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ABSTRACT I

A basic requ irem ent for allowing m arine aggregate (sand) extraction on the Belgian Continental Shelf (which takes Hillii«» place on  sandbanks) is th a t it should n o t result in  m ajor environm ental changes. However, a  tidal sandbank (Kwinte
Bank, Flemish Banks), exploited intensively since the  1970’s, has shown evidence o f significant m orphological changes 
with the developm ent of a  5 m  deep depression in its m iddle section; thus, since February 2003, sand extraction has 
ceased in  this area in o rder to study the  environm ental impacts and  the regeneration  potential o f the  seabed. The 
p resent contribution synthesises the results o f the  multidisciplinary research, which has taken place in  the area and, 
on  the  basis o f these findings, considers the need  for an  efficient m anagem ent framework, in bo th  the planning 
and  m onitoring stages o f the extraction. The investigation has shown that extraction has had  significant impacts 
on  the seabed sedim entary character and  ecology and  the  local hydro-and sedim ent dynamic regime. U nder these 
conditions, regeneration  of the seabed is n o t likely in the short-term  and, although m odelling exercises have indicated 
possible recovery in  the medium - and  long-term, this is likely to be inhibited by the lack of appropriate  sedim ents in 
the  area. T he results have provided the  basis of the  identification o f a  ‘suite’ o f criteria, which can assist in the  strategic 
p lann ing /design  o f m arine aggregate concession zones, the  efficient m anagem ent o f m arine aggregate extraction and 
the  p lanning of effective environm ental m onitoring; these criteria are related to considerations on  resource location, 
the  nature/th ickness o f the  targeted deposits, m orphodynam ics and  sedim ent dynamics, biology and  ecology and 
extraction practices. The Kwinte Bank investigation has dem onstrated also the  need  for intensive m onitoring schemes 
in o rder to identify the  m orphological, sedim entary and  ecological impacts, related to the  dredging activities. A 
critical part of these schemes should be the evaluation of the  dredging-related effects, against the  background of the 
natural dynamics o f the seabed; thus, baseline inform ation is crucial, as, in  its absence, im pact assessments are likely 
to rem ain inconclusive.

ADDITIONAL INDEX WORDS: marine aggregate extraction; dredging; environmental impact assessment; environmental 
monitoring; sustainable development; mining guidelines; seabed regeneration.

INTRODUCTION

The form ulation of recom m endations and  guidelines, con­
cerning ‘th e  best p ractice’ in  m arine  aggregate (MA) extraction 
is a complex issue, as it is driven by both  ‘top-down’ considera­
tions (i.e. considerations re la ted  to th e  regulation  and  m anage­
m en t of extraction  activities) and  ‘bottom -up’ constra in ts (i.e. 
constra in ts  associated w ith th e  diagnosis and  prognosis of the
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complex physical environm ental processes). The regulation  of 
MA exploitation is associated w ith  different levels of legisla­
tion, consisting of in te rna tiona l Conventions, E uropean  D irec­
tives and  national laws; however, although all E uropean  M em ­
b er S ta tes  have to comply w ith  th e  ru les prescribed by ratified  
in te rna tiona l Conventions and  th e  E uropean  environm ental 
legislation, th e re  are  also significant differences in  th e  m anage­
m en t and  regulation  of MA exploitation betw een them . These 
differences stem  m ainly  from th e  different approaches adopted 
by th e  M em ber S ta tes in th e  incorporation into th e ir  na tional 
legislation of th e  re levant environm ental E uropean  D irectives 
(particu larly  th e  E nvironm ental Im pact A ssessm ent (EIA), the
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Strategic E nvironm ental Im pact A ssessm ent (SEA) and  th e  
H ab ita ts  Directives), as well as from th e  particu la rities  of th e  
M em ber S ta tes’ adm in istra tive  s tru c tu res  (see R a d z e v ic iu s  et 
al., th is  volume). Hence, th e  na tiona l regulatory  framework, 
re la ted  to  MA exploitation, is not consistent th roughout E u ­
rope, w ith  a wide varie ty  of processes and  procedures existing 
in te rm s of resource policy, da ta  and  inform ation m anagem ent 
and  research  co-ordination and  dissem ination.

The m ain  issue, involved in  th e  regu la tion  of MA exploi­
ta tion , is associated  w ith  resource susta inab ility , as well as 
w ith  th e  env ironm enta l im pacts of th e  ex traction  an d  th e ir  a s ­
sessm ent. W ith respect to  th e  assessm en t of th e  env ironm en­
ta l im pacts, th e re  are  m any  different in te rp re ta tio n s  on how 
to identify  ‘b es t p rac tices’. T his is due p a rtly  to  th e  presence 
of a large a rray  of h a b ita ts  along th e  E uropean  coast, w hich 
have d ifferent ch a rac te ris tics  and  are  associated  w ith  differ­
en t env ironm enta l risks, w hen being d isturbed. In  addition, 
th e re  a re  d isp arities  betw een  th e  d ifferent EU  M em ber S ta tes  
concerning th e  ‘know -how ’ necessary  to address effectively th e  
various scientific problem s associated  w ith  resource p rospect­
ing and  th e  env ironm enta l im pact of MA ex traction  (see also 
V e l e g r a k is  et al., th is  volume). M any of th e  env ironm enta l ef­
fects of MA ex trac tion  a re  likely to  be site-specific, b u t gen­
era l conclusions can be draw n from th e  re su lts  of site-specific 
research . N owadays, developing technology and  an  increase 
in th e  efficiency of env ironm enta l m onitoring, in  com bination 
w ith  innovative an d  effective research , allow an  im proved es­
tim a tio n  of th e  effects of MA extraction.

G roups w ith  in d u s try - in te re s t (e.g. th e  E u ropean  M arine  
S and  an d  G ravel G roup (EMSAGG)), th e  In te rn a tio n a l C oun­
cil for th e  E xp lo ra tion  of th e  Sea (ICES) an d  N on-G overn­
m en ta l O rg an isa tio n s (e.g. W orld W ildlife F u n d  (WWF)) are  
w orking a lready  on in itia tiv e s  re la te d  to  MA ex trac tion  and  
th e  prom otion  of ap p ro p ria te  research , to  ad d ress  problem s 
a t a su p ra -n a tio n a l (regional) level. W ith in  ICES, th e  W ork­
ing G roup on th e  E ffects of E x trac tio n  of M arine  Sed im en ts 
on th e  M arine  E cosystem  (WGEXT) p roduces A nnual R eports 
includ ing  overview s of: (a) ex trac tion  activ ities; (b) seabed  re ­
source m app ing  p rogram m es; (c) approaches to  env iro n m en ta l 
im pact assessm en ts; an d  (d) re la te d  env iro n m en ta l resea rch  
developm ents. The group h a s  also fo rm u la ted  gu idelines con­
cern ing  th e  in fo rm ation  w hich h a s  to  be co lla ted /acqu ired  in 
o rder to  a ssess  effectively th e  env iro n m en ta l im pac ts of MA 
ex trac tion  (ICES, 2003). The OSPAR C om m ission h a s  s ta te d  
th a t  th e  OSPAR C on trac ting  P a r tie s  shou ld  ta k e  th e se  gu ide­
lines in to  account, w ith in  th e i r  p rocedures, for th e  a u th o r iz a ­
tion  of th e  ex trac tion  of m a rin e  sed im en ts  (see R a d z e v i c i u s  

et al., th is  volum e). A ccording to  th e  IC E S guidelines (ICES,
2003), w ide-rang ing  in fo rm ation  is req u ired  for ev a lu a tin g  
th e  physica l im pacts of MA ex traction , i.e. in fo rm ation  on: 
(1) th e  im pac ts  of sed im en t ex trac tion  on th e  coasta l an d  off­
shore sed im en ta ry  an d  hydrodynam ic processes, includ ing  
p o ten tia l draw -dow n of ne ighbou ring  beaches, changes to 
sed im en t supply  an d  tr a n sp o r t p a th w ay s  an d  m odifications 
to  w ave an d  tid a l regim es; (2) p o ten tia l changes to th e  se a ­
bed  m orphology an d  sed im en t type; (3) exposure of d ifferen t 
su b s tra te s ; (4) changes in  th e  b eh av io u r of bedform s, w ith in  
th e  ex trac tio n  an d  ad jacen t areas; (5) th e  p o ten tia l r isk  of th e  
re lease  of co n tam in an ts  d u rin g  aggregate  d redg ing  an d  ex ­
posure  of po ten tia lly  toxic n a tu ra l  substances; (6) th e  t r a n s ­
p o rt an d  redeposition  of fine-g ra ined  sed im ents, w hich are  
e ith e r  re su sp en d ed  by th e  dredg ing  ac tiv ities or a re  re leased  
in to  th e  w a te r colum n th ro u g h  h o pper overflow or on-board

agg rega te  processing; (7) th e  effects on th e  w a te r q u a lity  of 
in c reases  in  th e  concen tra tion  of re su sp en d ed  fine m ateria l; 
(8) changes in  local w a te r circu lation , re su ltin g  from  rem oval 
or crea tion  of topograph ic  fea tu re s  on th e  seabed; an d  (9) th e  
tim e-scale  for p o ten tia l physica l “recovery” of th e  seabed. In 
o rder to  a ssess  th e  biological im pacts, IC E S guidelines rec­
om m end studying: (1) changes in  th e  b en th ic  com m unity  
s tru c tu re  an d  in any  ecologically-sensitive species, or h a b ita t 
th a t  m ay  be v u ln e rab le  to  ex trac tio n  operations; (2) th e  ef­
fects of aggregate  dredging  on pelagic b io ta; (3) th e  im pacts 
on th e  fishery  an d  shell fishery  resources, includ ing  sp aw n ­
ing  fish, n u rse ry  areas, over-w in tering  g rounds for ovigerous 
c ru s tacean s  an d  know n ro u tes  of m ig ra tion ; (4) th e  effects on 
tro p h ic  re la tionsh ip s , e.g. be tw een  th e  b en th o s an d  dem ersa l 
fish popu lations; (5) th e  im pac ts  on sites  desig n a ted  u n d e r 
local, n a tio n a l or in te rn a tio n a l reg u la tio n s  (see above); (6) 
ra te s  an d  m odes of reco lon isa tion  of exploited  sites, tak in g  
in to  account in itia l com m unity  s tru c tu re , n a tu ra l  tem p o ra l 
changes, local hydrodynam ics an d  any  p red ic ted  changes in 
sed im en t type; (7) th e  effects on m arin e  flora an d  fauna, in ­
clud ing  seab ird s an d  m am m als; an d  (8) th e  im pac ts  on th e  
ecology of bo u ld er fields/stone reefs.

