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a  b  s  t  r  a  c  t

The  demand  for marine  sand  in  the  Netherlands  as  well  as globally  is  increasing.  Over  the  last  decades,
only  shallow  sand  extraction  of  2 m below  the  seabed  was  allowed  on  the  Dutch  Continental  Shelf  (DCS).
To guarantee  sufficient  supply  and  to  decrease  the surface  area  of  direct  impact,  the  Dutch  authorities
started  to promote  sand  extraction  depths  over  2 m  for  sand  volumes  over  10 million  m3. The  ecological
effects  of  deep  sand  extraction,  however,  are  still  largely  unknown.  Therefore,  we  investigated  short-term
effects  (0–2.5  y)  of deep  sand  extraction  (20–24  m)  and  compared  these  with  other  case  studies  such  as,
regular  shallow  sand  extraction  on  the DCS (2 m)  and  an 8 m deepened  shipping  lane.  For  intercomparison
between  case  studies  we  used  tide-averaged  bed  shear  stress  as  a generic  proxy  for  environmental  and
related  ecological  effects.  Bed  shear  stress  can  be estimated  with  a two-dimensional  quadratic  friction
law and showed  a decrease  from  0.50  to 0.04 N  m−2 in a  borrow  pit in 20  m  deep  water  and  extraction
depths  up  to  24  m.  Macrozoobenthos  in  a borrow  pit  with  a  tide-averaged  bed  shear  stress  of  around
0.41  N m–2 is  expected  to return  back to pre-extraction  conditions  within  4–6  year.  When  tide-averaged
bed  shear  stress  decreases  below  0.17  N  m−2 enhanced  macrozoobenthic  species  richness  and  biomass
can  occur.  Below  a  tide-averaged  bed  shear  stress  of 0.08 N m−2, increasing  abundance  and  biomass  of  brit-
tle stars,  white  furrow  shell  (Abra  alba)  and plaice  (platessa  platessa)  can  be expected.  Below  0.04  N  m−2,
an  overdominance  and  high  biomass  of  brittle  stars can  be expected  whereas  demersal  fish  biomass  and
species  composition  may  return  to  reference  conditions.  Next  to  changes  in  faunal  composition,  a  high
sedimentation  rate  can  be  expected.

Ecological  data  and  bed  shear  stress  values  were  transformed  into  ecosystem-based  design  (EBD)  rules.
At higher  flow  velocities  and  larger  water  depths,  larger  extraction  depths  can  be applied  to  achieve

desired  tide-averaged  bed  shear  stresses  for  related  ecological  effects.  The  EBD rules  can  be  used  in  the
early-design  phases  of future  borrow  pits  in  order  to simultaneously  maximise  sand  yields  and  decrease
the  surface  area  of  direct  impact.  The  EBD  rules  and  ecological  landscaping  can  also  help  in implemen-
ting  the  European  Union’s  Marine  Strategy  Framework  Directive  (MSFD)  guidelines  and  moving  to or
maintaining  Good  Environmental  Status  (GES).
. Introduction
Coastal zones are marked by many human activities such as
shing, shipping, wind farming, dredging, disposal of dredged

∗ Corresponding author at: IMARES Wageningen UR – Institute for Marine
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sediment, beach nourishment, sand extraction, and the extrac-
tion and transport of oil and gas. These activities have different
impacts on the marine environment and most of them are likely
to intensify in the future (Jongbloed et al., 2014). Marine sand
extraction in the Netherlands as well as globally is also intensifying
(Stolk and Dijkshoorn, 2009; ICES, 2014a). In the Netherlands, 24

million m3 of marine sand is used annually with 12.5 million m3

for coastal nourishments and 9 million m3 for construction (ICES,
2014a). An increase up to 85 million m3 is anticipated to counter-
act effects of sea level rise (Deltacommissie, 2008). Considerable
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olumes are extracted in surrounding countries, in the UK 16.8 mil-
ion m3, in France 12 million m3 and in Denmark 10.5 million m3 per
ear. In Belgium, each year almost 4 million m3 sand is extracted
nd 2.5 million m3 is imported from the Netherlands (ICES,
014a).

Over the last decades, sand extraction depths were limited to
 m under the seabed on the Dutch continental shelf (DCS). The
otential of sand extraction with depths over 2 m was first explored

n 1999 during the PUTMOR study, in a deep borrow pit in front of
he Port of Rotterdam (PoR) with sand extraction depths between

 and 12 m (Boers, 2005). The PUTMOR study concluded that there
ere no indications that deep sand extraction would lead to unac-

eptable effects and that recovery of benthic assemblages would be
ossible (Boers, 2005). Deep sand extraction was therefore consid-
red to be a promising alternative for sand extraction projects over
0 million m3 sand. For the construction of Maasvlakte 2 (MV2), a
0 km2 seaward expansion of the PoR, the Dutch authorities per-
itted sand extraction deeper than the regular 2 m,  primarily to

ecrease the surface area of direct impact. Between 2009 and 2013,
pproximately 220 million m3 sand was extracted from the MV2
orrow pit with an average extraction depth of 20 m under the
eabed. To guarantee sufficient supply of marine sand in the inten-
ively used coastal zone, the Dutch authorities now allow deep sand
xtraction for sand extraction volumes over 10 million m3 (IDON,
014).

