern
delta and on the outer ends of the barrier islands 80% of the nourish-
ments are beach nourishments comprising 60% of the nourished volume
in these regions. Underwater nourishments are often channel wall
nourishments in these regions. Shoreface nourishments are more com-
mon at the central coast and the North Sea coasts of the barrier islands
(Fig. 9).

Regional differences in the amount and type of nourishments are
presented in more detail in Fig. 10. This figure shows the nourished
volume (per meter in the alongshore direction) for all transects along the
Dutch sandy coast where a BKL is defined (similar to Rijkswaterstaat,
2020). Hotspots where the nourishment effort is larger than in neigh-
boring areas stand out in this figure. These are typically coastal towns
where the BKL is extended seaward to serve the functions of these lo-
cations. Other nourishment hotspots can be explained by the
morphology. At Noord-Beveland, for example, a tidal channel migrates
towards the shore and large nourishment volumes are needed to main-
tain the coastline. It also shows that two of the barrier islands, Tersch-
elling and Schiermonnikoog, have barely or not at all been nourished.

The Dutch coast is naturally eroding, however because of the dy-
namic conservation policy the coastline retreat due to the erosion is
stopped (Fig. 11). The coastline (MKL) position was calculated from the
yearly topographic data for 1970, 1990 and 2020. It appears that the
median change in coastline position between 1970 and 1990 was —0.6
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Fig. 9. Overview map of the Netherlands with the most common type of
nourishments per region.

m, so the coastline slightly retreated. During this period the annually
nourished volume was 3.5 mln. m®. The coastline migrated seaward
with a national median of 41.8 m between 1990 and 2020 m as the
nourishment efforts increased. It has been reported that since 2001 the
MKL-position is seaward of the BKL-position for approximately 90% of
the Dutch coast (Rijkswaterstaat, 2020). van der Spek and Lodder
(2015) observed that the nourishments are especially beneficial for the
upper shoreface, beach, and frontal dunes and that the sediment budget
of the active coastal zone was still negative between 1990 and 2005.

5. Nourishment design

This chapter describes the general process of designing a nourish-
ment. Each design is one of a kind, it is adjusted to; e.g. the local
morphology, the regional setting (such as the proximity of a harbor), the
erosion rate, stakeholder requests and ecological considerations. For
example, in Fig. 10 it can be seen that nourishments end suddenly
around transect 950 in Zeeuws-Vlaanderen and around transects
2400-2500 at Texel, which is due to the presence of local small scale
inlets. Similarly, at Delfland, transect 10140, nourishments end because
of the entrance of the harbor of Scheveningen. In Rijnland no beach
nourishments are performed around transect 8600 because a polder
water discharge station located at this transect. Conditions for the
execution, such as water depth or legal restrictions, also play a role in
the design of nourishments. Some nourishments are purposely designed
in a non-traditional manner to study the effect of different design pa-
rameters, these are discussed below. Nourishments are designed to best
maintain the coastline in general and not necessarily to benefit indi-
vidual coastal functions, although designs are sometimes adapted in
consultation with stakeholders to better fit beach functions. Therefore,
the effectiveness of nourishments is here considered as their effect on the
volume of sediment in the MKL-zone, rather than their effect on indi-
vidual functions.

5.1. Beach nourishments

Beach nourishments are regularly carried out along the Dutch coast
and in total 258 beach nourishments have been carried out since the
1990s. Beach nourishments are usually placed against the dune foot
which is approximately at NAP +3 m. After a short beach platform the
nourishment descends with a slope that is as similar as possible to the
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natural beach profile. Usually the profile is chosen around 1:30. The
maximum slope of a beach nourishment is approximately 1:20 and a
limited thickness to prevent scarp formation. Beach scarps are
commonly observed along the Dutch coast at beaches with steep slopes
and high platforms (Van Bemmelen et al., 2020). As a result of these
design parameters and the accommodation capacity of most beaches in
the Netherlands, the average volume of beach nourishments is 200
m3/m. This has been constant since 1990 (Fig. 12). To minimize side
effects a gradual decrease in volume towards both ends of the nourish-
ment in the alongshore direction are incorporated in the design of beach
nourishments. Beach nourishments have an average length of 2.3 km.

Sand is placed directly in the MKL-zone for beach nourishments. The
volume starts decreasing soon after construction, because the beach is
artificially expanded and will start to develop towards its original shape
and volume. A large part of the sediment is transported seaward and is
first deposited in the lower part of the MKL-zone before it disappears
outside the MKL-zone. The remainder of the sediment is either trans-
ported towards the dunes or is transported alongshore (e.g. Vermaas
et al., 2019). The erosion rate is strongest in the first year after con-
struction and gradually decreases over time (e.g. Fiihrboter, 1991),
which is visible from the concave shape of the black line between
nourishments in Fig. 13. Based on a linear regression of the
MKL-position after a beach nourishment for 65 nourishments along the
central Dutch coast and the central coast of the barrier islands, it was
observed that the MKL is at its pre-nourishment position again after 2.9
years, on average, and that in the first year after a nourishment
approximately 40-50% of the nourished volume erodes from the
MKL-zone.

