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CHAPTER 2 

BEACH-DUNE INTERACTIONS 
IN NOURISHMENT AREAS 

ALONG THE DUTCH COAST 

ABSTRACT 

The impact of beach nourishment on the development of coastal dunes 
has been studied. A database of annual cross-shore profiles of the Dutch 
North Sea coast over a period of 15 years has been analysed. The database has 
been used to derive volumetric changes associated with aeolian and 
hydrodynamic processes. The changes were statistically related to the number 
of years following nourishment. By considering nourishments that were 
carried out arbitrary within the time-span used for analysis, it was possible to 
study the mere effect of nourishment on foredune development. There is an 
overall negative sand budget of the supratidal zone of the nourishment sites, 
which does not significantly change after nourishment. A substantial part of 
the sand is blown to the foredunes. One year after nourishment, this amount 
increased significantly. At the same time, the supratidal beach was eroded 
more. In the second and third year after nourishment, the erosion of the higher 
parts of the nourishment decreased. In the foredune, changes seawards of the 
limit of storm surge erosion were usually negligible until the fourth year 
following beach nourishment. Beach nourishment thus temporarily protects 
the adjacent foredunes from being eroded by periodic wave attack, and 
temporarily enlarges the aeolian sand transport rate to the dunes. 

KEY WORDS 

Beach nourishment, sediment budget, aeolian sand transport, marine 
sand transport, supratidal beach, foredune, the Netherlands. 
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INTRODUCTION 

Beach nourishment is the artificial supply of sediment to a coast. It aims 
to counteract marine erosion or to provide a wide beach for recreational uses 
(Davison et al, 1992). The behaviour of the fill must be studied to evaluate 
the effectiveness of beach nourishment and to justify additional inputs of 
sediment to the coastal system (Psuty & Moreira, 1992). One aspect to be 
studied is the impact of beach nourishment on the development of coastal 
foredunes. 

Dune building is governed by aeolian and hydrodynamic processes, 
which are subject to complex feedback mechanisms. Artificial beach 
nourishment interferes with these processes. Nourishments are planned to be 
reworked by waves and currents (Draga, 1983). The enlarged beach 
diminishes the frequency of dune toe erosion by waves, and, therefore, 
promotes dune growth (Nordstrom et al, 1986). The effect is often temporary. 
The basic cause of erosion and the inherent negative sediment budget may 
continue to exist after nourishment, and most sediment will eventually be lost 
from the coastal zone of the considered coastal stretch by hydrodynamic 
processes. 

A part of the nourishment sand is subject to aeolian processes (Draga, 
1983; Nordstrom et al, 1986; Erchinger & Knaack, 1995; Van der Wal, 
1998b). In many locations, aeolian processes produce a net input of sand into 
the dunes. Sand transported onshore is trapped at the dune toe by sand fences 
(Philips & Willetts, 1978; Nordstrom & McCluskey, 1985) or in the foredunes 
by vegetation (Hesp, 1989; Sarre, 1989b; Carter & Wilson, 1990; Arens & 
Wiersma, 1994). Dune scarping by periodic wave attack causes sand transport 
back to the beach (Van de Graaff, 1977; Nickling & Davidson-Arnott, 1990), 
after which the foredune is restored (Thorn & Hall, 1991; Tsoar & Blumberg, 
1991 ; Morton et al, 1994). The rate of sediment exchange between the beach 
and the dunes due to aeolian processes may be altered after nourishment. Such 
a change depends on fill placing, size and form of the nourishment, 
characteristics of the fill material, and on the techniques that are used for 
nourishment (Van der Wal, 1999c; Chapter 6), and changes may vary with 
time after nourishment. 

This paper aims to assess the impact of beach nourishment on the 
development of the beach-dune system. A number of beach nourishment sites 
along the Dutch North Sea coast was selected. The annual volumetric changes 
of the beach and dunes were calculated separately by analysing sequential 
cross-shore profiles over a period of 15 years. The changes were statistically 
related to the number of successive years after nourishment. 