Although deep sand extraction clearly limits the surface area
f direct impact, effects of deep borrow pits on marine life on the
CS are still largely unknown. Our objective is to compare effects
f extraction depth on macrozoobenthos and demersal fish and to
ecommend on optimised extraction depths for future borrow pits.

e compared ecological effects for three case studies: regular shal-
ow sand extraction (2 m),  a deepened shipping lane (8 m)  and deep
and extraction (20–24 m)  in a large borrow pit.

Macrozoobenthos in the southern North Sea correlates with sed-
ment parameters (Heip et al., 1992; Künitzer et al., 1992; Holtmann
t al., 1996; Degraer et al., 1999; Van Hoey et al., 2004, 2007;
egraer et al., 2008; Verfaillie et al., 2009). Next to sediment param-
ters, salinity (Callaway et al., 2002; Reiss et al., 2010, 2011) and
ed shear stress (Herman et al., 2001; Ysebaert et al., 2003; de Jong
t al., 2015a) also influence macrozoobenthos.

Bed shear stress the amount of force per unit of seabed sur-
ace area exerted by flowing water and plays a role in sediment
ransport processes, the formation of bedforms, and sedimenta-
ion or erosion of the seabed. Bed shear stress is also influencing
rain size, mud  and organic matter content of the sediment. In the
orth Sea coastal zone, grain size is positively correlated with bed

hear stress (spearman rank correlation: around +0.4) (de Jong et al.,
015a). On the crests of sand waves, shear stress values are gen-
rally higher (∼0.6 N m−2) and the sediment is coarser (∼300 �m),
hereas in troughs, shear stress is lower (0.44 N m−2) and grain size

s finer (∼280 �m)  (de Jong et al., 2015a). Due to sand extraction,
arger differences in bed shear stress can be expected and corre-
ations between sediment parameters and bed shear stress may
ecome stronger. In the UK, suggested limits for acceptable changes

n grain size after marine aggregate extraction were based on the
atural range (Cooper, 2012). Sediment characteristics after deep
and extraction continue to change due to sedimentation of fine
ediment until the borrow pit is filled (Thatje et al., 1999; Desprez,
000; de Jong et al., 2015b).

For intercomparison between case studies, we  used tide-
veraged bed shear stress as a generic proxy for environmental and
elated ecological effects. Ecological data and bed shear stress val-

es were combined and transformed into ecosystem-based design
EBD) rules. These rules can be used in the design of future bor-
ow pits to maximise sand yields and simultaneously decrease the
urface area of direct impact for different ecological scenarios.
Fig. 1. Total volume of extracted marine sand in million m3 per year on the DCS.
The  peak in 2009–2012 is due to the large-scale and deep sand extraction for MV2.
Source: Rijkswaterstaat (ICES, 2014a).

We  aim to answer the following questions:

(i) What are the ecological effects of the different sand extraction
depths on the Dutch Continental Shelf (DCS)?

(ii) What are the optimised extraction depths to achieve desired
bed shear stresses and related ecological effects for different
pre-extraction water depths and flow velocities?

(iii) What role can ecosystem based design rules based on bed shear
stress play in the design of future borrow pits outside the DCS?

2. Description of different cases of sand extraction depths
on the Dutch continental shelf

We  describe the following case studies on the Dutch Con-
tinental Shelf (DCS): regular shallow sand extraction, the 8 m
deepened “Euromaasgeul” shipping lane and the deep and large-
scale Maasvlakte 2 (MV2) borrow pit.

2.1. Shallow sand extraction

Before 1987 less than 5 million m3 of marine sand was  extracted
annually from the Dutch Continental Shelf (DCS) and increased to
nearly 20 million m3 in 1995 (Fig. 1). From 1996 onwards, over 24
million m3 of marine sand was  extracted yearly for coastal nour-
ishments and construction purposes (Stolk and Dijkshoorn, 2009;
ICES, 2014a). Generally, only shallow sand extraction of 2 m below
the seabed is allowed and only in the area between the continu-
ous 20 m isobath and the 12 nautical mile boundary (Fig. 2) (IDON,
2005, 2014). Between 2006 and 2014 the surface area impacted by
sand extraction increased from 7.5 to 45 km2 (ICES, 2014a).