Although many beach nourishments have been carried out over the
past decades, there are still some uncertainties about their technical
design and execution. It is hypothesized, for example, that larger
nourishments lead to more initial erosion (Leonard et al., 1990; Dean,
1991). Furthermore, it is hypothesized that beach nourishments have a
longer lifespan if they are carried out in spring, just after the storm
season (e.g. Vermaas et al., 2013). To visualize these hypotheses, the
lifespan of 65 beach nourishments along the central Dutch coast and the
central coast of the barrier islands was determined based on a linear
regression of the MKL-positions after a nourishment. The resulting
lifespans were compared to the volume of the corresponding nourish-
ments and the period of placement (Fig. 14). It indeed seems that larger
nourishments do not have a larger lifespan, but this has yet to be proven.
It also appears that beach nourishments that are carried out between
march and august have a slightly longer lifespan, but it remains uncer-
tain if this effect is significant. On average, the MKL is at its
pre-nourishment position again after 2.9 years.
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5.2. Shoreface nourishments

Shoreface nourishments are regularly carried out since the early
nineties. By now a total of almost 90 shoreface nourishments have been
placed. Although shoreface nourishments are commonly applied along
the Dutch coast and it is observed that they have positive effects on the
MKL-position (Witteveen+Bos, 2006; Vermaas et al., 2013; Vermaas
et al., 2019), their behavior is not well understood. Several studies have
been performed to the effect of shoreface nourishments on the local
morphodynamics, but there is still some scientific discussion about how
shoreface nourishments work (e.g. Huisman et al., 2019). Therefore,
observations about the effects of shoreface nourishments are discussed
below, but the behavior of shoreface nourishments is not further elab-
orated on in this study.

Shoreface nourishments are mostly placed at locations where sand-
bars are present on the shoreface. Generally, there is a sequence of
several bars and troughs in the cross-shore direction along the Dutch
coast. These bars move seaward until the zone of decay, where they fade
away, after which a new bar is formed near the beach (Wijnberg 1995,
2002). The amount of bars and the rate of cross-shore bar migration
varies alongshore (Fig. 15).

It is observed that shoreface nourishments that are placed against the
seaward side of the outer bar or seaward of the zone of decay positively
affect the shoreline position (Alkyon, 2005; Witteveen+Bos, 2006; Van
der Spek et al., 2007; Bruins, 2016). If nourishments are placed too close
to the beach, the formation of a trough landward of the nourishment can
result in enhanced erosion of the beach (Grunnet and Ruessink, 2005,
Van der Spek et al., 2007; Van der Spek and Elias, 2013). However, when
a nourishment is placed too far from the coast its effectiveness decreases
(Steijn, 2004; Witteveen+Bos, 2006).

The effect of a shoreface nourishment depends on the phase of the
outer bar. A nourishment that is placed against an existing bar will feed
this bar, which prevents it from fading away. A nourishment that is
placed in the zone of decay after the outer bar has faded away the
nourishment will slow down the cross-shore movement of the inner bars
(Bruins, 2016; Vermaas et al., 2017). The natural cycle of cross-shore bar
migration has even come to a (temporary) stop at some heavily nour-
ished sites (Fig. 15 and Van der Grinten and Ruessink, 2012; Haverkate,
2020). Nourishments do not only stop bar migration, they may even
initiate a landward migration of the bars, especially when a nourishment
is placed against a still existing bar, resulting in an increase of the sand
volume in the MKL-zone (Alkyon, 2005; Witteveen+Bos, 2006; Spanhoff
and van de Graaff, 2007; Bruins, 2016). Shoreface nourishments trans-
form into bars and induce a trough at locations along the Dutch coast
without bars, which results in a net shift of sediment to the MKL-zone
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Fig. 12. Evolution of the dimensions (left: volume, right: length) of beach nourishments over time for regular nourishment, i.e. without mega nourishments (black

line is the average, the grey area covers 50% of the nourishments).
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(Alkyon, 2005; Witteveen+Bos, 2006; Van der Spek et al., 2007; Bruins,
2016).

A shoreface nourishment only influences the bar migration when the
nourishment is sufficiently large compared to the dimensions of the bars.
For the central Dutch coast the volume of the bars is approximately 500
m3/m in the north and 250 m*/m in the south (Wijnberg, 1995; Alkyon,
2005; Witteveen+Bos, 2006). The average volume of shoreface nour-
ishments is 450 m>/m. The length of shoreface nourishments is 4 km, on
average. These dimensions have been relatively constant since the
mid-nineties (Fig. 16). The total volume of shoreface nourishments is
1.6 mln. m>, on average. A larger nourishment volume generally results
in a longer lifespan of the nourishment, both for the nourishment itself
as for its effect on the MKL-zone (Vermaas et al., 2013). Shoreface

nourishments are designed such that their volume gradually decreases
towards both ends of the nourishment to minimize side effects.

Along the Dutch coast, it appears that shoreface nourishments are
generally most effective in terms of feeding the MKL-zone when their
crest is at approximately NAP -5 m (Van der Spek et al., 2007). There
have been several experiments with deeper nourishments, for example
at Heemskerk (NAP -6 m, Vermaas et al., 2017) and at Callantsoog
(maximum elevation: NAP -7 m), and with shallower nourishments such
as at Julianadorp (NAP -3.5 m, all are locations in Noord-Holland). No
final conclusions can be drawn about the effect of these nourishments
yet.