The aim  of th e  p re se n t con tribu tion  is to p re se n t and  
ev a lu a te  th e  p rocedures concerning some of th e  topics id e n ti­
fied in  th e  IC E S gu idelines an d  to provide recom m endations 
on th e  im provem ent of som e aspec ts of th e  env iro n m en ta l 
m on ito ring  of MA ex trac tion  sites. T ow ard th is  objective, th e  
re s u lts  o b ta ined  from  th e  env iro n m en ta l m onito ring  of th e  
cen tra l p a r t  of th e  K w inte B ank  (F lem ish  B anks, so u th e rn  
N o rth  Sea), w here a depression  h a s  form ed due to  in tensive  
MA ex traction , a re  sy n th es ised  an d  discussed. Physical, 
ecological an d  p o ten tia l cum ulative  im pacts a re  evalua ted , 
w h ils t a su ite  of c rite r ia  is p rov ided  w hich can a ss is t in  lim ­
itin g  th e  env iro n m en ta l im pac ts  of MA ex trac tion . F inally , 
a m ore genera l m ethodological re sea rch  fram ew ork  is p ro ­
posed, to g e th e r w ith  recom m endations on th e  refinem en t of 
m on ito ring  schem es.

BACKGROUND TO THE KWINTE BANK MA 
EXTRACTION

The topics, included in  th e  ICES guidelines, a re  discussed 
w ith  reference to  th e  K w inte B ank  (see F igure 11., V e l e g r a k is  

et al., th is  volume); th is  is a tid a l san d b an k  s itu a ted  in  the  
so u thern  N orth  Sea, on th e  B elgian C on tinen ta l Shelf in  w a­
te r  dep ths of -8 to  -25 m MLLWS (m ean low est low w a te r level, 
a t spring  tides) (F igure 1.). MA ex traction  com m enced on the  
b an k  in  th e  1970’s and, from  1997 u n til 2003, 75 % (11,620,000 
m s) of all th e  B elgian MA ex traction  w as re la ted  to th is  san d ­
bank . Since 2003, MA ex traction  activ ities have  seized on the  
bank, in  o rder to eva lua te  th e  env ironm enta l im pacts and  
m onito r changes and  recovery ra te s  (see V a n  L a n c k e r  et al., 
th is  volum e). As such, th e  K w inte B ank  provides an  ideal ex­
am ple for th e  investiga tion  of th e  im pacts of MA extraction, 
w ith in  a tida lly  dom inated  environm ent.

W ith in  Belgium, sed im ent rem oval from sandbanks is, for 
each ind iv idual ex traction  activity, re s tr ic ted  to  an excavation 
dep th  of 0.50 m; as such, only th e  u p p er surface sed im ents 
a re  rem oved. T his approach h a s  been  considered to cause only 
m in im al env ironm enta l im pacts, as it  h a s  long been  believed 
th a t  san d b an k  m ain tenance  processes w ould counterbalance 
th e  loss of th e  ex trac ted  sed im en ts (V a n  L a n c k e r  et al., th is
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Figure 1. Concession zones on the Belgian Continental Shelf. The 
more offshore exploration zone for future marine aggregate extraction 
is in cheated also.

volume). Since 1976, th e  exploited sandbanks have been  m oni­
to red  and, u n til recently, only lim ited  physical env ironm enta l 
im pacts h a d  been  reported . However, in  2000, a depression 
(5 m  deep, 700 m wide an d  1 km  long) w as identified  along 
th e  m ost in tensively  exploited u p p er p a r t (crown) of th e  san d ­
b an k  (see F igure 3., D e g r e n d e l e  et al,, th is  volume). To allow 
regenera tion  of th is  section of th e  sandbank , sand  extraction  
h a s  been  prohibited, since F eb ruary  2003. M ultid iscip linary  
research  program m es, covering a 2-year period, have been 
set-up to  address th e  regenera tion  po ten tia l, from  a physical 
and  ecological perspective; these  have been  b ased  upon sta te- 
o f-the-art methodology an d  in s tru m en ta tio n . The physical 
im pact of extraction , on th e  seabed, h a s  been  assessed  using  
hydro-, sedim ent- and  m orphodynam ic m odelling and  cali­
b ra ted /v a lid a ted  using  in-situ  m easurem ents. The ecological 
im pact w as focussed upon th e  m acrobenthos and  included  a 
com parison betw een  exploited and  non-exploited sandbanks. 
The fram ew ork for th e  investigations, toge ther w ith  th e  is­
sues arising  a fte r 30-year of m onitoring, a re  d iscussed in  V a n  

L a n c k e r  et al. (th is volume).
A part from th e  im pacts re la ted  to th e  depression a rea  of 

th e  sandbank , th e  long-term  m onitoring re su lts  did show a 
significant loss of th e  to ta l b a n k ’s volum e ( N o r r o  et al., 2006). 
Moreover, De M o o r  (2002) h ad  repo rted  a genera l erosive 
tendency  for th e  whole of th e  F lem ish  B ank  region, including 
bo th  exploited an d  non-exploited sandbanks, w ith  th e  sw ales 
betw een  th e  b an k s  being e ith e r stab le  or slightly  erosional. 
This p a tte rn  ind ica tes th a t  aggregate  ex traction  m ay not be 
th e  only cause for th e  observed erosive trends; nonetheless, it 
em phasises th e  need  for a m ore su s ta in ab le  exploitation  ap ­
proach.

SYNTHESIS OF THE NEW RESULTS 

Physical Impacts
B e l l e c  et al. (this volume) and  D e g r e n d e l e  et al., (this vol­

um e) stud ied  the  geology, morphology and  sedim entology of the  
K w inte B ank  and  its  cen tra l depression. C om paring ba th y m et­
ric profiles obtained in  1992 and  1999, a difference of up  to  6 m 
w as observed betw een th e  deepest p a r t of th e  depression (-16 
m MLLWS) and  th e  form er crown (-10 m MLLWS) of th e  san d ­
bank; in comparison, th e  w estern  sw ale rem ained  stable, at 
around  —25 m MLLWS (D e g r e n d e l e  et al., th is  volume). Follow­
ing cessation of dredging activities, th e  depression’s ba thym etry  
rem ained  quite stable and  its  m orphodynam ics becam e sim ilar 
to  those of th e  adjacent, non-exploited crown of th e  sandbank  
(D e g r e n d e l e  et al,, th is  volume). No clear evidence of m orpho­
logical regeneration  could be established, a t least over a 2-year 
observation period. The depression could be d is tinguished also 
from its  surroundings on th e  basis of acoustic im agery and  
seabed classification. L arge dunes w ere found also in th e  de­
pression, b u t they  were characterised  by locally lower heights, 
w hereas th e ir  steep face w as observed to  be poin ting  progres­
sively tow ards th e  NE, i.e. in  th e  direction of th e  flood flow (B e l ­
l e c  et al,, th is  volume). In terestingly , a lot of th e  dunes, found 
w ith in  th e  depression, appear to have u n in te rru p ted  crests (see 
F igure 3 ., D e g r e n d e l e  et al., th is  volume), suggesting early  re ­
covery of th e  basic bedform  morphology.

In tensive  sed im ent sam pling show ed th a t  th e  sandbank  
m igh t be divided in to  subareas, each w ith  a p a rticu la r sedi­
m en ta ry  ch a rac te r ( B e l l e c  et al., th is  volume). The seabed 
of th e  depression  show ed a wide range of fine- to  m edium - 
gra ined  sedim ents, w ith  variab le  shell content, w hereas, th e  
sed im en ts in th e  su rround ing  a reas of th e  b an k  w ere found to 
consist of poorly-sorted an d  coarse-grained, shelly sed im ents 
in  th e  w est and  reasonably  hom ogeneous, w ell-sorted, finer- 
g ra ined  sed im ents in  th e  east. The observations ind icated  
th a t  th e  depression  m ight act as a ‘tra n sp o rt corridor’ for 
shelly m ateria l, tra n sp o rte d  by th e  flood flow. Over a 2-year 
period, th e  overall sed im ent charac te ristics in  th e  depression 
rem ained  fairly  consistent, suggesting  very  lim ited  sedim ent 
exchanges. However, th e  evolution of th e  m ean  grain  size of 
sedim ents, w ith in  th e  depression, show ed tre n d s  resem bling 
those  of th e  m ore heterogeneous sw ale sedim ents; as such, 
th ese  sed im en ts are  d ifferent from those an tic ip a ted  for th e  
crown of a sandbank . W ith in  th e  depression, observations ob­
ta in e d  during  th e  ebb (flow in a SW  direction), have revealed  
th e  presence of ephem eral m uddy deposits; th is  ind ica tes th a t  
th e  depression  h a s  th e  po ten tia l to  tra p  also fine-grained sedi­
m ents. C om bined w ith  th e  shelly coarser-grained  m ateria l, 
b rough t in  by th e  flood flow, th is  m igh t in itia te  a slow regen­
e ra tion  of th e  depression.

The po ten tia l for sedim ent tran sp o rt tow ards the  depression 
and, hence, for n a tu ra l regeneration, h as been studied  on the  
basis of short-term  hydro-sedim entary  observations (G a r e l , 
th is  volume). T idal cycle m easurem ents, carried  out under 
reduced wave activity, have shown differences betw een the  
near-bed  tid a l ellipses and  th e  across-bank com ponent of the 
peak  (ebb and  flood) flow inside th e  depression and  those a t the  
crown of th e  bank. D ivergent ne t sand  tran sp o rt w as predicted  
for th e  area  of the  depression, suggesting seabed erosion. Sedi­
m en t tran sp o rt pa thw ays w ere investigated  also on th e  basis 
of grain  size tren d  analysis ( P o u l o s  and  B a l l a y , th is  volume). 
Two m ain  tran sp o rt pathw ays w ere identified: (a) to th e  NE 
(flood-directed) in  th e  cen tra l depression and  along th e  w estern
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Figure 2. Concession zones and grain size (median grain size after Verfaillie, Van Lancker, and Van Meirvenne, 2006) distribution of the surficial 
sediments of the Kwinte Bank and surrounding areas. The crestlines of large to very large subaqueous dunes are also shown on the Figure, as well 
as the type of sedimentary environments and the major transport sediment pathways (for details, see text). The location of the central depression 
is in cheated.

flank; and  (b) to th e  SW (ebb-directed) along th e  gentle easte rn  
slope of th e  K w inte Bank; these  re su lts  con trast to those of a 
previous sim ilar study over th e  K w inte B ank  (Gao et al., 1994), 
which h a d  suggested across-bank sedim ent tran sp o rt m ainly. 
Generally, it appears th a t  th e  cen tra l depression acts m ore as a 
tra n s it  area, th a n  as a depocentre, for th e  sedim ents.