METHODS 

DATA COLLECTION 

Since 1963, annual elevation measurements of the entire Dutch coast 
have been performed by the Dutch Ministry of Transport and Public Works 
(De Ruig & Louise, 1991), providing a valuable database for coastal research. 
They include measurements in a fixed framework of cross-shore sections of 
about 1 km in length with a section interval of 200 m to 250 m, and records of 
elevation along the sections at every 5 m. The measurements consist of two 
types of data: data of the supratidal beach and dunes and data of the intertidal 
beach and shoreface. As this paper focuses on supratidal processes, the former 
data have been used for this study. They are derived from the 
photogrammetric analysis of aerial photographs, taken during periods with 
suitable weather conditions between April and October. The height 
measurements are related to the fixed Dutch Ordnance Datum (DOD), which 
is about mean sea level. The accuracy (standard deviation) of the height 
measurements is about 0.1 m (Veugen, 1984). This error is reduced by 
removing accidental and systematic errors from the data set. A visual 
validation was performed on the selected data set by plotting all profiles of a 
section and eliminating the profiles that contained unreliable data. 

DATA SELECTION 

Coastal stretches that were first nourished before 1995 were selected. A 
number of these sites were discarded: 

(1) sites with (additional) dune front and dune nourishments (but beach 
nourishments accomplished with a banquet or a small dune front 
nourishment were not discarded), 

(2) sites with beaches bordered by hard structures, such as boulevards 
or dikes, and 

(3) sites that were near cross-shore structures, such as harbour moles. 
After discarding these sites, 12 sites remained for analysis (Fig. 2.1), some of 
which have been nourished more than once. Table 2.1 lists the specifications 
of the nourishments carried out at these sites. Cross-shore sections have been 
selected within each of the 12 sites. The sections that were close to the 
borders of the nourishment (i.e. within about 200 m) and the sections of dune 
areas that were disturbed (e.g. by the presence of beach entrances) were 
discarded. 

19 



Table 2.1. Specifications of the nourishments taken into account in this study. 
The main fill placing is indicated, with ƒ is foreshore, b is beach, bq is 
banquet, and df is dune front (see Fig. 1.1). Sources are Rijkswaterstaat 
(1988), Roelse (1996) and unpublished data of Rijkswaterstaat. See Appendix 
for more information on these nourishments. 

Site Year Volume Length Type 

along: ïhore 

(xl06m3) (km) 

1 Texel, Eierland 1979 3.05 4.8 b, bq 

1985 2.85 5.0 b, bq 

1990 2.54 5.2 b, bq 

2 Texel, De Koog 1984 3.02 6.0 b, bq 

1991 2.00 5.1 b,bq 
3 Texel, Zuidwest Texel 1993 -1994 2.26 8.6 b 
4 North Holland, Den Helder 1992 -1993 0.89 6.5 b 
5 North Holland, Callantsoog 1986 1.32 2.9 b, bq 

1991 0.54 3.0 b, bq 
6 North Holland, Zwanenwater 1987 1.92 4.3 b,bq 
7 North Holland, Petten 1991 0.37 2.2 b 

1995 0.67 3.0 b 
8 North Holland, Hargen 1992 1.47 12.3 b, bq 
9 Rijnland, Meijendel 1994 0.70 2.0 b 

10 Goeree, Kop van Goeree 1984-1985 0.86 3.0 b 
11 Schouwen, Kop van Schouwen 1987 1.83 1.7 f, b 
12 Walcheren, Domburg 1986 0.23 0.8 b, df 

1989 0.21 1.1 b, df 

1990 0.41 2.7 b, df 

1992 0.64 4.7 b, bq, df 

1993 0.32 1.6 b 

1994 0.45 1.5 b 

1995 0.55 2.0 b 

The study comprises a period of 15 years, from 1981 up to 1996. 
However, for a number of sites, a limited time series has been used. Data up 
to 1994 were used for Eierland, due to the construction of a dam in 1994. Kop 
van Schouwen was studied up to 1991, due to a large dune front nourishment 
carried out in 1991. At three sites in North Holland (viz. Callantsoog, 
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Figure 2.1. The study sites along the Dutch North Sea coast. 

Zwanenwater and Petten) data up to 1987 of a number of sections are 
discarded, because these sections were shifted in 1987. The remaining data set 
is comprised of 8 to 34 cross-shore sections per site, yielding a total of 2861 
profiles. 