Shoreface nourishments are observed to positively influence the
sediment budget of the beach up to a least 2 km on each side for
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nourishments at the central Dutch coast (Van der Spek et al., 2007). At
most of the barrier islands the positive influence on the sediment budget
of nourishments can mainly be observed on the eastern side of the
nourishment. Most of the islands are oriented east-west, resulting in a
strong longshore sediment transport to the east. The bars at the barrier
islands also move more in the alongshore direction than in the
cross-shore direction and therefore there is no clear zone of decay at the
shoreface of the barrier islands. Nevertheless, nourishments that are
placed seaward of the outer bars at the barrier islands still have a pos-
itive effect on the MKL-zone, without troughs being formed (Van der
Spek et al., 2007; Bruins, 2016).

At the outer ends of the barrier islands regular sandbars are often
lacking. Instead, saw tooth bars can be found at the tip of some barrier
islands (Fig. 17). These are shore-oblique sand bars that find their origin
on the ebb-tidal deltas in between the islands (Vermaas et al., 2013;
Brakenhoff et al., 2019). A nourishment at Ameland showed that when a
straight shoreface nourishment is carried out on top of these saw-tooth
bars it will quickly adjust to the previously existing bar pattern. The
presence of these bars does not influence the effectiveness of a nour-
ishment (Vermaas et al., 2013).

5.3. Channel wall nourishments

Channel wall nourishments are performed in the southwestern delta
and at the outer ends of the barrier islands where the nearshore is
characterized by tidal channels. The goal of channel wall nourishments
is often to stop or slow down the landward migration of these channels,

to prevent erosion of the MKL-zone. Besides, they provide the possibility
to supply large volumes of sediment and thus aid to reach the opera-
tional objective to nourish 12 mln. m3/year. The average volume of the
channel wall nourishments so far is 2.4 mln. m%. Channel wall nour-
ishments are relatively new. The first channel wall nourishment was
placed in 2003 and since then thirteen of these nourishments have been
placed (Table 1), many of which are still in place. As a result, the lifespan
of channel wall nourishments is unknown yet, but as most of the first
channel wall nourishments are still visible in the bathymetry, their
lifespan is at least 10-15 years.

Channel wall nourishment are most effective when they are truly
placed on the side of the channel and the channel wall is displaced
seaward. They are preferably placed between the top of the channel,
often around NAP -5 m, and the bottom. Nourishments placed on the
bottom of a channel have had varying effects. Two of them only served
as a buffer for erosion and disappeared within a few years (Elias, 2013,
van Onselen and Vermaas, 2020). Another channel wall nourishment
placed on the bottom of a channel reduced erosion of the beach by
decreasing the tidal flow through the channel (Schrijvershof, 2017).

The slope of the channel wall nourishments that have been per-
formed was often 1:13 (Table 1). The slope varies per nourishment as it
also depends on the shape of the channel and the available space for
sediment. Channel wall nourishments should not be designed too steep
as the channel wall might then become unstable and collapse (Steijn,
2004; Vermaas et al., 2018). This risk has been identified for channel
walls with a slope of 1:3 to 1:7 (Steijn, 2004).

A channel wall nourishment only has an impact on the tidal flow

Saw-tooth bars

Elevation (cm NAP)
High: 0

Low : -800

Nourishment

Ameland

Fig. 17. Regular sandbars and saw-tooth bars at Ameland, one of the barrier islands.
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Table 1
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Overview of the channel wall nourishments that have been carried out with an indication of the design parameters. Locations are indicated on the

Location Year Length (km) Volume (mln. m®) Volume (m>/m) Height (m NAP) Slope
1 Texel 2003 2.5 1.0 400 -3
2 Walcheren 2005 2.1 2.4 1143 -5 1:12
3 Vlieland 2005 1.6 1.0 625
4 Den Helder 2007 2.0 1.8 900 -5
5 Walcheren 2009 3.2 6.3 1969 -5 1:13
6 Zeeuws-Vlaanderen 2009 1.7 2.7 1588
7 Vlieland 2009 3.0 1.8 600
8 Noord-Beveland 2013 1.8 1.5 833 -5 1:13
9 Den Helder 2013 2.1 3.5 1667 -7 1:13
10 Ameland 2017 2.0 2.5 1250 -9 1:13
11 Vlieland 2018 2.5 1.5 600 -5 1:20
12 Zeeuws-Vlaanderen 2020 1.4 1.1 786 -5 1:13
13 Den Helder 2020 2.9 3.5 1207 -7 1:13

when it is sufficiently large compared to the cross-section of the channel.
It appears that at least 10% of the channel should be filled for the
intervention to influence the morphodynamic system (e.g. Steijn, 2004;
Tonnon and van der Werf, 2014). However, the nourishment should also
not be too large when there is no other channel that can take over (part
of) the tidal flow. Otherwise, the currents will form a new channel which
will likely increase the erosion of the MKL-zone. It was investigated
whether this possibility could be limited by dredging the seaward side of
the channel in Noord-Beveland, but no clear positive effects were
observed (Schrijvershof, 2017).