2.2. Shipping lane

North of the MV2  borrow pit (Fig. 2, no.1), a 57 km long and
23 m deep shipping lane “the Euromaasgeul” is situated which was
realised in the 1970s to guarantee access to the Port of Rotterdam
(PoR). Fine dredged material from the entrance of the shipping lane
is dumped at the deepened disposal site “Verdiepte Loswal” (Fig. 2,
no. 3) and the coarse fraction at disposal site North “Loswal Noord”
near the entrance of the PoR. In the specific sampling area within
the shipping lane, 8 m sand was extracted.

2.3. Maasvlakte 2 (MV2) borrow pit

For the harbour extension Maasvlakte 2 (MV2), approximately

220 million m3 of sand was  extracted between 2009 and 2013
(Fig. 1) from the MV2  borrow pit with an average extraction depth
of 20 m under the seabed (Fig. 2, no. 1). This reduced the surface
area of the borrow pit from 110 km2 at 2 m extraction depth to only
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Fig. 2. Solitary licenced (black boxes) and abandoned (black hatched boxes) borrow pits with shallow extraction (2 m) except, 1–4. The 20 m deepened Maasvlakte 2 borrow
p porary
s  extrac
d

1
M
s
(
c
r
v
i
m
(

it  is denoted with (1), the 8 m deepened shipping lane (2), the 5–12 m deep tem
ediment (3), a 6 m deep borrow pit for the “Sand Engine” (4) and the shallow sand
etail.  Source: Rijkswaterstaat.

1 km2 at 20 m extraction depth (de Jong et al., 2014, 2015b). The
V2  borrow pit is situated in front of the Port of Rotterdam out-

ide the continuous 20 m isobath and is 2 km long and 6 km wide
Fig. 2, no. 1). An exclusion area, consisting of non-erodible clay
overed by a 1 to 4 m thick layer of sand with sand waves, sepa-
ates a larger northern and smaller southern borrow pit (Klein and

an den Boomgaard, 2013; Stolk, 2014). Sediment in the surround-
ng area consists of fine to medium sand with small fractions of

ud and very fine sand, and low sediment organic matter content
SOM).
 borrow pit (PUTMOR) which is nowadays used as disposal sites for dredged fine
tion site North of the barrier island Terschelling (5). The inset shows 1–4 in higher

2.4. Ecological landscaping

In the Maasvlakte 2 sand borrow pit, ecosystem-based landscap-
ing techniques were used. Two  sandbars mimicking natural sand
waves, were left behind after sand extraction, to increase habi-
tat heterogeneity and to influence post-dredging macrozoobenthic

and demersal fish assemblages (van Raalte et al., 2007; van Dalfsen
and Aarninkhof, 2009; Borsje et al., 2011; de Jong et al., 2014).

One sandbar parallel to the tidal current was completed in spring
2010. This parallel sandbar has a length of 700 m, a width at the crest
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Fig. 3. Summary of in- and epifaunal and demersal fish assemblages depths of the case studies in the Dutch coastal area with 20 m pre-extraction water depth and a flow
v an gra
p lues a
w restim

o
a
2
c
p
b
a
n
t

3
l

t
i

3

z
i
w
d
fl
2
d
T
v
i
b
e

elocity  of 0.65 m s−1 (top 2 most abundant species based on biomass) and medi
re-extraction water depth and a flow velocity of 0.65 m s−1. Infaunal biomass va
eight.  Grain size and mud content in the deepest area of MV2  borrow pit are unde

f 70 m,  and slopes of 140 m.  The crest of the sandbar is located at
 water depth of 30 m and the troughs are more than 40 m deep. In
011, the second sandbar with an orientation oblique to the tidal
urrent was completed. The length and width are similar to the
arallel sandbar but, due to time constraints, the difference in depth
etween crest and trough is less pronounced. The crest is situated
t a water depth of 28 m and the northern trough is 36 m deep. A
arrow and 32 m deep trench separates the crest from the slope of
he borrow pit (de Jong et al., 2014, 2015b).

. Effects of different extraction depths and ecological
andscaping on the benthic ecosystem

Here, we summarise the effects of different extraction depths of
he case studies on the benthic ecosystem and sediment character-
stics.