SAND BUDGET CALCULATION 

The profile data are analysed by comparing the heights of a section for 
two successive years to determine changes over the intervening time. The area 
between the two profiles represents the volumetric change per unit of 
shoreline length during that period. Profile data that showed reshaping of the 
dune area by earth-moving equipment were used for comparison with the 
subsequent profile, but not with the previous profile in time. 

Annual volumetric changes of the supratidal beach and dune caused by 
hydrodynamic processes, aeolian processes and nourishment have been 
distinguished separately, by defining several (system) boundaries, which are 
illustrated in Fig. 2.2. The seaward boundary of a profile is the point at which 
it intersects the level of 1 m +DOD, which approaches the high water level at 
most places. The sand of most beach nourishments was partly deposited 
below the high water level. A level of 3 m +DOD is chosen to separate the 
beach and the dunes. These definitions are in accordance with sediment 
budget studies of the Dutch coast of, among others, Van Vessem & Stolk 
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(1990), Wijnberg & Terwindt (1995), Roelse (1996) and Van Rijn (1997). 
However, many fills exceeded the 3 m +DOD level. Therefore, the two 
compartments have been termed 'zone above 3 m +DOD', comprising the 

landward limit 
of nourishment 
for a, b and c. 

nourishment 
(a) 

3 m +DOD 
1 m +DOD(MHW) 

(b) 

3 m +DOD 
1 m +DOD (MHW) 

landward limit 
of storm surge 
erosion for b. 

(c) 

3 m +DOD 
1 m +DOD (MHW) 

landward 
profile close-out 
for a, b and c. 

landward limit 
of storm surge 
erosion for c. 

Qi ^ Q2 \msQ3 ^ Q 4 

Figure 2.2. Calculation of volumetric changes. Subsequent examples show (a) 
nourishment, (b) net erosion of this nourishment and (c) net erosion of both 
the nourishment and theforedune, with aeolian deposition in all examples. Qj 
is the mean volumetric change of the zone above 3 m +DOD, landward of the 
limit of storm surge erosion, excluding direct nourishment. Q2 is the mean 
volumetric change above the 3 m +DOD level and seaward of the limit of 
storm surge erosion. Q3 is the mean volumetric change between the 1 and 3 m 
+DOD level. Q4 is the mean volumetric change above the 3 m +DOD level, 
landward of the nourishment and seaward of the limit of storm surge erosion. 
Note that Q4 is part ofQ2. 

22 



(fore)dune and the higher parts of the nourishment, and 'zone between 1 and 3 
m +DOD', comprising the supratidal beach, respectively. The landward 
boundary of a section is the point of profile close-out; beyond this point 
volumetric changes are negligible, i.e. they can not be measured. Usually, this 
point is situated between the foredune crest and the landward toe of the 
foredune. In addition, the limit of storm surge erosion (resulting in a cliff) is 
determined by visual comparison of every subsequent profile. Finally, the 
apparent limit of nourishment is determined; this limit is fixed after 
nourishment, until the next nourishment is carried out. 

Volumetric changes have been calculated from several compartments. 
An attempt has been made to separate aeolian and hydrodynamic sediment 
transport. However, most parts of the supratidal coast develop by the 
combination of the waves and the wind. Only in one compartment, changes 
are entirely due to aeolian processes. This is Qh which includes the profile 
changes above the 3 m +DOD level, landward of the limit of storm surge 
erosion, but excluding changes due to direct nourishment (Fig. 2.2). Profile 
changes in dune valleys {i.e. areas below the 3 m +DOD level that are situated 
in between the landward system boundary and the foredune crest) are 
included in Q,. Other volumetric changes in the zone above 3 m +DOD (i.e., 
nourishment or the changes that take place seawards of the limit of storm 
surge erosion due to hydrodynamic and aeolian sediment transport and mass 
movement) are calculated separately (Q2). The volumetric changes of the 
supratidal beach (Q3) are comprised of the profile changes between the 1 and 
3 m +DOD level, but seaward of the foredune crest. The changes in this zone 
can be due to beach nourishment as well as due to hydrodynamic and aeolian 
sediment transport. 