In the best case channel wall nourishments positively influence the
morphodynamics and thus reduce erosion of the MKL-zone. However, a
nourishment may still have a positive effect on the MKL-zone even when
it is too small to influence the flow pattern. The nourishment may serve
as a buffer for erosion of the MKL-zone, or decrease the slope of the
channel wall and thus reduce the risk of the flow undermining the
channel wall. When the nourishment is too small it will not have an
effect on the MKL-zone (Fig. 18). The effect of channel wall nourish-
ments not only depends on the design, but also on the local morpho-
dynamics. The wave climate, tidal flow through the channel, and

Positive effect:
The flow through the channel decreases
and the other channel takes over

w;

4,

No effect:
The nourishment is too small and/or
not in the right location

Positive effect:
The nourishment serves as a buffer for
erosion

Positive effect:
The channel wall becomes less steep
and less likely to be undermined

Negative effect:
The nourishment is large and is
obstructing the tidal flow: the beach
may face increased erosion

Fig. 18. Possible effects of channel wall nourishments on the MKL-zone.
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geological layers may influence the development of a channel wall
nourishment (van der Werf et al., 2010; Tonnon and van der Werf, 2014;
Vermaas and Elias, 2014, van Onselen and Vermaas, 2020).

5.4. Innovative designs

Nourishment practices continually evolve (Fig. 19). While sand was
originally placed directly where it was needed, on the beach and in the
dunes, it is now common to nourish the shoreface and to influence the
coastal morphodynamics to halt (beach) erosion. Recent innovations in
nourishments are mega nourishments and tidal delta nourishments.
These are pilots that are not part of the regular coastline maintenance,
but they can become regular types of nourishments when proven
effective. Also, they can provide valuable insights that can also be
applied to nourishments within the current dynamic conservation
policy.

A mega nourishment, the Sand Motor (Fig. 19) was constructed in
2011, when 19 mln. m® of sand (21.5 min. m® including the bulking
factor) was added to the coast. The Sand Motor was designed as a
peninsula with the purpose to slowly feed the adjacent coast over a long
period of time (Stive et al., 2013, De Schipper et al., 2016; Luijendijk
et al,, 2017). An ebb-tidal delta nourishment was performed at the
Amelander Zeegat in 2019, when 5 mIn. m® of sand was placed on the
ebb-delta between Terschelling and Ameland (Fig. 19). These delta’s are
highly dynamic and are an important source of sediment for the tidal
basins and barrier islands (e.g. Elias et al., 2019; Elias et al., 2020). This
nourishment is still developing and is being monitored to study the
impact of the nourishment on the local morphodynamics.

6. Synthesis

The Dutch coast is one of the most heavily nourished coasts globally.
An average volume of 12 mln. m® is added to the coastline of 432 km
each year since 2000 for coastline maintenance alone. Thanks to these
regular sand nourishments the Netherlands has been successful in the
dynamic conservation of the coastline since the 1990s. This study pro-
vides an overview of the best practices of these past nourishments.

1. The Dutch nourishment approach has become more large-scale
over time. Before 1990 nourishments were mainly reactive to storm
erosion and were carried out in the dunes and on the beach. In 1990
the nourishment efforts increased when a new coastal policy was
adapted in which it was decided to dynamically preserve the coast-
line. The annually nourished volume almost doubled to 6.4 min. m>.
The first shoreface nourishment was carried out in the early nineties,
as the aim of nourishments shifted from fast recovery to long-term
maintenance. In 2001 the nourishment volume increased further to
12 mln. m®/year when it was decided to accommodate for sea level

Spatial
scale
(km)

10

1990 2000 2010 2020 Time

Fig. 19. The evolution of nourishments from beach, shoreface, channel wall,
mega, to ebb-tidal delta nourishments.
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rise. In the past decades there have been several innovations
regarding nourishments, including channel wall nourishments, mega
nourishments, and an ebb tidal delta nourishment. Over time, the
volume of individual nourishments increased because of the objec-
tive to nourish 12 min. m®/year, which resulted in an increased
realization of shoreface and channel wall nourishments, which
generally have larger volumes than beach nourishments.

. The effect of the most common types of nourishments, shore-

face, beach, and channel wall nourishments, are very differ-
ently. Beach nourishments have the shortest lifespan (~3 years), but
the sand is placed directly where it is needed the most for the dy-
namic conservation of the coastline. Shoreface nourishments have a
longer lifespan (4-10 years), but it takes a few years before they have
an effect on the shoreline position. Channel wall nourishments have
the longest lifespan (at least 10-15 years) but their effect on the
coastline is highly variable and depends on the design of nourish-
ment and the regional setting. All nourishments contribute directly
to the operational objective to nourish 12 mln. m®/year to feed the
coastal zone with the sediment it needs to rise with sea level.

. The nourishment type strongly depends on the location. Shore-

face nourishments are common along the central Dutch coast and the
central barrier island coasts, where the morphology of the shoreface,
which is often characterized by breaker bars, allows for such nour-
ishments. Deep tidal channels are typically present near the shore at
the southwestern delta and the outer ends of the barrier islands,
which renders the execution of shoreface nourishments impossible.
At these locations, channel wall nourishments are more common,
often in combination with beach nourishments. It is preferred to
nourish underwater because shoreface nourishments are more cost-
effective, but beach nourishments are still common along the
entire Dutch coast, because they are sometimes needed for fast re-
covery, for flood safety purposes, or because it is not possible to
nourish underwater. Not only the type of nourishment, but also the
nourishment effort varies alongshore with hotspots that require a lot
of maintenance and locations that have never been nourished.