.1. Shallow sand extraction (2 m)

The long-term effects of shallow sand extraction on macro-
oobenthos were studied at a site North of the Dutch barrier
sland Terschelling. A volume of 2.1 million m3 of marine sand

as extracted from a 1.4 km2 large area with pre-extraction water
epths of 20–23 m,  extraction depths of 1.5 m and a depth-averaged
ow velocity of 0.5 m s−1 (van Dalfsen et al., 2000; Tonnon et al.,
013). Recovery time of macrozoobenthos to pre-extraction con-
itions (species assemblage, species richness and biomass) at
erschelling was  estimated to be 4–6 years (van Dalfsen et al., 2000;

an Dalfsen and Essink, 2001). No changes in sediment character-
stics after sand extraction were observed, only SOM appeared to
e lower after dredging (van Dalfsen et al., 2000). Similar recov-
ry times were found for other shallow borrow pits in France near
in size and mud  content of the case studies in the Dutch coastal area with 20 m
re measured as ash-free dry weight (AFDW), epifauna and demersal fish as fresh

ated due to failure of boxcore sampling.

Dieppe (Desprez, 2000; Desprez et al., 2010; Desprez et al., 2014)
with water depths of 10–15 m and a depth-averaged flow velocity
of 1.5 m s−1 (Le Bot et al., 2010) and extraction depths up to 2 m
(Desprez et al., 2014). In the UK, recovery times at site Area 222, a
borrow site 20 miles off Felixstowe at the southeast coast of England
were 7 years at low dredging intensity (Boyd et al., 2005) and 15
years at high dredging intensity (Waye-Barker et al., 2015). The
water depth in Area 222 site varied from 35 m at the high intensity
dredging area, 27 m in the low dredging intensity area and 32 m in
the reference area and extraction depths were in the same order as
for the Terschelling case (Cooper et al., 2013). The depth-averaged
flow velocity in Area 222 is around 1.11 m s−1 (Boyd et al., 2003).

3.2. Extraction in the shipping lane (8 m)

During the baseline study of the PoR in 2006 and 2008, in- and
epifaunal samples were collected in the “Euromaasgeul” shipping
lane (Fig. 2, no. 3). In 2012, additional samples were taken: 4 in-
and 3 epifaunal. Full details on sampling procedures are given in
de Jong et al. (2014, 2015b,a). Maintenance dredging works were
not carried out in the last years in the specific sampling area (Rijk-
swaterstaat, pers. comm.). In 2006, 2008 and 2012, a significant
distinct, very productive and species-rich assemblage dominated
by white furrow shell (Abra alba) was observed in the shipping
lane. Average biomass of in- and epifauna was respectively 27.5 g
AFDW m−2 and 18.8 g WW m−2 and significantly higher than ref-
erence values, respectively 11.7 AFDW m−2 and 2.6 g WW m−2 (de

Jong et al., 2015b) (Fig. 3). The median grain size of the sediment
in the shipping lane in 2006, 2008 and 2012 is gradually becoming
finer (229, 194 and 135.1 �m)  and richer in mud  (8, 3, 25%) and
organic matter content (1, 1, 4%) (de Jong et al., 2015b).
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Table  1
Summary of changes related to different extraction depths of the case studies in the Dutch coastal area with 20 m pre-extraction water depth and a flow velocity of 0.65 m s−1.

Extraction depth Infauna Epifauna Demersal fish Sediment

2 no nd nd Mud: 0.5% < SOM
8 *, 2× *, 6× nd Grain size: factor 2 decrease and mud  231%
20 *, 7× *, 12× *, 20× Grain size: factor 2 decrease and mud  223%
24 *, 2× *, 67× no, 1.5× Smaller grain size and mud 138%
Sandbars * * * *

d, no:
u

3
(

a
o
a
s
i
s
t
s
t
2
e
a
m
d
I
i
v
6
s
l
a
l
s

3
b

p
s

4
p

a
r(

(

�

t
f
h
e
t
d
t

extraction water depths and flow velocities can be determined with
Eqs. (1) and (2) resulting in ecosystem-based design (EBD) graphs
(Fig. 5). With increasing pre-extraction depth-averaged flow veloc-
ities and water depths, larger extraction depths can be applied to

Fig. 4. Tide-averaged bed shear stress ��b tide−averaged as a function of sand extrac-
* Significant changes compared to reference (no sand extraction), nd: no data an
nderestimated due to failure of boxcore sampling.

.3. Short-term effects of deep and large-scale MV2 borrow pit
20–24 m)

In the MV2  borrow pit, macrozoobenthic species composition
nd biomass was significantly correlated with time after cessation
f sand extraction and with sediment and hydrodynamic char-
cteristics (de Jong et al., 2015b). Two years after cessation of
and extraction, infaunal biomass (organisms living in the seabed)
ncreased sevenfold and epifaunal biomass (organisms on the
eabed) increased twelvefold in the 40 m deep areas (20 m extrac-
ion) of the MV2  borrow pit (Table 1). Species composition changed
ignificantly and white furrow shell (A. alba) became abundant in
erms of density and biomass. Demersal fish biomass increased
0-fold (Table 1) and species composition was significantly differ-
nt (dominance of plaice, Platessa platessa) compared to reference
reas (de Jong et al., 2014). Next to ecological differences, sedi-
ent characteristics also changed significantly. Sediment grain size

ecreased and the fraction very fine sand, mud  and OM increased.
n the deepest parts of the borrow pit (44 m,  24 m extraction depth),
nfaunal biomass was only twofold higher compared to reference
alues (Table 1). Epifaunal biomass, however, increased more than
7-fold and species composition changed from A. alba to brittle
tars whereas demersal fish biomass dropped almost to reference
evels (de Jong et al., 2015b). Next to the large faunal differences,

 sedimentation rate of up to 75 cm y−1 was observed. The eco-
ogical and environmental effects of the Dutch case studies are
ummarised in Fig. 3 and Table 1.