Process-based, ‘bottom -up’ modelling h as been used  to inves­
tigate  th e  general seabed dynamics of tida l sandbanks (B r iÈr e  et 
al., th is  volume, and V a n  d e n  E y n d e  et al,, th is  volum e). G ener­
ally, there  w as good agreem ent betw een th e  derived num erical 
resu lts and  th e  obtained field m easurem ents. Flood and  ebb tidal 
flows were found to dom inate th e  w estern and  eastern  flanks of 
th e  Kwinte Bank, respectively, w hereas th e  overall residual cur­
ren ts were found to be m ainly tow ards th e  WSW, indicating ebb- 
dominance for th is p a rt of th e  bank. In addition, distinct erosion/ 
deposition pa tte rn s were sim ulated; these appeared to be similar, 
for different levels of dredging-induced lowering of th e  sandbank 
(V a n  d e n  E y n d e  et al,, th is  volume). U nder such conditions, no 
destabilisation of th e  sandbank was indicated. Modelling of the 
sedim ent tran spo rt under w ave-current interaction w as u n d er­

taken, as the  crests of shallow tida l sandbanks have been shown 
to be particularly  vulnerable to wave action; as such tida l erosion/ 
deposition pa tte rn s  m ay change, according to superim posed wave 
activity ( G ia r d in o , V a n  d e n  E y n d e , and  M o n b a l iu , th is  volume). 
The modelling showed a high increase in  sedim ent transport, bu t 
also a change in direction of th e  ne t flux of sedim ents (G ia r d in o , 

V a n  d e n  E y n d e , and  M o n b a l iu , th is  volume). The dominance of 
th e  ebb flow along th e  eastern  flank can be suppressed by south­
erly (or SW) winds, which is the  prevailing w ind direction over 
th is  area. Previous studies (V a n  C a u w e n b e r g h e , 1971) h ad  indi­
cated th a t th e  sandbanks have not m igrated; th is  m ight be due to 
th e  long-term  balanc ing  out’ of th e  sedim ent tran spo rt over the 
b ank  u nder th e  influence of waves, i.e. th e  sedim ent transport 
u nder th e  combined action of tida l cu rren ts and  (relatively low) 
waves along th e  eastern  flank and  th e  sedim ent tran spo rt due to 
tida l cu rren ts and  h igher waves along th e  more exposed w estern 
flank ( G ia r d in o , V a n  d e n  E y n d e , and  M o n b a l iu , th is  volume).

The long-term  im pact of sand  extraction  h a s  been modelled, 
u sing  com plem entary approaches, w hich combined th e  benefits 
from num erical, ‘bottom -up’ modelling and  idealised models
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Table 1. Evolution of the central depression, after cessation of 
dredging. Indications of erosion. The references can be found in this 
Special Issue.

M ethodology Indications o f  an  erosional trend
Multibeam bathymetry The depression is 5 m deeper than the

surrounding sandbank and since 2003; there 
is still a minor increase in depth (natural 
processes?). Large sand dunes are lower in 
height and move faster in the depression 
than outside of it (Degrendele et al.).
The higher current speeds likely prevent 
deposition during the flood (Bellec et al.).

Temporal grain size trends in the depression 
resemble more the evolution of sediments 
in the swale; they differ significantly from 
those along the crest of a sandbank (Bellec 
et al.). Along the axis of the depression, 
significant NE directed sediment transport 
is indicated, on the basis of grain size trend 
analysis (Poulos and B allay). The presence 
of the depression is more a sediment transit 
area, than a depocentre, (Bellec et al., and 
Poulos and Ballay).

Due to the canalisation of the flow, there 
is a stronger erosional potential during 
flood. A divergence of net sand (bed load) 
transport has been calculated inside the 
depression, with net erosion during the 
tidal cycle (Garel).

Process-based model Throughout a tidal cycle, erosion over the
Delft 3D central depression was modelled (0.001 m

of erosion during 10 days, in the absence of 
waves) (Brière et al.).

MU-SEDIM and Without atmospheric conditions and waves
SISYPHE models being taken into account, erosion occurs in

the depression and on the western flank 
of the sandbank (Van den Eynde et al.). 
Giardino et al. demonstrate higher sediment 
transport capacities and changing residual 
transport directions, under the combined 
action of tidal currents and waves.

Biological sampling No further impoverishment, but a species
composition difference has been observed 
within the wide niche width of the sandbank 
transitional species assemblages, with lower 
relative polychaete and higher relative 
crustaceans and echinoderms abundance. 
Nonetheless, similar macrobenthos density 
and species richness exists (Bonne).

(B r iè r e  et al., th is  volume). The la tte r  show ed th a t  th e  expected 
long-term  tre n d  of an  excavated  a rea  is recovery, resu lting  in 
a new  sandbank  equilibrium . Such long-term  predictions con­
tr a s t  to  those by  th e  m orphodynam ic observations (D e g r e n d e l e  
et al., th is  volume) a s  well as to  those ind icated  by th e  hydrody­
nam ic observations an d  th e  short-term , ‘bottom -up’ m odelling 
(see above); these  do no t suggest regeneration  for th e  a rea  of th e  
depression. Such differences betw een th e  idealised  m odelling 
re su lts  and  those  by th e  o ther approaches m ight be due to  the  
basic  assum ption of th e  modelling used, i.e. th e  presence of an 
infinite source of san d  in  th e  area, which, in  reality , is no t the  
case (L e  B o t  et al., 2003, for an  overview).

T he im pact of th e  d ifferen t levels of th e  low ering of th e  
san d b an k  (see above), on th e  coast, h a s  been  stu d ied  also

Table 2. Evolution of the central depression, after cessation of 
dredging. Indications of recovery. The time-scale and the significance 
of the process is provided. The references can be found in this Special 
Issue.

Method Indications o f recovery Tim e-scale
Multibeam Slight tendency for a relative 3 years
backscatter increase in fine sediments, in the (Significant?)
classification depression (Degrendele et al.).

Sediment Central depression appears to trap
sampling shelly and coarse-grained material

(Bellec et al.), albeit locally. 
Deposition of mud, under ebb and 
neap tidal cycle conditions (not 
observed on the crest) (Bellec et al.)

Hydrodynamics
(ADCP/S4)

Convergence of net sand transport, 
at the bank’s crest (Garel).

Tidal cycle, 
Significant

Process-base d 
model (Delft3D)

Residual transport direction from the 
SW (swale) towards the NE, over the 
sandbank crest (Brière et al.).

Two weeks, 
Significant

Idealised
modelling

On the long-term (100 years), the 
system tends to a new equilibrium, 
displaying recovery of the depression 
(Brière et al.).

100 years

Biological
sampling

Macrobenthic species assemblage 
has changed slightly, but develops 
well (Bonne).

3 years, 
Significant

w ith in  th e  context th a t  in tensive  offshore dredging w ould in ­
crease  a 1000-year wave he ig h t (V e r w a e s t  an d  V e r e l s t , 2006). 
H owever, no significant im pact could be  deduced. T h is is con­
sidered  to  be  due p rim arily  to  th e  large  d is tance  (> 1 2  km ) of 
th e  ex trac tion  site  from  th e  coast, to g e th e r w ith  th e  presence 
of o th er san d b an k s betw een  th e  K w inte B ank  an d  th e  coast 
th a t  leads to  a significant d issipation  of w ave energy.

F or env ironm en ta l an d  resource m anagem en t purposes, 
th e  physical in form ation  availab le  from  th e  K w inte B ank  is 
syn thesised  in  F igure  2. The m ost economically in te re s tin g  (in 
re la tio n  to  th e  MA industry ) g ra in  sizes (> 300 pm) a re  found 
to  th e  n o rth  of th e  F lem ish  B anks, a lthough  pa tch es of coarser 
g ra in  sizes occur, locally, in  th e  rem a in d e r of th e  concession 
zones, w here fine to  m edium  san d s prevail. T he asym m etry  
of th e  la rge  an d  very  la rge  subaqueous dunes ind ica tes flood- 
dom inance along th e  w este rn  steep  flank  an d  ebb-dom inance 
along th e  gen tle  e a s te rn  slope of th e  K w inte B ank. M odelling 
resu lts , concerning a reas  of erosion an d  deposition, in  th e  w id­
e r  area, over a  30-year period  (B r iè r e  et al., th is  volume), in d i­
ca te  m ostly  erosion in  th e  sw ale a rea s  (+/- 1 m) a n d  along th e  
w este rn  steep  flanks of th e  banks, to g e th e r w ith  th e  k in k  a re ­
as. In  com parison, th e  e a s te rn  gentle flanks of th e  b an k s  have 
been  p red ic ted  to  be  deposit ion al; th is  is  also th e  case w ith  th e  
h ig h es t p a r t  of th e  crow n of th e  K w inte B ank  th a t  is s itu a ted  
m ore tow ards th e  south. According to  th e  in fe rred  sed im ent 
tra n sp o rt pa thw ays, th e  sed im en ta ry  cover in  th e  sw ale to  th e  
w est of th e  K w inte B ank  could be a p o ten tia l source of sedi­
m en ts  to  th e  depression  area . However, th e  g ra in  size is finer 
th a n  in  th e  depression  an d  th e  th ick n ess of th e  Q u a te rn a ry  
cover in  th e  sw ales is less th a n  2.5 m  to  ab sen t (L e  B o t  et al., 
2003, for an  overview). Hence, th e  m ajor source of coarse san d  
(> g ra in  size 300 pm), needed  to  rebu ild  th is  section of th e  
bank , is located  to  th e  n o rth  of th e  depression.