. Design parameters of beach and shoreface nourishments are

rather constant over time, but they are adjusted to the local
setting for each nourishment. In general, beach nourishments are
placed at the dune foot, with a gentle slope similar to the natural
slope of the beach, a volume of 200 m®/m, and a length of 2.3 km, on
average. Shoreface nourishments are usually placed against the outer
bar or on the location where the outer bars fade out. This either re-
sults in the nourishment feeding the existing bar preventing it from
fading away or slowing down the offshore movement of the inner
bars. The volume of shoreface nourishments is typically 450 m®/m
and the average length is 4 km. Along the Dutch coast, it appears that
shoreface nourishments are generally most effective when they are
placed around NAP -5 m.

. Channel wall nourishments allow to add large volumes of

sediment to the coastal zone, while also potentially slowing
down the landward migration of tidal channels. The first channel
wall nourishment was placed in 2003 and since there have been
thirteen of these nourishments at the southwestern delta and at the
outer ends of the barrier islands where the nearshore is characterized
by tidal channels. Channel wall nourishments can have a positive
effect on the coastline when the flow through the channel decreases,
when the channel wall becomes less steep, or when the nourished
volume serves as a buffer for erosion. They may have a negative
effect when they decrease the flow through the channel while no
other channel can take over. When placed on the bottom of the
channel they may not influence the coastline at all, except when they
are significantly decreasing the tidal flow through a channel. The
effect of channel wall nourishments not only depends on the design,
but also on e.g. the local wave climate, the tidal flow through the
channel, and geological layers.
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Outlook to the future: Nourishment efforts along the Dutch coast
are remarkably large from an international point of view. Thanks to the
substantial amount of interventions in the coastal morphodynamics, the
regular monitoring of the topography and bathymetry, and the evalua-
tion of interventions, a strong knowledge base regarding the Dutch
coastal system has been built over the past decades. This knowledge will
remain to support the design of future nourishments, sandy flood de-
fense projects, and for the development of coastal policy: the lessons
learned from the past nourishments will help to evaluate and further
develop strategic goals, tactical approaches, and operational objectives
(see also Lodder and Slinger, 2022, this issue). Experience with nour-
ishments will also help to take the growing stakes in the coastal zone due
to coastal squeeze into account in the design and execution of nourish-
ments, as we better understand how to design nourishments to benefit
the MKL-position.

Sand supplies are not endless and nourishment efforts likely have to
increase in the future due to accelerated sea level rise and increased
storminess. Therefore the feasibility of dynamically conserving the
shoreline with sand nourishments in the future is uncertain. However, it
is expected that sand nourishments will remain the preferred strategy
and that they will remain successful in maintaining the Dutch coastline
in the coming decades (Rijkswaterstaat, 2021b). The development of
new types of nourishments, such as mega or ebb tidal delta nourish-
ments, might benefit the feasibility of sand nourishments in the future.
Besides, new nourishment techniques are being developed and these

Appendix. nourishments for regular coastline maintenance
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may increase the efficiency or decrease the environmental impact or
costs of nourishments in the future.

There are many uncertainties related to the future of coastal main-
tenance, such as climate change, societal and policy changes, and de-
velopments in nourishment techniques. Nevertheless, the lessons
learned from past experiences remain and will benefit coastal mainte-
nance in the future.
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This appendix gives an overview of the basic information regarding regular nourishments for coastline maintenance since 1990. An overview of all
nourishments along the Dutch coast with more detailed information and beach topography data can be found at:

- Raw data: https://www.helpdeskwater.nl/
- Raw data: https://publicwiki.deltares.nl/display/GEC/Home
- Visualized on a map: https://www.openearth.nl/coastviewer-static/

- Avyearly overview of the topography and nourishments is given in the reports of the annual assessment of the state of the Dutch coast since 1991 by

Rijkswaterstaat (e.g. Rijkswaterstaat, 2020).