.4. Short term effects of ecological landscaping in the MV2
orrow pit

The landscaped sandbars significantly influenced species com-
osition of macrozoobenthos and demersal fish and changed
ediment characteristics (de Jong et al., 2014, 2015b).

. Ecosystem-based design (EBD) rules for future borrow
its

For intercomparison between the case studies, we  used the tide-
veraged bed shear stress as a generic proxy for environmental and
elated ecological effects. Depth-averaged (2DH) bed shear stress
��b 2DH

)
can be estimated with a quadratic friction law (Eq. (1))

Soulsby, 1997).

�b 2DH =
�seawater ∗ g ∗

∣
∣ �U

∣
∣2

C2
(1)

For the Chézy roughness (C), we used a value of 65 m1/2 s−1 for
he reference area and shallow sand extraction areas, 80 m1/2 s−1

or the shipping lane of the PoR and MV2  borrow pit due to the
igh mud  content and 110 m1/2 s−1 (Van Rijn, 1993; Winterwerp

t al., 2004) for the deepest parts of the MV2  borrow pits due to
he observed thick soft muddy bed (de Jong et al., 2015b). The
ensity of seawater (�) was set to 1023 kg m−3 and the gravita-
ional acceleration (g) was set to 9.81 m s−2. The magnitude of the
 no change. Grain size and mud content in the deepest area of MV2  borrow pit are

depth-averaged flow velocity
(∣∣ �U

∣
∣) in the area of the MV2  borrow

pit is 0.65 m s−1 (Borsje et al., 2009). From the law of conservation
of mass, there is a negative linear relation between the increase in
water depth and decrease in depth-averaged velocity. Doubling of
the water depth results in a halving of the depth-averaged velocity,
in the case of 20 m deep sand extraction in 20 m deep water with
a depth-averaged flow velocity of 0.65 m s−1, the depth-averaged
velocity is reduced to 0.325 m s−1. When we assume a symmetrical
diurnal tide, the tide-averaged bed shear stress equals:

��b tide−averaged = �b 2DH

2
(2)

Applying Eqs. (1) and (2) for given parameter values lead to
a relationship of tide-averaged bed shear stress

(��b tide−averaged

)

and sand extraction depth as shown in Fig. 4. The tide-averaged
bed shear stress shows a strong decrease at small sand extraction
depths and smaller decreases at larger extraction depths. The tide-
averaged bed shear stress is 0.5 N m−2 in 20 m deep reference areas,
0.41 N m−2 at 2 m extraction depth, 0.17 N m−2 at 8 m extraction
depth, 0.08 N m−2 at 20 m and 0.04 N m−2 at 24 m extraction depth.
The stepwise changes in Fig. 4 are induced by the changes in Chézy
roughness parameter values.

For differing tide-averaged bed shear stress values we derived
different ecological effects from the DCS case studies. This implies
that extraction depth can be chosen such that desirable ecologi-
cal effects can be achieved. We  can now define ecosystem-based
design (EBD) graphs for extraction depth based on pre-extraction
water depth and pre-extraction flow velocity. These EBD graphs can
be used for the design of future borrow pits to optimise extraction
depths in relation to ecological effects on the seabed. Extraction
depths needed to reach the time-averaged bed shear stress values
of the case studies (Fig. 4) at different combinations of different pre-
tion depth at 20 m pre-extraction water depth and using a Chézy roughness value
of  65 m1/2 s−1 for sand extraction depth interval 0–8 m, 80 m1/2 s−1 for 8–20 m and
110  m1/2 s−1 for the deepest extraction depth. The reference situation and case stud-
ies  (shallow sand extraction, shipping lane and deep sand extraction: 20 and 24 m)
are indicated with the red text labels.
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Fig. 5. EBD graph to reach ��b tide−averaged values of the DCS case studies (0.41, 0.17, 0.08 and 0.04 N m−2) at the seabed of a borrow pit as a function of extraction depth, at a
range  of pre-extraction water depths (15–40 m)  and varying pre-extraction depth-averaged flow velocity magnitudes (0.65–0.8 m s−1). We  used Chézy roughness values 65,
65,  80 and 110 m1/2 s−1.