Q2 includes changes in the volume of the nourishment, where the fill 
exceeds the 3 m +DOD level, and is therefore not a good measure to study the 
development of the foredune. Therefore, an additional measure, Q4, was 
calculated. This is the volumetric change above the 3 m +DOD level resulting 
from sediment transport that takes place landward of the limit of nourishment 
(i.e., in the foredune), but seaward of the limit of storm surge erosion (cliff). 

STATISTICAL ANALYSIS 

The annual volumetric changes were related to nourishment events. The 
change from a profile established two years before nourishment and a profile 
established prior to nourishment was assigned -1 years after nourishment, the 
change from profiles without and with nourishment was assigned 0 years, and 
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so on, up until 3 years after nourishment. All other data were assigned 
'control'. Thus, this group, which is assumed to represent a control situation, 
includes both changes more than one year before nourishment and changes 
more than three years after nourishment. Mean values of the annual 
volumetric changes were calculated for every site, averaging Q,, Q2 and Q3, 
respectively, of all profiles for -1 to 3 years after nourishment and for the 
control years. For Q4, this calculation was performed for 0 to >4 years after 
nourishment. In this case >4 years after nourishment was reserved for 4 or 
more years after nourishment, thus excluding years before a nourishment 
event. 

A non-parametric statistical test, the two-tailed Wilcoxon matched-pairs 
signed-rank test (Burt & Barber, 1996), was performed to test whether the 
differences in volumetric changes were related to the number of years 
following nourishment, applying a level of significance oc=0.05. The 
hypothesis that two variables (for instance, Q, at t=0 and Q, at t=\) have the 
same distribution is tested, regardless of the shape of these distributions. The 
test gives more weight to pairs (i.e., values from the same sites) that show 
large differences than to pairs that show small differences. 

The volumetric changes are not merely caused by effects of beach 
nourishment. Other factors, such as meteorological and hydraulic factors and 
local conditions also infer variations in sediment transport, and therefore in 
volumetric changes. The impact of other factors than beach nourishment was 
excluded by ensuring that nourishment occurred arbitrary within the time-
series used for analysis. 

RESULTS 

Fig. 2.3 shows the volumetric changes for control years, illustrating the 
natural temporal fluctuations and spatial variation in sediment transport. In 
control years, the mean changes due to aeolian processes (Q,) are all positive, 
indicating deposition, and range from 3.32 (Domburg) to 16.78 mV'y"1 (Kop 
van Schouwen), with 9.05 mV'y"1, on average. These values illustrate the 
variations between sites. The associated standard deviations (i.e., the standard 
deviations per site of the changes of all profiles in control years) of the 
aeolian sand transport rate range from 4.16 (Callantsoog) to 14.25 m V y " 1 

(Eierland), illustrating the temporal and spatial variation within sites. 
Table 2.2 lists the mean volumetric changes due to aeolian processes 

(Q,), sorted by time after nourishment. Paired tests were performed on these 
data, in order to address the variation within sites, rather than between sites. 
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Figure 2.3. Mean volumetric changes (avg) of Qh Q2 
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Table 2.2. Mean volumetric changes above the 3 m +DOD level and 
landward of the limit of storm surge erosion (Qj). Changes are due to aeolian 
processes. Changes due to nourishment, at t=0, are excluded. Values are 

3 -1 -1 

given in m m y . 

Time after nourishment (years) 

Site -1 0 1 2 Control 
1 Eierland 12.34 14.03 18.43 10.86 12.36 10.70 
2 De Koog 6.76 13.63 16.22 14.65 18.06 6.61 
3 Zuidwest Texel 1.11 6.59 22.95 8.84 — 12.06 
4 Den Helder 17.87 2.43 18.41 16.02 4.82 14.12 
5 Callantsoog 6.18 6.61 15.02 12.86 6.45 5.16 
6 Zwanenwater 9.58 3.64 23.93 8.59 4.08 11.36 
7 Petten 2.26 2.62 8.03 4.27 — 10.26 
8 Hargen 3.08 11.13 3.84 4.78 4.18 5.48 
9 Meijendel — 2.99 13.42 — — 4.86 