Beach nourishments

Location Year Start transect End transect Volume (m®) Location Year Start transect End transect Volume (m®)
Delfland 1990 11775 11875 183000 Zeeuws-Vlaanderen 2001 1045 1130 123000
Walcheren 1990 1481 1583 245517 Vlieland 2001 5455 5485 20478
Walcheren 1990 1000 1030 20000 Rijnland 2001 6150 6450 603630
Walcheren 1990 2365 2494 105000 Rijnland 2001 6625 6750 248093
Zeeuws-Vlaanderen 1990 1350 1470 388000 Noord-Holland 2001 2832 3000 511127
Noord-Holland 1990 3225 3375 60000 Noord-Holland 2001 150 568 1290240
Noord-Holland 1990 3225 3375 385774 Walcheren 2001 2190 2380 393000
Noord-Holland 1990 3700 3850 323318 Walcheren 2002 2380 2550 462000
Texel 1990 2560 3061 2543022 Walcheren 2002 2940 3475 1130000
Rijnland 1990 6200 6325 261682 Noord-Holland 2002 1827 2035 500561
Zeeuws-Vlaanderen 1990 1330 1430 200000 Delfland 2003 11750 11850 213606
Zeeuws-Vlaanderen 1990 1040 1110 168000 Noord-Holland 2003 150 588 1305458
Delfland 1991 11775 11875 223000 Schouwen 2003 116 210 61912
Walcheren 1991 2180 2590 788000 Schouwen 2003 327 477 201847
Delfland 1991 9781 10139 1005699 Schouwen 2003 1598 1728 125220
Texel 1991 1813 2340 2008898 Schouwen 2003 994 1533 870237
Noord-Holland 1991 1100 1400 538404 Noord-Holland 2003 1110 1375 438155
Schouwen 1991 1184 1727 2672983 Noord-Holland 2003 1983 2058 230577
Noord-Holland 1991 1800 2018 371418 Noord-Holland 2003 2565 2641 357788
Delfland 1992 11775 11875 560000 Delfland 2003 10773 11319 1252797
Walcheren 1992 1280 1742 637000 Delfland 2004 11750 11850 231323
Walcheren 1992 3160 3463 169000 Noord-Beveland 2004 135 405 502353
Walcheren 1992 2593 2783 192000 Walcheren 2004 3315 3375 67117
Noord-Holland 1992 2620 3850 1472640 Walcheren 2004 880 1070 399164
Ameland 1992 1150 1960 1442000 Walcheren 2004 1465 1885 777565
Noord-Holland 1992 100 750 615527 Ameland 2004 200 320 403636
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(continued)
Location Year Start transect End transect Volume (m%) Location Year Start transect End transect Volume (m®)
Zeeuws-Vlaanderen 1992 1354 1487 67000 Delfland 2004 10773 11319 1155951
Walcheren 1993 1430 1585 318000 Noord-Holland 2004 1983 2058 133783
Delfland 1993 11400 11875 463000 Noord-Holland 2004 1110 1374 263972
Walcheren 1993 2763 3168 619000 Noord-Holland 2004 2565 2641 219500
Texel 1993 1210 1813 2245231 Delfland 2004 9925 9965 100000
Noord-Holland 1993 328 568 280000 Delfland 2004 9970 10110 682500
Noord-Beveland 1993 220 365 411000 Vlieland 2005 5460 5485 20000
Walcheren 1993 485 550 225000 Goeree 2005 1550 1875 1000552
Zeeuws-Vlaanderen 1993 240 312 90000 Zeeuws-Vlaanderen 2005 31 77 123917
Delfland 1993 10623 11221 1143000 Zeeuws-Vlaanderen 2005 1041 1340 304810
Walcheren 1993 935 1040 287000 Zeeuws-Vlaanderen 2005 1360 1467 105906
Rijnland 1993 6050 6335 255076 Zeeuws-Vlaanderen 2005 251 360 141927
Rijnland 1994 9425 9625 700000 Noord-Holland 2005 3225 3375 300436
Delfland 1994 11775 11875 200000 Noord-Holland 2005 3700 3925 486023
Goeree 1994 1025 1200 505678 Noord-Holland 2005 4650 4850 519850
Schouwen 1994 159 190 40000 Voorne 2005 960 1620 691403
Schouwen 1994 259 293 49000 Zeeuws-Vlaanderen 2005 786 936 252416
Walcheren 1994 1433 1605 453000 Noord-Holland 2005 4450 4500 6000
Zeeuws-Vlaanderen 1994 806 918 348000 Texel 2005 880 1063 301384
Zeeuws-Vlaanderen 1994 1057 1346 560400 Walcheren 2006 2180 3470 1438693
Texel 1994 930 1210 761204 Ameland 2006 1100 1600 1001372
Texel 1994 2540 2820 1331225 Texel 2006 1440 1690 1012481
Rijnland 1994 6500 6730 334147 Delfland 2007 11725 11870 744124
Noord-Holland 1994 3290 3350 100683 Schouwen 2007 377 469 169643
Noord-Holland 1994 3785 3820 106343 Schouwen 2007 106 197 161689
Ameland 1994 4860 4960 190000 Schouwen 2007 1024 1742 994023
Zeeuws-Vlaanderen 1994 1363 1417 91000 Ameland 2007 200 320 303444
Texel 1995 3000 3060 300000 Noord-Holland 2007 150 590 1350448
Delfland 1995 11775 11875 200000 Walcheren 2008 1406 1633 369565
Schouwen 1995 367 643 818000 Walcheren 2008 880 1070 371217
Walcheren 1995 2550 2602 54000 Noord-Beveland 2008 140 400 461043
Walcheren 1995 1686 1889 550000 Walcheren 2008 1653 1735 110435
Walcheren 1995 2983 3306 463000 Walcheren 2008 1755 1970 1022609
Texel 1995 2820 2960 810000 Vlieland 2009 5460 5485 20000
Noord-Holland 1995 3263 3363 306000 Zeeuws-Vlaanderen 2009 30 71 126956
Noord-Holland 1995 3725 3875 306000 Zeeuws-Vlaanderen 2009 979 1046 1514783
Delfland 1995 11221 11450 300000 Zeeuws-Vlaanderen 2009 1068 1112 191304
Vlieland 1995 5370 5440 80000 Texel 2009 900 1070 400000
Vlieland 1995 5370 5440 111000 Zeeuws-Vlaanderen 2009 802 904 230435
Noord-Holland 1995 1880 2040 361740 Zeeuws-Vlaanderen 2009 1136 1335 526957
Noord-Holland 1995 1624 1760 306840 Zeeuws-Vlaanderen 2009 1353 1467 240000
Rijnland 1996 9100 9350 500000 Voorne 2010 1320 1600 561478
Delfland 1996 11775 11875 200000 Zeeuws-Vlaanderen 2010 171 421 429565
Delfland 1996 9700 10100 800000 Ameland 2010 1140 1600 925376
Schouwen 1996 1158 1732 733000 Ameland 2010 200 400 1888934
Noord-Beveland 1996 210 380 435000 Noord-Holland 2010 3150 3400 500000
Walcheren 1996 890 1050 464000 Noord-Holland 2011 3700 3900 400000
Noord-Holland 1996 1001 1410 459000 Walcheren 2011 2950 3460 653519
Ameland 1996 720 1120 1554514 Ameland 2011 1620 2000 909565
Texel 1996 1526 1873 1490561 Noord-Holland 2011 289 628 652020
Texel 1996 2211 2340 493317 Walcheren 2011 2195 2660 701693
Noord-Holland 1996 150 750 400000 Texel 2011 1410 1763 713256
Noord-Holland 1996 5043 5100 180050 Schouwen 2011 106 469 592299
Texel 1997 1878 2091 658846 Texel 2012 2780 3001 700477
Texel 1997 1038 1143 340038 Walcheren 2012 1489 1632 250399
Rijnland 1997 9400 9650 552800 Schouwen 2012 1044 1719 1824901
Delfland 1997 11775 11875 200000 Texel 2012 900 1210 751589
Delfland 1997 10750 11250 834000 Vlieland 2013 5460 5480 20000
Zeeuws-Vlaanderen 1997 1353 1460 95000 Vlieland 2013 4663 5005 1000000
Noord-Holland 1997 4965 5120 304450 Zeeuws-Vlaanderen 2013 1435 1470 12000
Walcheren 1997 3393 3470 125000 Noord-Beveland 2013 180 320 360000
Walcheren 1997 2185 2707 700000 Noord-Holland 2013 1940 2041 360000
Ameland 1997 120 300 510804 Rijnland 2013 8075 8325 410000
Noord-Holland 1997 3450 3575 158000 Zeeuws-Vlaanderen 2014 1372 1467 180000
Noord-Holland 1997 3625 3880 314000 Zeeuws-Vlaanderen 2014 985 1282 600000
Vlieland 1997 4672 4844 279621 Walcheren 2014 1469 1612 350000
Noord-Holland 1997 3105 3350 352000 Zeeuws-Vlaanderen 2014 461 877 650000
Noord-Holland 1997 2600 3005 547000 Delfland 2015 9925 10125 700000
Zeeuws-Vlaanderen 1997 290 352 185000 Walcheren 2015 1755 1948 600000
Goeree 1998 925 1075 745376 Ameland 2015 140 402 1300000
Walcheren 1998 2820 3395 563550 Noord-Holland 2015 3125 3400 605000
Zeeuws-Vlaanderen 1998 1037 1178 314045 Noord-Holland 2015 3700 3900 432500
Noord-Holland 1998 3750 3875 244442 Noord-Holland 2015 150 628 1000000
Rijnland 1998 6600 6750 253000 Ameland 2015 1240 1700 1000000
Rijnland 1998 6150 6350 193378 Goeree 2015 2240 2320 500000
Noord-Holland 1998 1925 2050 228901 Walcheren 2016 2950 3458 650000