Surficial sediment 
sampling

Hydrodynamics
A D C P -S4

Event
related,
Significant
(Significant?)
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Biological/ecological impacts
The n a tu re  an d  vu lnerab ility  of b en th ic  com m unities to MA 

ex traction  on th e  K w inte Bank, h a s  been  inves tiga ted  using  
m acrobenthic fau n a  sam pling  ( B o n n e , th is  volume). Sam pling 
sta tio n s w ere located w ith in  th e  cen tra l depression, along its  
sides and  outside th e  exploited area. In  addition, th e  adjacent, 
non-exploited M iddelkerke B ank  (F igure 1.) w as also sam ­
pled, for reference purposes. C om pared to th e  h is to rica l da ta  
from th e  K w inte B ank  and  th e  reference s ta tions on th e  M id­
delkerke B ank, c ru s tacean s an d  echinoderm s have become 
m ore im p o rtan t over th e  a rea  of th e  depression; th is  suggests 
a g rea te r sim ilarity  betw een  th e  depression and  a sw ale env i­
ronm ent. The difference in  species com position in  th e  dep res­
sion can be considered w ith in  th e  wide niche w id th  of th e  san d ­
b an k  tra n s itio n a l species assem blages, described previously 
for th e  K w inte B ank  an d  th e  B elgian C on tinen ta l Shelf (V a n  

H o e y , D e g r a e r , an d  V i n c x , 2004). On th is  basis, san d  ex trac ­
tion  appears to  have  c rea ted  a ‘locally-different’ h a b ita t on th e  
K w inte B ank, w ith  ad ap ta tio n  of th e  ben th ic  fauna; however, 
th e  changes have  no t been  found significant, a t leas t on th e  
scale of th e  sandbank  system . I t m ust be noted, th a t  w ith in  
th e  fram ew ork of th e  p re sen t investigation , only th e  m acrob­
en thos h a s  been  considered. V a n a v e e b e k e  et al. (2007) have 
d iscussed elsew here th e  ecological effects, based  upon changes 
in m acrobenthic, nem atode and  copepod com m unities, inc lud­
ing also an evalua tion  of th e ir  sho rt-te rm  recovery, a fte r th e  
cessation  of dredging. The conclusions po in ted  ou t th a t  even 
w ithout m orphological changes, th e  increased  dynam ics, in ­
troduced  by th e  creation  and  filling up  of th e  dredging furrow s 
w ould affect th e  benthos.

Erosion/recovery trends
T rends in  th e  evolution of th e  depression a fte r cessation  of 

dredging, based  on th e  re su lts  of th e  p resen t investiga tion  are 
listed  in  Tables 1. an d  2. I t  ap p ears  th a t, in  th e  short-term , 
erosion dom inates, w hilst recovery seem s app rop ria te  over th e  
m edium - to  long-term .

DISCUSSION AND RECOMMENDATIONS

M arine environm ents a re  dynam ic and  complex and  
th e ir  know ledge base  is lim ited; thus , m any changes are  no t 
observed u n ti l  it is too la te  for a rigorous dem onstra tion  of 
cause and  effect (Thbush et al., 1998). The sam e applies to  th e  
K w inte B ank, as it w as only a fte r th e  form ation of a 5 m  deep 
depression along th e  crown of th e  sandbank , th a t  an  in tensive 
research  stra teg y  w as estab lished . The re su lts  of th e  m orpho­
logical, sedim entological and  biological surveys, carried  out 
following th e  cessation  of dredging, have  no t revealed  any 
significant recovery of th e  depression, a t leas t over a 2-year 
observational period. The fact th a t  such depressions develop 
ind ica tes th a t  sandbanks should no t be considered as infinite 
resources of renew able MA deposits.

The iden tifica tion  of b e s t p rac tice  in MA ex trac tio n  from 
tid a l san d b an k s  is linked, in heren tly , to  th e  considera tion  
of w h e th e r renew ab le  or non-renew ab le  sed im en ts  a re  be ing  
ex trac ted ; th is , in  tu rn , h a s  im plica tions on su s ta in ab ility . 
G uidelines on su s ta in ab le  exp lo ita tion  have  been  described 
by W e l l m e r  a n d  B e c k e r - P l a t e n  (2002), who ad d ressed  th e  
su s ta in a b ility  of m in e ra l resources, in  general. F or ren ew ­
able resources, “the rate o f consum ption shou ld  not exceed the  
rate a t w hich they are regenerated”. N on-renew able resources

im ply  th a t  “ the consum ption sh o u ld  not exceed the am oun t 
th a t can be replaced by fun c tio n a lly  equivalen t renew able re­
sources, or by a tta in  ing  a h igh er efficien cy in the use o f renew ­
able or non-renew able resources”. M oreover, th e se  in v es tig a ­
to rs  observed “m ateria l a n d  energy in p u t into the environ­
m en t shou ld  not exceed the capacity o f the en viron m en t to a b ­
sorb them  w ith m in im a l detrim en ta l effects". L ikew ise, th a t  
“ the rate o f  an thropogen ic in p u t a n d  en viron men ta l in terfer­
ence shou ld  be m easured  aga in st the tim e required for n a tu ­
ral processes to react an d  cope w ith en vironm en ta l change". 
Such considera tions a re  h igh ly  re lev an t to  th e  m an ag em en t 
of MA resources, a t least, if ex trac tio n  is env isaged  w ith in  
th e  sy s tem ’s n a tu ra l  v a riab ility . I f  non-renew ab le  resources 
a re  explo ited  increasing ly , th e re  is a n eed  for a m ore efficient 
u se  of th e  seabed, a search  for functionally  eq u iva len t ren ew ­
able resources an d  m in im ising  th e  d e tr im e n ta l effects of th e  
ex trac tion .

Relevance o f the results against sustainable MA ex­
ploitation

P hysical im pacts
G enerally, th e  m ost severe direct physical im pact of MA 

ex traction  re la te s  to  su b s tra tu m  rem oval, a lte ra tio n  of bottom  
topography and  re-deposition of resuspended /je ttisoned  fine 
m a te ria l (e.g. D e  G r o o t , 1996; N e w e l l , S e i d e e e e , and  F I it o h - 
c o c k , 1998). D redging-induced changes in  sed im ent composi­
tion  re la te  m ostly to: (a) surficial g ra in  size a lte ra tio n s  ( M c ­

C a u l e y , P a e e , and  F Ia n c o c k , 1977; P o i n e e  and  K e n n e d y , 1984); 
(b) an  increase in  th e  proportion  of fine sands ( B o y d  et al., 
2005; D e s p r e z , 2000; V a n  D a l f s e n  et al., 2000), or silt (V a n  

d e e  V e e r , B e r g m a n  and  B e u k e m a , 1985); and  (c) an increase 
in  gravel, th ro u g h  th e  exposure of coarser sed im ents ( K e n n y  
et al., 1998).

G enerally, depressions or p its, c rea ted  by MA extraction, 
have been  repo rted  to  be endu ring  seabed fea tures, for sev­
era l years. B o e r s  (2005) h a s  review ed th e  m orphological b e ­
hav iou r of d ifferent pits, tren ch es and  channels, excavated  in 
san d  on th e  D utch C on tinen ta l Shelf. The recovery tim e of the  
depressions/p its h a s  been  show n to vary, depending on th e  lo­
cal env ironm enta l conditions (w ater depth, waves, flow veloc­
ity, sed im en t characteristics) and  p it/tren ch  charac te ristics 
(volume, shape, orien tation). Thus, th e  regenera tion  tim e of 
th e  depressions/p its h a s  been  found to  range from m on ths in 
shallow  w ater, to  decades or cen tu ries in deep w a te r settings; 
ch a rac te ris tic  regenera tion  tim e-scales for large-scale sand  
ex trac tions (> 10 million m s), in  w a te r dep th s of m ore th a n  
20 m, have been  found to  be in  th e  o rder of cen tu ries (Roos,
2004). LTsing process-based m odelling, V a n  R i j n  et al. (2005) 
concluded th a t  th e  o rien ta tion  of th e  pit, tow ards th e  flow, is 
th e  m ost im p o rtan t param ete r. P its  or channels, lying p e rp en ­
d icu lar or oblique to th e  flow, enhance sed im entation , w hereas 
those  para lle l to  th e  flow prom ote sed im en ta tion  in  th e  case 
of wide p its  (F Io o g e w o n in g  an d  B o e r s , 2001; R i b b e r i n k , 1989), 
b u t sligh t erosion in  th e  case of narrow  p its  ( R i b b e r i n k , 1989). 
I f  p it/depression  evolution is m odelled as a local topographic 
p e rtu rba tion , th e  system  m ay shift to  a new  equilib rium  p ro ­
file (Roos, 2004), w ith  th e  corresponding tim e-scales (approx. 
a century) being sh o rte st for deep and  narrow  pits, form ed on 
th e  b a n k ’s crest.

On th e  K w inte B ank, th e  d irect im pact of dredging is re ­
vealed  by th e  p resence of e longated  depressions, form ed w ith ­
in  th e  topzones of sandbanks ( D e g r e n d e l e  et al,, th is  volume).
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In s tead  of hom ogeneous w ell-sorted m edium  to coarse sand, 
pa tches of fine and  coarse san d  occur nex t to  a reas  of ephem ­
era l m ud  deposits ( B e l l e c  et al., th is  volume). A t least, over 
a period  of 3 years, no significant sed im en t infill h a s  been  ob­
served in th e  depressions; th is  is som ew hat unusua l, since the  
crests  of sandbanks a re  generally  regarded  as be ing  dynamic, 
sed im ent pa th w ay  convergence zones (e.g. P a t t ia k a t c h i  and  
C o l l i n s , 1987). The m odelling re su lts  p red ict recovery of these  
areas, b u t only a fte r a tim e-span  of, a t least, a cen tu ry  and  on 
th e  condition th a t  th e  necessary  san d  supply is available in 
th e  system . N evertheless, if  th e  ex trac ted  sed im ents are  dif­
fe ren t from those  th a t  a re  tran sp o rted  easily  w ith in  th e  sys­
tem , res to ra tio n  of th e  b an k  is m ore difficult to tak e  place. 
T here are  also concerns about th e  effects of these  depressions 
on th e  flow, as flow m odification m ay in troduce changes in  the  
orig inal erosion /sed im entation  p a tte rn s . In  some cases, such 
changes m ight lead  to  increased  erosion in th e  neighbouring  
coasts, a lthough  no clear im pacts have been  described w ith in  
th e  lite ra tu re , even for ex trac tion  a reas  close to  th e  coast (e.g. 
B r a m p t o n , E v a n s , and  V e l e g r a k is , 1998; Q u e e n s l a n d , 2005). 
B iological/ecological im pact