10 Kop van Goeree 11.22 12.13 6.96 12.97 5.13 7.93 
11 Kop van Schouwen 5.68 6.70 17.87 14.08 13.68 16.78 
12 Domburg 1.59 2.68 1.39 3.86 — 3.32 
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At the time of nourishment, there are no significant differences in 
aeolian deposition rates, compared to the control situation. One year after 
nourishment, deposition at the dune toe and in the foredunes is significantly 
higher than in the previous year (time f=l versus t=0 yields a significance of 
/•=0.028; P<a), and also higher than in the control situation (t=\ versus 
control yields P=0.041); the mean change at t=\ is 13.87 m m" y" . 

Table 2.3 lists the volumetric changes of the zone above the 3 m +DOD 
level, seaward of the limit of storm surge erosion, due to the combined effect 
of sea and wind and, at t=0, also due to nourishment (Q2)- In control years, all 
sites suffer from net erosion in this zone, ranging from -64.51 (Eierland) to 

1 - i 1 

-6.30 m m" y" (Den Helder). The standard deviations range from 10.52 
(Callantsoog) to 45.01 m V y " ' (Eierland) (Fig. 2.3). The data in Table 2.3 
have been used for the paired tests. The mean net input of nourishment sand, 

3 1 

at t=0, is 36.19 mm". Two and three years after nourishment, erosion is 
significantly less than in the control situation (t=2 versus control yields 
P=0.041 and /=3 versus control yields .P=0.050, respectively), with mean 
changes of-9.78 at t=2 and -8.89 m3irf'y"1 at t=3, respectively. 

Table 2.3. Mean volumetric changes above the 3 m +DOD level and seaward 
of the limit of storm surge erosion (QJ. Changes are caused by hydrodynamic 
and aeolian processes, and, at time t=0, nourishment. Values are given in 

3-1-1 

m m y . 

Time after nourishment (years) 

Site -1 0 1 2 3 Control 

1 Eierland -74.30 61.71 -18.33 -26.78 -24.69 -64.51 
2 De Koog -6.71 80.07 -21.99 -7.95 -6.88 -19.98 
3 Zuidwest Texel -35.29 72.57 -6.90 -0.02 — -9.65 
4 Den Helder -17.97 7.81 -1.83 -0.25 -0.55 -6.30 
5 Callantsoog -1.66 19.68 -6.18 -6.64 -16.47 -9.06 
6 Zwanenwater -4.48 38.26 -14.00 -23.65 -1.34 -10.12 
7 Petten -2.05 12.82 -13.19 -8.88 — -8.69 
8 Hargen -20.84 8.51 -14.45 -11.71 -5.75 -13.53 
9 Meijendel — 31.02 0.14 — — -9.54 

10 Kop van Goeree -5.62 17.80 -3.85 -1.35 -10.48 -8.56 
11 Kop van Schouwen -40.72 24.57 -4.71 -13.53 -4.93 -37.06 
12 Domburg -15.17 59.44 -23.78 -6.84 — -9.78 
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In Table 2.4, the volumetric changes of the zone between the 1 and 3 m 
+DOD level (Q3) is related to the number of years following nourishment. In 
control years, there is both net erosion and accretion. Mean volumetric 
changes range from-16.64 (Eierland) to 3.51 m3m"'y_1 (Callantsoog), with 
-3.65 m m" y" on average and with associated standard deviations ranging 
from 5.98 (Kop van Schouwen) to 26.25 m V y " ' (Meijendel) (Fig. 2.3). 

Table 2.4. Mean volumetric changes between the 1 and 3 m +DOD level (Q3). 
Changes are caused by hydrodynamic sediment transport, aeolian sediment 
transport and, at t=0, nourishment. Values are given in m3m~'y'. 