Table 2
Influence of higher flow velocities (0.7, 0.75 and 0.8 m s−1) on extraction depths needed to achieve desired bed shear stresses of the DCS case studies for 20 m pre-extraction
water  depths.

DCS case studies Extraction depth required to reach ��b tide−averaged of the case studies (m)

Extraction depth (m) ��b tide−averaged (N m−2) 0.7 m s−1 0.75 m s−1 0.8 m s−1

Reference 0.5 – – –
2  0.41 3.7 5.4 7.1
8  0.17 10.2 12.3 14.5
20  0.08 23.1 26.2 29.2
24  0.04 27.4 30.8 34.2

Table 3
Influence of higher pre-extraction water depths (25, 30 and 35 m)  on extraction depths needed to achieve desired bed shear stresses of the DCS case studies for cases with a
flow  velocity of 0.65 m s−1.

DCS case studies Extraction depth required to reach ��b tide−averaged of the case studies (m)

Extraction depth (m) ��b tide−averaged (N m−2) 25 30 35

Reference 0.5 – – –
2  0.41 2.5 3 3.5
8  0.17 10 12 14
20  0.08 25 30 35
24  0.04 30 36 42
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each the tide-averaged bed shear stress values calculated for the
CS case studies (Tables 2 and 3).

. Discussion

.1. Ecosystem based design rules (EBD rules)

In the UK, limits for acceptable changes in sediment grain
ize after marine aggregate extraction based on the natural range
ere proposed, with the aim of ensuring the return of the pre-
redge faunal assemblage after dredging (Cooper, 2012). Sediment
haracteristics after deep sand extraction continue to change due
o sedimentation of fine sediment until the borrow pit is filled
Thatje et al., 1999; Desprez, 2000; de Jong et al., 2015b). It is
or this reason that grain size is not considered to be a suitable
andidate for setting limits for acceptable change in large-scale
nd deep borrow pits where there is no prospect of a return
f pre-dredge conditions. We  therefore developed ecosystem-
ased design (EBD) rules based on bed shear stress, which can be
sed to determine extraction depths to reach desirable bed shear
tresses and related ecological effects for a range of flow veloci-
ies and pre-extraction water depths. In general, with increasing
ow velocity and water depth, larger extraction depths can be
sed.

The EBD rules and ecological landscaping techniques can
lso help in implementing the European Union’s Marine Strat-
gy Framework Directive (MSFD) guidelines and safeguarding or
chieving Good Environmental Status (GES) of marine waters.
he MSFD consists of 10 GES descriptors: “Biodiversity”, “Non-
ndigenous species”, “Commercial fish and shellfish”, “Food

ebs”, “Eutrophication”, “Sea-floor integrity”, “Hydrographical
onditions”, “Contaminants”, “Contaminants in seafood”, “Marine
itter” and “Energy and underwater noise”. When MFSD requires
or example that the seabed has to remain in the original
hysical condition to enable the return of pre-extraction fau-
al assemblages, shallow sand extraction with 2 m extraction
epth is the best option for 20 m deep pre-extraction areas
��b tide−averaged : 0.41 N m−2

)
. No significant changes in macro-

oobenthos were observed 4–6 year after the cessation of shallow
and extraction (van Dalfsen et al., 2000; van Dalfsen and Essink,
001). If there are no stringent limitations, 8 m deep sand extrac-
ion

(��b tide−averaged = 0.17 N m−2
)

may  be the limit for areas with
 pre-extraction water depth of 20 m as only sediment charac-
eristics and macrozoobenthic species composition significantly
hanged, and biomass increased more than twofold. At a tide-
veraged bed shear stress of 0.08 N m−2, macrozoobenthic species
omposition is even more disturbed and biomass increased more
han 7-fold. Demersal fish composition changed significantly and
iomass increased 20-fold. Below a tide-averaged bed shear stress
f 0.04 N m−2, infaunal biomass was only twofold higher compared
o reference levels. Epifaunal biomass, however, increased more
han 67-fold due to a dominance of brittlestar and fish biomass
nd composition returned to reference conditions. Next to large
aunal differences, a high sedimentation rate up to 75 cm y−1 was
bserved.

The most relevant MSFD descriptors for deep sand extraction
re: descriptor 1 “Biodiversity” (Patrício et al., 2014) with the
ddition of ecological functioning (Bremner, 2008; Törnroos et al.,
015), descriptor 3 “Commercial fish and shellfish”, descriptor 6
Seabed integrity” (Rice et al., 2012; ICES, 2014b) and descriptor 7
Hydrography” (OSPAR, 2012). The MSFD can be used as an assess-

ent framework for deep sand extraction. The implementation of
SFD into legislation is in progress and therefore maybe not all

nal criteria of the descriptors are mentioned. The MSFD may  have
mplications for deep sand extraction. The ecological effects of the
neering 87 (2016) 271–280 277

different extraction depths and ecological landscaping in view of
the criteria of the descriptors are summarised in Table 4.