A ssessing ecological changes is difficult in  san d b an k  envi­
ronm ents. The h igh  m obility  of species, th e  poverty  and  the  
wide niche w id th  of th e  com m unity, to g e th e r w ith  th e  ex ten t 
to  w hich th e  com m unity ad ap ts  to  h igh  levels of sedim ent 
rew orking, m akes it difficult to  iso late th e  effect of hum an- 
induced physical d istu rbance . Moreover, com m unities in  a r ­
eas of h igh  s tre ss  a re  characterized  by h ig h er grow th ra te s  
( J e n n e s  an d  D u i n e v e l d , 1 9 8 5 ) ;  hence, they  ad ap t m ore read ily  
to  th e  im pact of any dredging operation  (D e s p r e z , 2 0 0 0 ) .  The 
m acrobenthos a t th e  K w inte B ank  changed, b u t th e  changes 
w ere no t significant a t th e  la rg er com m unity scale indicative 
for th e  F lem ish  B anks; th is  is due to  th e  considerable a d a p t­
ability  of th e  com m unity w ith  h igh ly  mobile species. The ob­
served, relatively, sm all changes show ed th a t  recovery can be 
considered as sufficient and  re latively  fast. However, some of 
th e  changing biological ch a rac te ris tics  confirm ed th e  tendency  
of th e  excavated  depression to show m ore sim ilarity  w ith  the  
behav iour of th e  deeper sw ale areas, nex t to  th e  bank . W ater 
dep th  changes m ay indeed cause changes to ben th ic  fau n a  a s ­
sem blages, such as changes in  th e  composition, species d iver­
sity  an d  abundance ( Q u e e n s l a n d , 2 0 0 5 ) .

Poten tia l cum ula tive  im pacts
In  th e  increasing ly  an th ropogenically -stressed  coastal m a ­

rine  environm ent, cum ulative env ironm enta l effects m ay be 
an tic ipated . F or exam ple, san d b an k s a re  associated  also w ith 
fishery  activities, w hich a re  focussed m ain ly  on th e  sw ales and  
th e  base  of th e  sandbanks; in  h igh in ten sity  traw lin g  zones, 
th e  seabed h a s  been  show n (by m ultibeam  im agery) to  be 
com pletely scraped (Fund  for S and  E xtrac tion , unpublished). 
Since these  a reas  are  very  significant com ponents of th e  sys­
tem , form ing im p o rtan t con stitu en ts  of th e  sed im en t rec ircu la­
tion  cells and, thus, of th e  san d b an k  m ain tenance  m echanism  
(e.g. D y e r  and  H u n t l e y , 1999; P a t t ia r a o h i  a n d  C o l l i n s , 1987), 
th e  cum ulative im pacts of fishery  activ ities requ ire  fu r th e r 
investigation . In  addition, th e  m odification of th e  seabed dy­
nam ics in  re la tion  to  th e  in s ta lla tio n  of m arine  A eolian p ark s 
(w indm ill farm s) h a s  no t been  thoroughly  investigated; n ev e r­
theless, th ese  changes could affect th e  dynam ics of nearby  MA 
ex traction  zones. C um ulative im pacts m ay also occur, w hen 
th e  p o ten tia l effects of sea-level rise  and  increased  sto rm iness 
are  considered (e.g. S o l o m o n  et al., 2007); th ese  effects are,

however, difficult to  establish , since long-term  d a ta se ts  are  
required .

Criteria for sustainable exploitation
G enerally, th e  env ironm enta l im pacts of ex traction  a re  site- 

specific, due to  v a ria tions in  sed im ent type, m obility an d  b o t­
tom  topography and  hydrodynam ic activ ity  ( D e s p r e z , 2000); as 
such, th e  e stab lishm en t of general guidelines for m inim ising 
env ironm enta l effects is a ra th e r  difficult exercise. N onethe­
less, in  m any cases, MA ex traction  zones a re  p lan n ed  in  a reas 
th a t  a re  no t favourable for aggregate  ex traction  in  th e  long­
term , e.g. due to  lim ited  resource availab ility  and /or expected 
env ironm enta l constra in ts . If  c rite ria  can be set th a t  a re  clear 
an d  quantifiable, th ey  can: (a) provide guidance to  th e  design 
of MA concession zones; (b) guide decisions on th e  m anage­
m en t of MA extraction; and  (c) be u sed  for effective env iron­
m en ta l m onitoring. The s tric tn ess  of such c rite ria  will depend 
strongly  upon th e  view of th e  re levan t regu la to ry  au th o rities  
on th e  acceptable env ironm enta l risks.

Location criteria
One of th e  m ajor c rite ria  for selecting MA ex traction  sites 

is th e  po ten tia l im pact on th e  coast. In  m any coastal areas, 
th e  app rop ria te  regu la to ry  au th o ritie s  have set location c rite ­
ria  on th e  b asis  of th e  w a te r depth, th e  ‘closure dep th ’ or th e  
d istance from th e  coast in  o rder to lim it undesirab le  effects 
of MA ex traction  on th e  neighbouring  coasts as, for example, 
in  The N eth erlan d s an d  th e  US (e.g. C a m p b e l l  et al., 2003). 
D epending on th e  d istance from th e  coast, th e  infill ra te  of 
dredged a reas  w ill differ as also th e  im pact on inshore  wave 
clim ate (modified refraction  and  diffraction) and  g rad ien ts  of 
litto ra l drift (V a n  R i j n  et al., 2005). I t m u s t be noted, however, 
th a t  th e  estab lish m en t of such c rite ria  is also constra ined  by 
economic considerations re la ted  to costs due to  th e  increased  
dep th  of ex trac tion  and  th e  d istance from th e  land ing  facilities 
(e.g. B a t e  et al., 1997).

Geological criteria
Selecting  concession a rea s  w ith  m ost su itab le  sed im en t 

resources, g u a ra n te e d  also in  th e  long-term , req u ire s  an  im ­
proved  know ledge of th e  co n tin en ta l she lf geology, p a r t ic u ­
la r ly  in  th e  case of san dbanks . S an d b an k s  a re  ch a rac te rised  
by a v a riab le  an d  com plex in te rn a l a rch itec tu re , w ith  some 
b a n k s  exh ib iting  com plex in te rn a l s tru c tu re s , suggesting  
m u lti-p h ase  fo rm ation  (e.g. T r e n t e s a u x , S t o l e , an d  B e r n e , 
1999) an d  o th e rs  show ing sim ple s tru c tu re s  (e.g. C o l l i n s  et 
al., 1995). T hese d ifferences m a y b e  re la te d  to  th e  an teced en t 
m orphology an d  type  of su b s tra te , as w ell as th e  sed im en tary  
fram ew ork  in w hich th e  san d b an k s  w ere form ed. S an d b an k s 
w ith  a m u lti-p h ase  fo rm ation  a re  often founded on an  ero ­
sional (incised) surface w hich is infilled  by coarse r m a te ria l 
over w hich e s tu a rin e  an d  shallow  m arin e  deposits w ith  v a ry ­
ing  lithologies a re  d rap ed  ( T r e n t e s a u x  et al., 1999). O nly th e  
u p p e r  p a r t  of th e se  b a n k s  is tid a lly  dom inated , consisting  of 
sed im ents, rep re se n ta tiv e  of th e  p resen t-d ay  hydrodynam ic 
regim e. In  th e se  cases, exp lo ita tion  should  be re s tr ic te d  to 
th e  u p p e r body of th e  sandbank , bo th  from  a resource  p e r­
spective (i.e. co nsis ten t quality ) an d  an  env iro n m en ta l im ­
p ac t perspective  (i.e. reg en era tio n  po ten tia l). On th e  b a s is  
of th e  re s u lts  of th e  K w inte B ank  b a th y m e try  m onitoring, 
th e  th ick n ess  of th e  m odern  tid a l sed im en ta ry  cover should  
n o t be less th a n  5 m, as in tensive  dredg ing  m ay o therw ise 
uncover th e  un d erly in g  deposits in  a re la tive ly  sh o rt tim e
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Table 3. Large-scale information/maps needed to support sustainable exploitation.

Inform ation Function

Detailed Grain size Distribution Target the appropriate aggregate quality 
Id
entity potential source areas for regeneration;

Thickness/Suitability of the deposits Ensure long-term availability and consistency in quality;

Spatial/temporal information on flow information and sediment Indicate areas with higher dynamics
transport and erosion/deposition patterns, supported by information on Identify bedload convergence/divergence zones and the evolution of the
bedform dynamics and morphological changes sedimentary environments to avoid areas with poor regeneration potential 

(e.g. ‘kink’ areas and extremities of the banks) and minimise detrimental 
physical impacts ;

Wave Energy Distribution Evaluate event-driven possible impacts on the extraction zones and 
neighbouring coasts;

Ecological Functioning Avoid sensitive areas, or important habitats;

Other seabed uses Minimise conflicts, optimise concurrent use.

period  ( B e l l e c  et al., th is  volum e). F u rth e r, it  is im p o rtan t 
th a t  a rea s  a re  se lected  w here a sufficient unconso lida ted  
Q u a te rn a ry  cover is g u a ra n te e d  over la rg e r areas , in c lu d ­
ing th e  sw ales be tw een  th e  b anks, as it ap p ea rs  th a t  sw ale 
a re a s  close to  ex trac tion  s ite s  a re  m ore erosive th a n  o thers  
(De M oor, 2002); hence sw ales likely  form  p rim ary  sources of 
sed im ents, for b a n k  reg en e ra tio n

M orphological criteria
L ess stable a reas of sandbanks are  best to be avoided in 

te rm s of rem oval of sedim ents, i.e. MA extraction  should be 
avoided over ‘k in k  a reas  (if presen t) and  b an k  extrem ities. It 
h as  been suggested ( B e l l e c  et al., th is  volume; D e l e u  et al., 
2004; S m i t h , 1988) th a t  th e  ‘k ink ’ a reas of sandbanks are a s­
sociated w ith h igher dynamics. In  some cases, these  a reas  are 
som ew hat lower in  heigh t ( D e l e u  et al., 2004), b u t th e  dynam ics 
of th e ir  bedform s is often rap id  and  readily  adjustable to th e  
varying hydro-m eteorological conditions. Moreover, m odelling 
experim ents, un d e rtak en  over a 30-year period, have shown an 
erosional tren d  for th e  ‘k in k ’ a rea  of the  K w inte B ank  (B r iè r e  
et al., th is  volume). In  addition, flow speed and  direction m ay 
change rapid ly  in  these  areas, ham pering  recovery.