Time after nourishment (years) 
Site -1 0 1 2 3 Control 

1 Eierland -31.62 83.38 -28.02 -30.21 -29.06 -16.64 
2 De Koog -4.69 99.59 -21.07 -19.67 -16.59 -4.98 
3 Zuidwest Texel -10.49 91.33 -22.08 10.63 — -5.32 
4 Den Helder -1.88 38.94 -16.58 -1.30 -4.19 -0.98 
5 Callantsoog -6.41 21.70 -18.33 -7.53 -13.45 3.51 
6 Zwanenwater -9.25 40.42 0.66 -18.62 2.58 -1.70 
7 Petten -4.62 30.84 -14.30 -3.52 — -2.28 
8 Hargen -3.49 15.14 -10.53 2.28 -4.12 -1.11 
9 Meijendel — 59.95 -6.24 — — -1.18 

10 Kop van Goeree -7.31 29.35 -18.91 -5.57 -17.34 -4.86 
11 Kop van Schouwen -5.84 73.81 -8.76 -8.19 -25.99 -6.50 
12 Domburg -1.74 29.23 -12.21 -4.76 — -1.79 

The data in Table 2.4 are also used for the paired tests. Nourishment is 
most apparent; the mean net input of nourishment sand to the beach at t=0 is 
51.14 mJm" . A year before nourishment, there is significantly more erosion 
than in control years (t=-\ versus control yields P=0.016); the mean change at 
t=-\ is -7.94 m my"1. The year after nourishment, there is also significantly 
more erosion than in control years (t=\ versus control yields />=().004); the 
mean change at t=\ is -14.70 m V y " ' . The erosion three years after 
nourishment is also more severe than in control years (t=3 versus control 
yields P=0.036); the mean change at K3 equals -13.52 m3m~'y"'. 

The sum of Qh Q2 and Q3 represents the changes of the entire supratidal 
coast. In all years but the year of nourishment, there is a negative sand budget, 
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which does not significantly change after nourishment. In control years, the 
mean change is -11.83 rtrWy"1. In the year of nourishment (7=0), the mean 
net input of sand is 94.43 m3m~'. 

Table 2.5 presents the mean volumetric changes of the foredune, 
landward of the nourishment zone, but seaward of the limit of storm surge 
erosion (Q4), after nourishment. Paired tests were performed in order to focus 
on the variation within sites. The results show that the erosion of the foredune 
(Q4) is only a fraction of the erosion of the zone above the 3 m +DOD level 
(Q2 in Table 2.3); the mean value of Q4 is -1.33 nrWy"1. At two sites with 
relatively small beach nourishments (viz. Hargen and Petten), erosion of the 
foredune is substantial. In the year of nourishment 0=0), the foredune could 
have been eroded either prior to nourishment and after nourishment. From the 
fourth year following nourishment onwards, erosion of the foredune increases, 
illustrating the buffering function of nourishment; the volumetric change at 
t>4 differs significantly from the change at t=0 (/=0 versus control yields 
P=0.043), t=\ 0=1 versus control yields P=0.046) and t=2 (t=2 versus control 
yields P=0.043), respectively. However, even at t>\ the mean change is only 
-4.02 m V y . 

Table 2.5. Mean volumetric changes above the 3 m +DOD level, landward of 
the nourishment and seaward of the limit of storm surge erosion (Q4). Values 
are given in m m' y' . 

Time after nourishment (years) 
Site 0 1 2 3 >4 

1 Eierland -2.25 0.00 0.00 -0.73 -5.97 
2 De Koog -0.31 -0.22 0.00 0.00 -4.72 
3 Zuidwest Texel 0.00 0.00 0.00 — - . 

4 Den Helder 0.00 0.00 0.00 0.00 
5 Callantsoog 0.00 -0.02 0.00 -0.58 0.00 
6 Zwanenwater 0.00 0.00 0.00 0.00 -0.24 
7 Petten -0.63 -3.01 -3.43 -1.78 — 
8 Hargen 0.00 -5.88 -9.69 -4.77 — 
9 Meijendel -1.71 0.00 — — — 

10 Kop van Goeree 0.00 0.00 0.00 0.00 -3.98 
11 Kop van Schouwen -6.45 0.00 0.00 0.00 — 
12 Domburg -0.34 -0.93 -1.10 0.00 -9.21 
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DISCUSSION 