(continued on next page)

14



E. Brand et al. Ocean and Coastal Management 217 (2022) 106008

(continued)
Location Year Start transect End transect Volume (m®) Location Year Start transect End transect Volume (m®)
Noord-Holland 1999 395 628 287480 Walcheren 2016 2195 2694 805000
Delfland 1999 11775 11850 200680 Goeree 2016 1525 1725 500000
Schouwen 1999 1620 1720 105000 Schouwen 2016 319 469 246750
Schouwen 1999 95 642 560000 Noord-Holland 2017 1213 1421 400000
Noord-Holland 1999 3250 3375 205793 Texel 2017 900 1190 895000
Noord-Holland 1999 3725 3875 214515 Noord-Holland 2017 4575 5075 1000000
Noord-Holland 1999 1320 1400 144000 Schouwen 2017 1044 1228 370000
Texel 1999 2600 2860 1219174 Schouwen 2017 1375 1719 800000
Noord-Holland 2000 1626 1688 120000 Noord-Holland 2017 1213 1401 1000000
Delfland 2000 11750 11850 200000 Vlieland 2018 5410 5420 20000
Noord-Beveland 2000 200 360 524470 Vlieland 2018 5440 5480 20000
Walcheren 2000 1406 1883 886127 Vlieland 2018 4663 5059 1000000
Walcheren 2000 880 1086 322529 Vlieland 2018 5059 5077 20000
Ameland 2000 100 260 401002 Texel 2018 1490 2131 1000000
Texel 2000 1703 1833 245223 Noord-Beveland 2018 160 320 250000
Texel 2000 1001 1190 357020 Ameland 2019 120 420 2542000
Texel 2000 1298 1644 701731 Walcheren 2019 1448 1632 500000
Noord-Holland 2000 3275 3325 225000 Rijnland 2019 8650 8825 400000
Noord-Holland 2000 3800 3900 207445 Walcheren 2019 1735 1948 600000
Texel 2000 2550 2780 883683 Zeeuws-Vlaanderen 2019 1354 1467 150000
Walcheren 2001 2540 2710 354000 Zeeuws-Vlaanderen 2019 985 1335 600000
Vlieland 2001 4890 5010 499579 Schouwen 2019 319 469 418660
Delfland 2001 10800 11200 801178 Schouwen 2019 106 148 81500
Zeeuws-Vlaanderen 2001 800 920 132000 Delfland 2019 9925 10140 400000
Zeeuws-Vlaanderen 2001 17 87 197000 Zeeuws-Vlaanderen 2019 461 877 600000
Zeeuws-Vlaanderen 2001 260 420 168000 Noord-Holland 2019 1213 1421 400000
Zeeuws-Vlaanderen 2001 1200 1340 258000 Walcheren 2020 3165 3239 210000
Zeeuws-Vlaanderen 2001 507 570 52000