The dynam ics along th e  san d b an k  ex trem itie s  a re  also 
no t easily  p red ic tab le . In  th e  F lem ish  B ank  region, b a n k  ex­
tre m itie s  a p p ea r in te re s tin g  as resource areas, w ith  h ig h e r 
bedform s an d  co a rser-g ra ined  sed im en ts. Flowever, sed i­
m en t volum es flu c tu a te  m ore h e re  an d  a re  m ore suscep tib le  
to  sto rm  action  th a n  those  of th e  m iddle  sections of th e  sa n d ­
b anks. On th e  b a s is  of h is to rica l da ta , D e  M o o r  (2002) h a s  
show n th a t  th e  n o rth e rn  ex trem itie s  of th e  F lem ish  B anks 
a re  recen t sed im en ta ry  accum ulations, form ed w ith in  th e  
la s t cen tu ry . T h is is su p p o rted  by seism ic evidence, w hich 
have  show n th a t  only a th in  san d  shee t form s th e se  m odern, 
tida lly -con tro lled  sa n d b an k  sections ( B e l l e c  et al., th is  vol­
um e). In  addition , due to  th e  m ore dynam ic bedform  m ove­
m ent, it  is difficult to  d is tin g u ish  n a tu ra l  from  an thropogen ic  
changes in  th e se  areas; consequently , n eg a tiv e  im pacts of th e  
sed im en t ex trac tio n  will no t be tim ely  (and  easily) observed. 
F inally , ex trac tion  over in te rd u n e  a rea s  can have  adverse 
env iro n m en ta l im pacts, if  th e  c re s ts  an d  tro u g h s  of th e  dunes 
re p re se n t d ifferen t sed im en ta ry  env ironm ents, w ith  th e  
tro u g h s  u su a lly  being  hete rogeneous in  te rm s  of sed im en t 
com position a n d  often  rich er in  b en th ic  fau n a  th a n  th e  c res ts  
( M a c k ie  et al., 2006).

Sedim en t dynam ics criteria
If  extraction  is view ed w ith in  th e  fram ew ork of th e  n a tu ra l 

variab ility  of th e  sandbank’s volume, th en  it w ould be beneficial 
if sedim ent extraction  involves deposits w ith grain  sizes th a t 
can be regenera ted  easily, i.e. deposits w ith  grain  sizes th a t  are 
readily  available in  the  po ten tia l source areas. In  addition, the 
extraction  zones should be res tric ted  to  a reas  know n as being 
depositional. S andbanks are  generally a reas of sedim ent ac­
cum ulation  (e.g. P a t t ia r a c h i  and  C o l l in s , 1987); nonetheless, 
sections of th e  sandbanks can be erosional, as suggested also by 
th e  resu lts  of th e  K w inte B ank  investigation  (V a n  d e n  E y n d e  et 
al., th is  volume, and  B r iè r e  et al., th is  volume).

A difficult criterion  to define re la te s  to  th e  sed im ent vol­
um es th a t  can be extracted , w ithout causing any  long-term  
im pact; th is  requ ires know ledge on th e  n a tu ra l volum e fluc­
tu a tions . B ased upon an  extensive, m onitoring program m e, 
D e g r e n d e l e  et al. (th is volum e) have proposed a m ean  n a tu ra l 
evolution of th e  b an k  volum e of +/- 0.05 m 3/m 2/year; ideally, 
th e  ra te  of ex trac tion  should  no t exceed th is  ra te . On th e  b a ­
sis of 12 observations, V a n  L a n c k e r  (1999) h a s  identified  also 
such variab ility  in  th e  erosion /sed im entation  p a tte rn s  of the  
Belgian nearsh o re  area, b u t found th a t  it  is m ostly  ‘even t de­
p en d en t’. As such, th is  ra te  of change can occur betw een  suc­
cessive observations, on th e  sho rt-te rm  and  m ay be balanced  
out on a y ea r’s basis. P resen t ex traction  activities, on a local 
basis, exceed significantly  th is  ra te ; inside th e  depression, a 
ra te  of 1.08 m s/n r /y e a r  h a s  been  estim ated , w ith  th e  ra te s  for 
th e  su rround ing  a rea  and  th e  overall ex traction  zone being 
0.47 m s/m 2/year an d  0.64 m s/m 2, respectively  (D e g r e n d e l e  et 
al., th is  volume). Thus, th e  ex traction  activ ities in  th e  a rea  
cannot be balanced  by th e  n a tu ra l  dynam ics.

Biological./ecological criteria
S usta inab le  m anagem en t of renew able n a tu ra l  resources 

should  be b ased  upon a balance  betw een  exploitation  an d  ad ­
verse  effects on th e  o ther com ponents of th e  ecosystem  ( T h r u s h  
et al., 1998). The re su lts  of v a n  M o o r s e l  (1994), K e n n y  and  
R e e s  (1996) and  D e s p r e z  (2000) have illu s tra te d  th a t  ex ten ­
sive dredging m ay modify th e  sed im en tary  deposits slightly, 
b u t th e  b en th ic  com m unities considerably. As such, it m ay be 
preferab le  to  concentrate  ex traction  w ith in  sm all a reas  of the  
sandbank  i.e. follow an ‘in tensive dredging’ model. N everthe­
less, prolonged ex traction  in confined a reas  can also cause 
serious effects on seabed m orphology an d  sed im ent quality
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Table 4. Overview of knowledge/ data and tools /  innovation needs, to support the sustainable exploitation of a particular extraction site.

Geology Morphology Sedimentology Sediment dynamics Biology/Ecology
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Resource availibility 
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Quaternary cover

Good 
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subsoil strata 
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Fine-scale
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analysis

Bedforms

Spatial distribution

Quality mapping 
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Fine-scale 
hydrodynamics 2D/3D 

(currents + waves)

Sediment transport 
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Sediment balance 
(erosion/deposition) 
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ecologically 

sensitive areas

Habitat
characterisation

Define 
ecological value
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Coring+Geotechnics Video/Still
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+

Sampling+Geotechnics
+

Sampling
+

Video/Sampling

(/>
o

Monitoring - adequate time series -- good reference framework

ß Predictive modelling -  long-term

Risk and Uncertainty Analysis

(D e s p r e z , 2000; V a n a v e r b e k e  et al., 2007). For com parison, 
th e re  exists a Threshold  scale’ an d  a  ‘frequency of d is tu rbance  
even ts’ a t  w hich long-lasting  ecological effects m ay occur, even 
in  th e  case of non-anthropogenic (na tu ra l) d is tu rbance  (K a is e r  
and  S p e n c e r , 1996). The re su lts  ob tained  here  for the  K w inte 
B ank  suppo rt these  suggestions.
Criteria related to the extraction activ ity  itse lf

V a n  R i j n  et al. (2005) regard  the orien ta tion  of the p it in  re la ­
tion  to the  flow, as the m ost im portan t p a ram ete r controlling the 
ra te s  of inflll (see above). From  navigational safety and  p rac ti­
cal perspectives, it  appears logical th a t  extraction  should take  
place along the  direction of the m ain  cu rren t (e.g. B a t e  et al., 
1997). However, the  p resen t investigation  (D e g r e n d e l e  et ál., 
th is volume) has show n th a t  the depression is located slightly 
obliquely to the crest and  para lle l to the flow; th is has caused an  
opening of the depression, tow ards the no rthw estern  swale (see 
Figure 3., D e g r e n d e l e  et ál., th is  volume) w ith  the flood flow 
becoming channelised’ (G a r e l , th is volume). Such a situa tion  
should be avoided, as i t  enhances erosion. O ther crucial crite ria  
re la te  to the am ount ex tracted  on each dredging visit and  the 
num ber of extractions over a given tim e-span  (S c h r ijv e r s  et al., 
2007). Thresholds on these issues cannot be se t on the basis of 
the available inform ation, b u t they  m ay be estab lished  in  the 
future, w ith  d a ta  becoming increasingly available on environ­
m en ta l im pacts and  dredging activities. O ther issues re la te  to 
m inim ising the overflow, or fine m ateria l screening; however, 
these have been found less im portan t on the B elgian C ontinen­
ta l Shelf (S c h r ijv e r s  et al., 2007).

E xam ple o f the application o f some o f the criteria to other 
extraction zones

A pplying the above m entioned crite ria  to the concession 
zones in  the F lem ish  B anks region, leads to the selection of the 
eas te rn  p a r t of the B u iten  R atel sandbank  (Figure 2.) as being 
m ost suitable: w ater depths are still around  10-15 m MLLWS; 
the distance to the coast rem ains around  12 km; the sedim en­
ta ry  deposits have a sufficient th ickness (> 5m) to support long­

term  extraction; the sedim ents are characterised  by gra in  sizes 
in  excess of 300 pm; the a rea  is depositional; and  the  overall 
surface a rea  w ith  su itable sedim ents is large. Bedform s over 
th is a rea  reach  up to 4-6 m  in  height; th e ir  asym m etry  confirms 
the m odelling resu lts , which suggest th a t  th is  a rea  forms a bed­
load convergence zone and, thus, is a depositional sed im entary  
environm ent. Moreover, the g rain  sizes in  the swale, lying to 
the east, are sim ilar to those found on the  bank, hence suitable 
for the regeneration  of the a reas of extraction. The p resen t ex­
trac tion  zone, w hich is located on the steep, w estern  flank of the 
bank, does no t comply w ith  m ost of the  above criteria. A t th is 
location, the sed im ent g ra in  size is som ew hat less th a n  300 pm 
and, th is  a rea  has been suggested to be an  erosional sed im en ta­
ry  environm ent w ith  the ad jacent swale to the  west, consisting 
mostly of gravel (V a n  L a n c k e r  et al., 2007b, for resource m aps). 
Therefore, the  p resen t extraction  zone is regarded  unsu itab le  
and  w ith  low regeneration  potential, as regeneration  is likely 
to be ham pered  by a lack of su itable m ateria l sources. Conse­
quently, com parable problem s to those described for the Kwinte 
B ank are likely to occur in  the future, i.e. form ation of a depres­
sion on the w estern  flank of the B uiten  R atel Bank, w hich will 
not be easily restored  and  will affect the  local ecology, w hich is 
likely to be sim ilar to th a t  identified for the Kwinte Bank.