5.2. Limitations of ecological data and recommendations

We compared the ecological effects of different sand extraction
depths. The ecological effects due to shallow sand extraction were
investigated in the 1990s (van Dalfsen et al., 2000; van Dalfsen and
Essink, 2001). The impact of the 8 m deepened shipping lane was
first investigated in 2006, 2008 and 2012. We  recommend addi-
tional research for shallow extraction depths (2 m)  on the DCS
because only one case-study near Terschelling is described in the
literature. For the 8 m deepened shipping lane, only a small num-
ber of samples were collected and data on maintenance dredging
are available but it remains difficult to assess other influences such
as anchoring of ships or the influence of movements of ships on
sedimentation patterns.

No data were available from case studies with intermediate
extraction depths (2–5 m)  but the borrow pit which was used for
the “Sand Engine”, a 20 million m3 sand nourishment north of Rot-
terdam with extraction depths of 6 m (de Vriend et al., 2015), would
be very relevant to study. Other interesting cases are the borrow
pits used for the beach nourishments “Zwakke schakels” of the
province of Noord-Holland with a total volume of 40 million m3

and extraction depths between 2 and 8 m.
Macrozoobenthos correlated with time after cessation which is

an indication that an equilibrium was  not yet reached. The full range
of ecological effects on the seabed of MV2  borrow pit can only be
defined after several years. The most severe effects occurred in the
deepest parts of the borrow pit which coincided with significant
changes in epifaunal and demersal fish assemblage and it is likely
that it will not only be restricted to the deepest areas in the future.
Ongoing monitoring is therefore recommended to define medium
or long-term effects on macrozoobenthos and demersal fish. Fur-
thermore, the inclusion of sedimentation rate and oxygen content
measurements is recommended because two years after cessation
of sand extraction, a high sedimentation rate and significant dif-
ferences in epifaunal and demersal fish in the deepest parts of the
MV2 borrow pit were encountered (de Jong et al., 2015b). When
the EBD rules are applied in regions outside the Dutch continental
shelf, ecological data is needed as the ecological response may  be
different. It is however likely that white furrow shell (A. alba) will
increase as a result of deep sand extraction due to the pan-European
distribution.

5.3. Limitations of two-dimensional bed shear stress estimates

Here we  applied a 2D approach to estimate the magnitude of bed
shear stress estimates. For a more accurate assessment, 3D hydro-
dynamical modelling approaches are required to cope with the
impact of complex bathymetries such as the MV2 borrow pit with
polygonal edges (Fig. 2, no. 1). Furthermore, complex hydrographic
conditions are present with periods of strong density stratification
due to the region of fresh water input (ROFI) from the river Rhine (de
Boer et al., 2009), density-driven cross-shore flows (van der Hout
et al., 2015), up- and down welling, wind-driven flow and wind
and wave-induced mixing. The supply of sediment can also vary
between regions and tide-averaged bed shear stresses from Eqs.
(1) and (2) assume symmetrical tides but in reality tides are often
asymmetrical. Modelling oxygen concentration and sedimentation
rates of cohesive and non-cohesive sediment in future borrow pits
is also recommended (de Jong et al., 2015b).
In Belgium, effects of sand extraction depths of 5 m were investi-
gated on sandbanks orientated parallel to the tidal current (Bonne,
2010; De Backer et al., 2014). Complex three-dimensional mod-
elling approaches are required to determine bed shear stresses
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Table 4
The ecological effects of the different extraction depths and ecological landscaping in view of the criteria of the MSFD descriptors for the Dutch coastal area with 20 m
pre-extraction water depth and a flow velocity of 0.65 m s−1.
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o colour: no changes or only temporary, green: positive impact, yellow: minor n
arks  indicate possible changes as no data on demersal fish for shallow sand extra

round sandbanks and sandbanks with sand extraction (Briere
t al., 2010). Regions with erosion and sedimentation were
bserved resulting in a variety of ecological responses (Bonne,
010; De Backer et al., 2014). Due to the orientation of the sand-
anks and sand extraction on the crests which are parallel to the
idal current, channelling of the flow can occur resulting in higher
ow velocities and bed shear stresses (Roos et al., 2008; Werf
an der and Giardino, 2009). The Belgian sand extraction cases
re therefore excluded in our present study because flow chan-
elling cannot be predicted with the two-dimensional quadratic

riction law. For the described French case study, the EBD graphs
re of limited use due to the complex hydrodynamic circumstances.
ater depths are smaller (15 m)  and large tidal amplitudes are

resent which makes the area prone to the influence of waves
esulting in higher bed shear stress values which cannot be pre-
icted with the used 2D approach. The orientation of the borrow
it and furrows are parallel to the tidal current so that flow contrac-
ion again may  occur and instead of sediment deposition as in the

V2  borrow pit, erosion may  occur. The case study in the UK (area
22) is in deeper water and therefore EBD rules can be applicable.