Shoreface nourishments

Location Year Start transect End transect Volume (m®) Location Year Start transect End transect Volume (m®)
Zeeuws-Vlaanderen 1990 1330 1430 119000 Texel 2007 900 1392 2000970
Zeeuws-Vlaanderen 1990 1040 1110 200000 Delfland 2007 11300 11800 753277
Terschelling 1993 1370 1810 2000000 Noord-Holland 2007 200 710 3239103
Delfland 1997 11315 11485 882605 Rijnland 2008 6100 6300 1002957
Rijnland 1998 8050 8350 1266028 Rijnland 2008 6775 7025 509913
Ameland 1998 1300 2100 2030510 Walcheren 2008 1755 1970 1392722
Rijnland 1998 8750 8950 753338 Vlieland 2009 4700 5000 1780870
Delfland 1999 9773 10050 1425780 Noord-Holland 2009 700 1000 1301565
Noord-Holland 1999 3690 3910 880100 Texel 2009 2600 2880 1304348
Noord-Holland 2000 3225 3425 994000 Ameland 2010 1100 1460 1941304
Delfland 2001 10740 11250 2970879 Ameland 2010 1480 1680 1123913
Vlieland 2001 4600 4880 831892 Noord-Holland 2010 3400 3900 1713913
Noord-Holland 2001 1108 1401 1499940 Ameland 2010 1700 2000 1634783
Rijnland 2002 9100 9700 2508887 Noord-Holland 2010 3100 3400 1124348
Texel 2002 1700 2300 4593493 Noord-Holland 2011 4575 4750 719656
Rijnland 2002 7300 8000 2645601 Noord-Holland 2011 4800 5000 880344
Noord-Holland 2002 2650 3000 1972272 Noord-Holland 2011 3900 4000 360870
Noord-Holland 2003 1000 1600 2315360 Texel 2012 1332 1778 1800000
Ameland 2003 940 1370 1432000 Texel 2012 1793 2111 1350000
Noord-Holland 2003 913 943 12243 Texel 2012 1200 1312 500000
Texel 2004 2520 2780 2401361 Noord-Holland 2013 1000 1421 2000000
Noord-Holland 2004 3620 4020 1800699 Delfland 2013 11400 11800 1500000
Rijnland 2004 6575 6775 1001095 Rijnland 2014 8000 8850 2200000
Rijnland 2004 6275 6575 1202332 Ameland 2015 1240 1700 2000000
Vlieland 2005 4860 5020 1008032 Noord-Holland 2015 3100 4000 2500000
Texel 2005 1352 1690 2263950 Texel 2015 1210 2111 4004000
Noord-Holland 2005 3150 3620 1306114 Rijnland 2016 6100 6850 2400000
Delfland 2005 10860 11300 882056 Walcheren 2017 1448 1632 800000
Noord-Holland 2006 1000 1520 1651965 Walcheren 2017 1735 2215 2400000
Rijnland 2006 8150 8900 1055035 Walcheren 2017 700 1025 1500000
Ameland 2006 1200 1700 1501510 Ameland 2018 1300 2300 4460000
Texel 2006 1700 2300 1500335 Noord-Holland 2019 3100 4000 2500000
Rijnland 2006 8900 9700 800400 Noord-Holland 2019 328 708 1800000
Ameland 2007 195 302 1201234

Channel wall nourishments
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Location Year Start transect End transect Volume (m%) Location Year Start transect End transect Volume (m%)
Texel 2003 900 1148 972486 Noord-Holland 2013 20 230 3500000
Walcheren 2005 2475 2685 2410737 Ameland 2017 4620 4820 2500000
Noord-Holland 2007 0 200 1782263 Vlieland 2017 5110 5360 1467000
Walcheren 2009 2180 2500 6254000 Zeeuws-Vlaanderen 2019 324 461 1100000
Zeeuws-Vlaanderen 2009 271 441 2669565 Noord-Holland 2020 20 308 3500000
Noord-Beveland 2013 160 340 1500000
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