Need for an im proved m anagem ent fram ew ork
If  i t  is fu r th e r  confirm ed th a t  non-renew able sed im en t re ­

sources are being exploited increasingly, th e re  is a need for 
an  im proved resource evalua tion  and  a more efficient and  t a r ­
geted use of the  seabed. These requ irem en ts  call for a s t r a te ­
gic m anagem en t fram ew ork (e.g. a p lan  according to the  SEA 
Directive, see R a d z e v ic iu s  et ál., th is  volume), incorporating  
deta iled  resource and  env ironm enta l inform ation, a t  large and  
sm all scales (Table 3.). The basis of th is  fram ew ork should  a l­
w ays be h igh  quality  geological m aps, incorporating  the  surfi- 
cial ex ten t of the  resource and  its  availab ility  w ith in  depth. 
For sandbanks, in  particu la r, de ta iled  know ledge of th e ir  
in te rn a l a rch itec tu re  is crucial for the  accurate  e stim ation  of
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th e  resource reserves. Moreover, th e  hydrodynam ics an d  sed i­
m en t dynam ics of these  a reas  should be d iagnosed in  order to 
assess (predict) th e  m orphodynam ic evolution an d  th e  p h y si­
cal im pacts of aggregate  extraction . In  addition, ecological in ­
form ation  should  be acquired  in  order to  identify  vu lnerab le  
species an d  h ab ita ts . F inally , a lthough  d a ta  availab ility  will 
vary  significantly, according to  location and  d istance from th e  
coast, th e  inform ation  detail needs to  be sufficiently high, to 
en su re  a rea lis tic  in itia l evalua tion  of any  po ten tia l im pacts.

M u lticrite ria  resource m aps, as p resen ted  in  F igure 2., can 
ass is t in  th e  selection of optim al locations for MA extraction, 
w ith in  th e  (often predefined) concession zones. These m aps 
can in teg ra te  inform ation  on: (a) de ta iled  sed im ent g ra in  size 
d istribu tion ; (b) th ickness  of th e  ta rg e ted  sed im en t deposit; (c) 
bedform  distribu tion , shape/size, asym m etry  an d  dynam ics; 
and  (d) a reas  of d iagnosed/predicted  erosion and  deposition. 
S im ilarly, seabed m obility s tud ies (e.g. V e l e g r a k i s  et al., 2007) 
can be u sed  as an  in p u t to th e  decision-m aking process. E ro ­
sion/deposition ra te s  can also be modelled, or derived from h is ­
to rica l ch a rts  and  m aps. In  th e  la t te r  case, h is to rica l changes 
in sed im ent volum e and  sandbank  elevation  can be estab lished  
providing erosional/depositional ra te s  and  regional p a tte rn s  of 
san d  m ovem ent ( B r a m p t o n , E v a n s , and  V e l e g r a k i s , 1998; G a o  
and  C o l l i n s , 1995).

D e ta ile d  sp a t ia l  a n d  te m p o ra l in fo rm a tio n  on ecologi­
cal fu n c tio n in g  is d ifficu lt to  a cq u ire  a n d  in te g ra te , b u t 
is im p o r ta n t w ith in  th e  co n tex t of th e  p ro tec tio n  of s e n ­
s itiv e  o r v a lu a b le  h a b ita ts ,  co m m u n itie s  o r species. F or 
s o f t-s u b s tra tu m  a re a s  of th e  shelf, th e r e  is lik e ly  a s tro n g  
lin k  b e tw een  th e  n a tu r e  a n d  d ynam ics of th e  p h y sica l an d  
b io log ical e n v iro n m en t; a s  such, re c e n t d ev e lo p m en ts  in  
m odelling  too ls m ay  en ab le  th e  m ap p in g  of ecologically  
im p o r ta n t zones on th e  b a s is  of ab io tic  p a ra m e te r s  a lone  
(e.g. V a n  L a n c k e r  a n d  F o s t e r - S m i t h , 2007). T h is  ap p ro ach  
h a s  b een  d e m o n s tra te d  for th e  B e lg ian  C o n tin e n ta l Shelf, 
w h ere  th e  n a tu r e  of m ac ro b en th ic  co m m u n itie s  w as p r e ­
d ic ted  successfu lly , on th e  b a s is  of th e  m ed ian  g ra in  size 
a n d  fine m a te r ia l  (s ilt-c lay ) p e rc e n ta g e  in  th e  sed im en t 
( D e g r a e r  et al., in  p ress). B iological/ecological v a lu a tio n  
c r i te r ia  (e.g. D e r o u s  et al.., 2007) can  be ap p lied  th e n , to  
o b ta in  m ap s e s ta b lish in g  th e  ecological v a lu e  of sh e lf  e n ­
v iro n m e n ts  ( D e r o u s  et al.., in  p ress). S uch  ecological m aps, 
to g e th e r  w ith  re so u rce  m ap s ( V a n  L a n c k e r  et al., 2007b) 
a n d  th e  re s u l ts  of m ore d e ta iled , ta r g e te d  re s e a rc h  can  
p rov ide  an  id ea l b a s is  for any  s p a t ia l  p la n n in g  in i tia tiv e  
(e.g. M a e s  et al., 2007). T he d a ta  can  be u se d  to  e s ta b lish  
q u a n ti ta t iv e  p a ra m e te r s , w hich  can  se rv e  a s  in p u ts  to  de- 
c is io n -su p p o rt sy s tem s, g u id in g  th e  p la n n in g  an d  m a n a g e ­
m e n t of fu tu re  e x tra c tio n  a c tiv it ie s  (e.g. C a l e w a e r t  et al.., 
2007; S c h r i j v e r s  et al., 2007). In  T ab le  4 . ,  th e  know ledge / 
d a ta  n eed s  a n d  th e  too ls  a n d  in n o v a tio n , re q u ire d  to  e s ta b ­
lish  th e  n e c e ssa ry  fram ew o rk  for an  im p ro v ed  su s ta in a b le  
m a n a g e m e n t of MA d ep o sits  a re  su m m arised .

D e ta ils  on th e  m o rp h o -se d im e n ta ry  a n d  b io log ica l e n ­
v iro n m e n t are , now adays, in c re a s in g ly  d e riv ed  from  very  
h ig h -re so lu tio n  aco u stic  su rv ey s  (for an  overview  of s e a ­
b ed  m ap p in g  te c h n iq u e s  in  e n v iro n m e n ta l m o n ito r in g  an d  
m an ag e m en t, see B o y d  et al. (2006) a n d  M e s h  P r o j e c t  
(2007)). N ev e rth e le ss , ta rg e te d  g ro u n d - tru th in g  of th e  
rem o te -sen sed  in fo rm a tio n  w ill re m a in  an  im p o rta n t com ­
p o n en t, in  o rd e r  to: (a) c a lib ra te  th e  acoustic  im ag ery  an d  
im prove a u to m a te d  seab ed  c la ss if ica tio n s ; an d  (b) e s ta b ­
lish  q u a n ti ta t iv e  re la tio n sh ip s  b e tw een  th e  p h y sica l an d

bio log ica l en v iro n m e n t to  be  u se d  in  d iag n o s tic  a n d  p re d ic ­
tiv e  m odelling . H y d ro -sed im en t dynam ic  o b se rv a tio n s  (a t 
le a s t over a t id a l  cycle), u s in g  h ig h  freq u en cy  aco u stica l 
(e.g. acoustic  d o p p le r v e lo c im e te rs  a n d  c u r r e n t p ro file rs , 
aco u stic  b a c k s c a t te r  sensors), o p tica l (e.g. o p tica l back- 
s c a t te r  sen so rs) o r e le c tro m ag n e tic  devices, to g e th e r  w ith  
d e ta ile d  in fo rm a tio n  on se d im e n t g ra in  size a n d  bed fo rm  
dynam ics, sh o u ld  be  co n sid e red  a g a in s t th e  o u tp u ts  of 
m o rp h o d y n am ic  m odelling . M oreover, th e  re s u l ts  sh o u ld  
be  e v a lu a te d  a g a in s t e x tra c tio n  d a ta  to  d is tin g u ish  b e ­
tw een  n a tu r a l  an d  an th ro p o g en ic  seab ed  dynam ics. The 
s ign ificance  of an y  im p ac ts  can  be  fu r th e r  a s se sse d  u s in g  
lo n g -te rm  p red ic tiv e  m odelling  too ls (for an  overview , see 
I d i e r  et al., th i s  volum e).

The scientific fram ew ork of such an investigation  can be 
m anaged  ideally  in  a GIS environm ent, allowing sim plified 
in teg ra tio n s of spatia lly  diverse da ta  sets. However, th e  ava il­
ability  of re lev an t d a ta  in  an  app rop ria te  sp a tia l and  tem poral 
reso lu tion  and  th e  in h e ren t u n ce rta in tie s  in  th e  diagnosis and  
pred iction  of th e  dynam ics of th e  m arine  env ironm ent rem ain  
a continuous challenge.

The m anagem en t of MA activ ities is a complex exercise, 
requ iring  robust cost-benefit analyses an d  holistic, science- 
b ased  p rac tica l approaches, as well as effective tra n sfe r  of 
know ledge betw een  scientists, m anagers  and  policy-m akers. 
The com m unication and  fine-tun ing  of th e  various m anage­
m en t needs should be considered w ith in  app rop ria te  fram es 
of reference (e.g. V a n  K o n in g s v e l d  an d  M u l d e r , 2004), w hich 
contain  key elem en ts such as th e  form ulation  of: (a) stra teg ic  
objectives, expressing  th e  long-term  m anagem en t vision and  
policy; and  (b) opera tional objectives, describing how th e  s t r a ­
tegic objectives will be achieved.