The effects of beach nourishment on the sediment budget of the beach-
dune system were established by considering a group of nourishment sites. 
Evaluating a group of nourishments rather than individual nourishments offers 
possibilities, but has also limitations. Many factors that determine the 
development of the coastal system have to be disentangled to evaluate an 
individual beach nourishment project (Hansen & Byrnes, 1991). Autonomous 
coastal behaviour is different at each site. In addition, year-to-year variability 
in the sand volume caused by variations in meteorological and hydrodynamic 
conditions is apparent (Van Vessem & Stolk, 1990; De Ruig & Louisse, 1991; 
Psuty & Namikas, 1991). Any effect of beach nourishment on the 
development of the beach-dune system is superimposed on this variability. By 
considering nourishments that were carried out arbitrary within the time-span 
used for analysis, it was possible to study the mere effect of nourishment. The 
response of sediment transport to beach nourishment may not be the same for 
each nourishment, as beach nourishments differ in design and fill 
characteristics. Especially the aeolian sand transport may increase or decrease 
after beach nourishment, depending on, for instance, the susceptibility of the 
sand to wind erosion (Van der Wal, 1998b; Chapter 3). The present method 
merely allows for an evaluation of overall effects of nourishment. 

The rate of aeolian sand transport increased one year after the fill is 
placed. Van der Wal et al. (1995) came to the same conclusion for another set 
of nourishments. They found no explanation for this effect in the 
susceptibility of the sand to wind erosion, indicating the importance of other 
factors. Such factors may be related to the input of sediment by nourishment 
that widens the beach. An enlarged beach increases the source of sediment for 
onshore winds, resulting in an overall increase of the aeolian sediment flux 
{e.g., Davidson-Arnott & Law, 1990; Van der Wal, 1998a; Chapter 5). The 
raised beach may also be more susceptible to wind erosion as its moisture 
content is lower and, therefore, more favourable for aeolian sand transport 
(Draga, 1983). Aeolian sand transport (Q,) increased one year after beach 
nourishment; no change was found in the year of nourishment. In the year of 
nourishment, aeolian sand transport within the nourished area, including the 
accumulation of sand at the dune toe, was assigned to Q2, and did not 
contribute to Q,, resulting in an underestimation of Q,. Any change in the rate 
of aeolian sand transport directly after nourishment could, therefore, not be 
established properly. Apart from this, the timing of nourishment and the 
timing of profile measurements may be of importance here. However, beach 
nourishments have usually already been exposed to aeolian processes for 
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almost a year at t=0, and they experienced the storms of autumn and spring. 
The supratidal beach provides a source of sediment for inland aeolian 

transfer, suggesting that the increase in beach erosion (Q3) is related to the 
increase in sand blown to the foredunes (Q,), one year after nourishment. 
However, this relation can not be proven by the present method. 

The sediment budget of the considered beach-dune environment is not 
closed. As is illustrated for other locations, sediment input and output includes 
longshore sediment transport (e.g. Clayton, 1980; Psuty, 1993; Nordstrom et 
ai, 1986) and cross-shore sediment transport exchange with the intertidal 
beach and upper shoreface (e.g. Eitner & Ragutzki, 1994; Eleveld, 1999). In 
addition, substantial part of the fill is often deposited on the intertidal beach 
and upper shoreface. The present study shows a negative sediment budget for 
the entire supratidal coast, for all years but the year of nourishment. Part of 
this net sediment output is related to hydrodynamic processes. After 
nourishment, these processes rework the fill. The constructed nourishment 
profile is, for technical reasons, often too steep to be in balance with the 
processes acting on it (De Ruig & füllen, 1997). Marine sediment transport 
reshapes the beach to adjust it more closely to the prevailing wave and current 
regimes, leading to initial losses of sediment in the active zone (Psuty & 
Namikas, 1991; Verhagen, 1996; Roelse, 1996). This is followed by a more 
gradual depletion (Stive et al, 1991), although the rates depend on, for 
instance, storm activity (Leonard et al, 1990). The present method does not 
allow for an assessment of the initial losses from the supratidal part of the 
coast. The study does show that there is no increased erosion of the entire 
supratidal zone after nourishment. 