In the MV2  borrow pit, high sedimentation rates and altered

acrozoobenthic and demersal fish assemblages were observed

de Jong et al., 2015b). Due to continuing sand extraction on the
utch Continental Shelf (DCS), a mega-scale trench may  emerge.
ith the orientation of the trench parallel to the tidal current, flow
e impact, brown: positive or negative impact, red: negative impact. The question
nd the shipping lane was collected.

contraction may  occur (Roos et al., 2008) resulting in increased flow
velocities and bed shear stresses. Instead of sedimentation, erosion
of the seabed may  even occur. The implications for macrozooben-
thos and demersal fish are unknown and deserve attention.

5.4. Use of the EBD design rules

This paper is meant to connect ecologists, coastal morphologists
and engineers, coastal zone managers and dredging companies
in order to maximise sand yields and, simultaneously decrease
the surface area of direct impact for different ecological scenarios.
Future policy, for example resulting from the EU Marine Strategy
Framework Directive (MSFD) presumably requires dredging com-
panies or principals of dredging works to leave the seabed in certain
physical conditions to promote or maintain specific ecological con-
ditions. The EBD rules and ecological landscaping techniques can
help in implementing MSFD guidelines and safeguarding or achiev-
ing Good Environmental Status (GES) of marine waters.

6. Conclusions
For intercomparison between sand extraction case studies, we
used the tide-averaged bed shear stress as a generic proxy for
changed environmental conditions and related ecological effects.
Bed shear stress can be estimated with a two-dimensional equation
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sing extraction depth and depth-averaged flow velocity magni-
ude. We  developed Ecosystem-based design (EBD) rules for future
orrow pits based on ecological data and bed shear stress.

In a borrow pit with a pre-extraction water depth of 20 m
nd sand extraction depths over 20 m,  tide-averaged bed shear
tress showed a decrease from 0.50 to 0.04 N m−2. Recovery time
f macrozoobenthos to pre-extraction conditions (species assem-
lage, species richness and biomass) after shallow sand extraction
2 m)  near Terschelling site was estimated to be 4–6 year (van
alfsen et al., 2000). Borrow pits with a decrease in tide-averaged
ed shear of less than 0.33 N m−2 (8 m,  0.17 N m−2) may  lead to
nhanced species richness, biomass and significant increase of
hite furrow shell (A. alba). At tide-averaged bed shear stresses

f 0.08 N m−2 (20 m extraction depth), macrozoobenthic biomass
ncreased 7-fold and demersal fish biomass 20-fold. At bed shear
tress values of 0.04 N m−2, increasing abundance of epifaunal brit-
le stars may  be expected and detrimental effects such as high
edimentation rates and reduced dissolved oxygen levels may
merge.

In general, at higher depth-averaged flow velocities and pre-
xtraction water depths, larger sand extraction depths can be
pplied to reach a desired tide-averaged bed shear stress. The EBD
ules can be used for early-design phases of future borrow pits in
he southern North Sea in order to maximise sand yields and, simul-
aneously decrease the surface area of direct impact. The EBD rules
an help in implementing MSFD guidelines and safeguarding or
chieving Good Environmental Status (GES) of marine waters. For
omparable regions in the southern North Sea, EBD rules can also
e formulated but ecological data from areas with low shear stress
alues such as abandoned borrow pits or dredged shipping lanes are
equired. Ecological landscaping techniques can also be applied in
omparable areas. We  recommend using three-dimensional model
pproaches for later design phases or other regions with complex
ydrodynamical circumstances to determine more accurate and
igh resolution bed shear stress data.
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Glossary

Bed shear stress: the amount of force per unit of seabed surface area exerted by
flowing water (N m−2)

Grain size: median grain size of sediment particles (�m)
Mud: sediment particles smaller than 63 �m (vol%)
OM: organic matter (mass%)
Infauna: animals living in the sediment sampled with a box-corer
Epifauna: animals living on the sediment sampled with a bottom dredge
Macrozoobenthos: in-and epifauna
Demersal fish: fish living on or near the seabed
C:  Chézy roughness, parameter describing the hydraulic roughness of the seabed

(m1/2 s−1)

�: the density of seawater (kg m−3)
g: gravitational acceleration (m s−2)
U:  the magnitude of the depth-averaged flow velocity (m s−1)
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