Environmental monitoring
E n v iro n m e n ta l m o n ito ring  of th e  ex trac tio n  s ite s  shou ld  

be  able to docum ent w h e th e r  u n accep tab le  im p ac ts  a re  ev i­
d en t or cond itions th a t  w ill le ad  to  th e  developm ent of such 
im p ac ts  a re  a lread y  in  p lace  (for an  overview  of m o n ito ring  
g u ide lines /p rac tices , see F r e d e t t e  et al. (1990) an d  P o s f o r d  
D u v i v i e r  E n v i r o n m e n t  a n d  H i l l  (2001)) As such, m on ito ring  
schem es shou ld  prov ide  c lea rly  in te rp re ta b le  in fo rm atio n  
on w h e th e r  a th re sh o ld  of an  ad v erse  cond ition  h a s  been, 
o r is likely  to  be reached . O n th is  basis, decisions can  be 
m ade  on th e  con tin u a tio n , m odification  or c losure of MA 
e x trac tio n  sites. IC E S (2003) h a s  p u t fo rw ard  a n u m b e r of 
q u es tio n s  th a t  shou ld  be an sw ered  in  a successfu l m o n ito r­
ing  program m e: (a) w h a t are the en v iro n m en ta l concerns 
th a t the mon ito ring  program  m e seeks to a d d re ss?; (b) w ha t 
m easurem en ts  are necessary to id en tify  the sign ificance o f 
a p a r tic u la r  e ffec t?; (c) w h a t are the m ost appropria te  loca­
tions a t w hich to take sam ples or observa tions fo r a ssess­
m en t a n d  w ha t is th e ir  n a tu ra l varia tion  ?; (d) how  m any  
m easurem en ts are required  to p roduce  a s ta tis tica lly  sou n d  
program m e?; a n d  (e) w h a t is the appropria te  frequency an d  
dura tion  o f  mon ito r in g ?

A nsw ering  th e se  questions req u ire s  th e  acq u is itio n /an a ly ­
sis of q u a n tita tiv e  in fo rm ation  a t v arious sp a tia l an d  te m ­
p o ra l scales (e.g. C o l l i n s  an d  B a l s ó n , 2007). The p re sen t 
in v es tig a tio n  h a s  d em o n s tra ted  th a t  in tensive, co n cen tra ted  
m onito ring  is req u ired  to  detec t in  d e ta il th e  m orphologi­
cal, sed im en ta ry  an d  ecological d red g in g -re la ted  im pacts. 
A c ritica l p a r t  of th e  assessm en t is th e  ev a lu a tio n  of th ese  
effects, ag a in s t th e  b ackg round  of th e  n a tu ra l  dynam ics of
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th e  seabed. T h is approach  req u ire s  sy s tem atic  m onito ring  
of th e  w ider a re a s  of th e  ex trac tio n  sites, a lbe it a t a low er 
sp a tia l reso lu tion . However, ro b u st m on ito ring  p rog ram m es 
m ay becom e very  ‘lab o u r in ten s iv e ’; th e  B elgian  experience 
h a s  show n th a t , even in  th e  case of re la tiv e ly  h igh  tem p o ra l 
reso lu tion  su rvey ing  (e.g. 4-5 tim es/year), it  is difficult to  e s ­
ta b lish  s ta tis tic a lly  sign ifican t tre n d s  in  sed im en t volum es/ 
m orphology ( N o r r o  et al., 2006). B aseline  in fo rm ation  is c ru ­
cial, as, in  its  absence, im pact a ssessm en ts  a re  likely  to  r e ­
m ain  inconclusive (V a n  L a n c k e r  et al., th is  volum e). I t  m ust 
be no ted  also th a t  th e  e s tab lish m en t of p rac tica l an d  efficient 
m on ito ring  p rac tices  req u ire  rigorous q u a lity  contro l (e.g. 
th ro u g h  re g u la r  rep o rtin g  an d  pub lish in g  in  peer-rev iew ed  
jou rna ls) an d  con tinuous fine-tun ing .

Extensive or intensive dredging?
An im p o rtan t issue in MA ex trac tion  is re la ted  to w hether 

ex traction  should be procured  extensively, i.e. w ith  a h igh 
sp a tia l sp read  of th e  ex traction  activities, or intensively, i.e. 
focussed on re latively  sm all a reas  of th e  seabed. Ideally, the  
form er option w ould im ply reduced severity  of th e  environ­
m en ta l im pacts and  increased  p o ten tia l for site  recovery from 
a physical an d  biological view point; however, these  benefits 
should  be considered aga in s t th e  increased  req u irem en ts  for 
inform ation  g a thering  an d  env ironm enta l m onitoring. In 
com parison, th e  K w inte B ank  investigation  h a s  show n th a t  
focussing on sm all a reas  of th e  seabed m ay re su lt in  th e  de­
velopm ent of endu ring  m orphological features, w hich are  also 
re la ted  to  long-term  changes in  th e  sed im en tary  an d  ecologi­
cal properties.

I t  m u s t be no ted  th a t  th e  in ten siv e  dredging  of th e  K w inte 
B ank  h a s  involved, m ostly, d redg ing  vesse ls w ith  an  av e r­
age capacity  of less th a n  5,000 m s, reflecting  th e  av a ilab il­
ity  of th e  vesse ls  p re sen tly  in  service an d  th e  economics of 
MA exploitation , w hich co n stra in  th e  ex trac tion  s ite ’s w a te r 
dep th  an d  d is tance  from  th e  coastline (e.g. B a t e  et al., 1997; 
P o s f o r d  D u v i v i e r , 2000). In  response, bo th  to th e  increasing  
g enera l d em and  (driven by  la rge  beach  n o u rish m en t or lan d  
rec lam ation  projects) an d  s tr ic te r  reg u la tio n s on th e  exploi­
ta tio n  of land-w on agg rega tes  (e.g. R a d z e v i c i u s  et al., th is  
volum e, an d  V e l e g r a k i s  et al.., th is  volum e) fu tu re  resource 
developm ents a re  env isaged  to  occur in  deeper w a te rs  (e.g. 
B a t e  et al., 1997). A n tic ipa ting  th e se  needs, dredging  v es­
sel capacities have  recen tly  increased  su b s tan tia lly  (in some 
cases up  to  46,000 m s (w w w .jandenul.com )). H owever, deeper 
offshore sed im en ta ry  en v ironm en ts  (including th e  offshore 
sandbanks) a re  m uch less dynam ic and, as such, th e ir  recov­
ery  p o ten tia l is reduced. T herefore, s tra teg ie s  an d  p rac tices  
involving th e  exp lo ita tion  of deeper w a te r resources should  
be fo rm u la ted  carefully .

CONCLUSIONS

The K w inte B ank  investiga tion  h a s  show n th a t  th e  MA ex­
traction , focussing on th e  u p p er p a r t  (crown) of th e  bank, h as 
h a d  significant env ironm enta l im pacts, th e  m ost im portan t 
being th e  form ation of a su b s tan tia l depression. W ithin  the  
depression, th e  sed im en tary  charac te r of th e  seabed  w as found 
to  differ from th a t  of th e  rem ain d er of th e  b a n k ’s crown an d  its  
ch arac te ris tics  resem bled m ore to  those  of th e  ad jacen t swale. 
Bedform s and  th e ir  dynam ics show ed also evidence of change. 
Following cessation  of ex traction  activ ities in  2003, th e  b an k

morphology rem ained  rem arkab ly  stable, w ith  no significant 
add itional effects being  observed e ith e r on th e  b an k  itse lf or 
on th e  ad jacen t coast. The form ation of th e  depression led to 
changes in th e  hydrodynam ic and  sed im en t dynam ic regim es, 
w hich appear to  h am p er th e  regenera tion  of th e  depression, at 
leas t in  th e  short-term . In  com parison, predictive m odelling of 
th e  m edium - to  long-term  evolution of th e  b an k  show ed a slow 
recovery of th e  b a n k ’s morphology. However, as th e  sources of 
app rop ria te  m ateria l, necessary  for th e  infill of th e  depression, 
a re  lim ited  in  th e  a rea  and  w ith  th e  general erosive tre n d  of 
th e  F lem ish  B anks, it is un likely  th a t  n a tu ra l regenera tion  
processes w ill coun terbalance th e  effects of th e  extraction . 
F inally , san d  ex trac tion  appears  to have crea ted  a ‘locally- 
d ifferen t’ h a b ita t on th e  K w inte Bank, w ith  ad ap ta tio n  of th e  
b en th ic  fauna; nevertheless, th e  change h a s  no t been  found 
significant, a t lea s t on th e  scale of th e  sandbank  system .

As non-renew able sed im ent resources are  likely to  be t a r ­
geted  increasing ly  for extraction , efficient an d  su s ta inab le  re ­
source use  is required . Such an  approach  relies upon deta iled  
field inform ation and  app rop ria te  m apping  an d  m odelling ap ­
proaches w ith in  a long-term  perspective. The K w inte B ank  
investigation , a lthough  site-specific, m ay ass is t in  th e  form u­
la tion  of genera l guidelines for m inim ising  env ironm enta l ef­
fects. I t is suggested  th a t  th e  se tting  of clear and  quantifiable 
c rite ria  is a necessary  p re req u isite  in  th e  p lann ing /design  of 
MA concession zones, th e  efficient m anagem en t of MA ex trac­
tion  and  th e  p lann ing  of effective env ironm enta l m onitoring 
schem es. Such c rite ria  are  re la ted  to  considerations on: (a) re ­
source location (i.e. w a te r dep th  and  d istance from  th e  coast); 
(b) th e  n a tu re  and  th ickness of th e  ta rg e te d  sed im en tary  de­
posits; (c) b an k  m orphodynam ics; (d) sed im ent dynam ics at 
regional and  ex traction  site sp a tia l scales; (e) biology and  ecol­
ogy; and  (f) ex traction  practices.

The K w inte B ank  investigation  h a s  d em onstra ted  th a t  in ­
tensive, concen tra ted  m onitoring  is req u ired  to  identify  th e  
m orphological, sed im en tary  and  ecological im pacts re la ted  
to  th e  dredging activities. A critical p a r t  of th e  assessm en t is 
th e  evalua tion  of th ese  effects, ag a in s t th e  background  of th e  
n a tu ra l  dynam ics of th e  seabed; thus, b ase line  inform ation  is 
crucial, as, in  its  absence, im pact assessm en ts  are  likely to 
rem ain  inconclusive. F inally, th e  ju ry  is still ou t on w hether 
MA ex traction  activ ities should follow an  extensive (i.e. w ide­
spread) or an  in tensive (i.e. concen tra ted  in  sm all areas) m od­
el, as bo th  of these  m odels h a s  pros and  cons.
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