Beach nourishments prevent the dunes from being eroded by periodic 
wave attack. The present study shows a decrease of erosion of especially the 
higher parts of the nourishment (Q2), as compared to the erosion of the dune 
in the control situation, in the second and third year after nourishment. The 
foredune zone between the limit of nourishment and storm surge erosion (Q4), 
in which hydrodynamic processes play an important role, changed on average 
only -1.33 m m" y" after nourishment. From the fourth year following 
nourishment onwards, the erosion of the foredune increased, as the 
nourishment buffer is weakened. 

The present study shows that the rate of aeolian sand transport is 
substantial. The overall aeolian deposition to the dune toe and foredunes is 
about 9 m3m"'y"' (-14 x 103 kg m"1 y"'), augmenting to about 14 m3m_1y"' 
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(-22 x 10 kg m" y" ) one year after nourishment. A part of this deposited 
sand is subsequently returned to the beach during storm surges. Several long-
term (on a time-scale of decades) sediment budget studies of the Dutch coast 
report the net effect of aeolian sediment transport and storm surge erosion. De 
Ruig & Louisse (1991) reported an average sand gain of the zone above 0 m 
+DOD of 3 to 3.5 m m" y" for the central Dutch coast (including the sites in 
North Holland and Rijnland), amounting to 10 m3m"'y ' in depositional areas; 
the dunes acted as a sink. Van Rijn (1997) estimated the averaged onshore 
wind-blown sand for this part of the Netherlands between the 3 and 10 m 
+DOD level at 2.4 mV'y" ' , using data of Van Vessem & Stolk (1990). On 
smaller spatio-temporal scales, values of aeolian deposition into the foredunes 
may be much higher, ranging from 25 m3m"'y"' at an accretional site in North 
Holland, 50 m m" y" at an erosive site at Texel (Arens & Wiersma, 1994) and 
about 75 m3m"'y"' at a site on Goeree (Kroon & Hoekstra, 1990). 

Apart from the volumetric input of sand to the foredunes, the increase 
in height due to deposition of sand is of importance, especially to vegetation 
(Sykes & Wilson, 1990; De Rooij-Van der Goes et al, 1995). As the average 
length of the Qj compartment (measured horizontally along the transect) is 
73 m at t=\, and 67 m in control years, the average amount of deposition is 
about 0.19 m y" one year after nourishment, versus 0.13 m y"1 in the control 
situation. However, the sand is often not uniformly deposited within the 
compartment; large amounts of sand are deposited behind sand fences at the 
dune toe rather than being blown over the foredune crest. Further research 
could focus on the extent of burial of foredune vegetation by wind-blown 
nourishment sand. 

CONCLUSIONS 

The impact of beach nourishment on the development of the supratidal 
beach and dune is established. An attempt was made to distinguish between 
aeolian and hydrodynamic processes, which provided insight into the 
development. Volumetric changes measured in a number of sites were 
statistically related to the number of years after beach nourishment, and to a 
control situation, consisting of data more than one year before nourishment 
and more than three years after nourishment. 

The present study shows an overall negative sand budget of the 
supratidal zone, which does not significantly change after nourishment (as 
compared to the 12 nAn'V' eroded in the control situation). In nourishment 
years, on average a net amount of 94 nAn"1 of sand is added to the supratidal 
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zone. The present method does not properly account for losses by aeolian and 
hydrodynamic processes in this year. 

One year after nourishment, the erosion of the beach between the 1 and 
3 m +DOD level is more than in the control situation. The foredune acts as a 
sink for wind-blown sand. One year after nourishment, the rate of aeolian 
sand transport to the dunes significantly increased to about 14 m3m"'y"1, as 
compared to about 9 m m" y" in the control situation, despite the large 
variation in aeolian sand transport. 

In the second and third year following nourishment, the rates of aeolian 
sand transport did not differ from the control situation. In this period, the zone 
above the 3 m +DOD level and seaward from the limit of storm surge erosion 
(which changes due to the combined effect of wind and waves) eroded less 
than in the control situation. The sand was eroded from the nourishment 
emplaced above the 3 m +DOD level, rather than from the dunes. The 
foredune was barely eroded after nourishment, demonstrating the protective 
function of the beach nourishment to especially wave erosion. 
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